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ABSTRACT: In the field of plastic electronics, low band gap conjugated
polymers like poly(thienylene vinylene) (PTV) and its derivatives are a

promising class of materials that can be obtained with high molecular weight Catltr CaHiz
via the so-called dithiocarbamate precursor route. We have performed a joint / \ /. \
experimental —theoretical study of the full NMR chemical shift assignment in g #

a series of thiophene-based model compounds, which aims at (i) bench-
marking the quantum-chemical calculations against experiments, (ii) identi-
fying the signature of possible structural defects that can appear during the
polymerization of PTV’s, namely head-to-head and tail-to-tail defects, and

(iii) defining a criterion regarding regioregularity.
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B INTRODUCTION

Various classes of conjugated polymers have been studied as
components of the active layer in devices," ® in particular for
photovoltaic applications. To overcome the mismatch between
the absorbance window of the semiconducting polymer and the
solar spectrum, low band gap materials have been investigated
thoroughly.”** Poly(thienylene vinylene) (PTV)-based poly-
mers absorb light of longer wavelengths with respect to “classical”
polyalkylthio{)henes and are therefore considered as promising
materials.'* ™' The synthesis of PTV derivatives is, however,
very challenging. Two different strategies are applied, i.e., con-
densation reactions’®*" that generally lead to low molecular
weight polymers and precursor routes.”” >' It has been pre-
sented earlier that the dithiocarbamate precursor route is the
only protocol that allows for the creation of stable monomers for
polymerization.***® In recent work, the precursor route toward
poly(3-octylthienylene vinylene) (O-PTV) has been explored
extensively by NMR spectroscopy to identify and quantify
the polymer end groups and possible structural defects due to,
e.g., head-to-head or tail-to-tail monomer additions during the
polymerization process.” For that purpose, '*C-labeled vinylene
carbons were introduced into the polymer chains. Solubility
in several organic solvents was ensured by the long octyl side
chains. Unfortunately, limited information has been reported
so far concerning the complete assignment of proton and carbon
chemical shifts of these defects. Furthermore, according to
literature data, poly(thienylene vinylene) derivatives that are
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prepared via a condensation reaction are 100% regioregular.
It has been claimed that the degree of regioregularity can be
determined by "H and "*C NMR spectroscopy.>"**

Here, we perform a joint experimental—theoretical NMR
study on relevant model compounds for the polymers and
identify fingerprints for structural defects, end-groups, and regio-
regularity. The results also provide useful information regarding
the prediction of NMR chemical shifts for this class of materials,
for which experimental data are rather scarce.

B EXPERIMENTAL SECTION

General. All of the commercially available chemicals were
purchased from Acros or Sigma-Aldrich and were used without
further purification unless stated otherwise. Tetrahydrofuran
(THF) and diethyl ether used in the synthesis were dried by
distillation from sodium/benzophenone. All reactions were
carried out under inert atmosphere.

Techniques. "H and ">C NMR spectra were recorded on a
Varian Inova 300 or 400 spectrometer from solutions in deutero-
form (D 99.8%). The chemical shifts were calibrated by means of
the (remaining) proton and carbon resonance signals of CDCl;
(7.24 and 77.7 ppm for "H and "*C, respectively). Quantitative
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1D NMR experiments are complemented with other pulse
sequences like APT (attached proton test), 2D-HETCOR
(heteronuclear correlation spectroscopy), and 2D-INADE-
QUATE (incredible natural abundance double quantum transfer
experiment). The latter is used for some compounds to assign
the carbon-backbone. GC/MS analyses were carried out on
TSQ-70 and Voyager mass spectrometers (Thermoquest);
capillary column: Chrompack CpsilSCB or Cpsil8CB. Fourier
transform-infrared spectroscopy (FT-IR) was performed on
a Perkin-Elmer Spectrum One FT-IR spectrometer (nominal
resolution 4 cm™ ', summation of 16 scans).

Synthesis. Reference compounds 2c¢, 2f, and 2h are commer-
cially available. The synthesis of model and reference co 3}5)70unds
1b, 1¢, 1d, 2a, 2b, 2d, and 2g has been reported earlier.

Model Compound 1b. "H NMR (CDCls, 6 in ppm, J in Hz):
7.19 (dd, J; =5.2,], = 1.3, 1H), 7.06 (dd, J, = 5.0, ], = 1.3, 1H),
6.99 (dd, ], =3.5,], = 1.3, 1H), 6.90 (dd, J, = 5.2, ], = 3.5, 1H),
6.84 (dd,J, =5.0,]J,=3.5,1H), 6.81 (dd, J, = 3.5,J, = 1.3, 1H),
5.62(dd, ], =9.9,]J,=4.7,1H),4.01 (q, ] = 6.9,2H), 3.84 (dd, J,
=14.8,],=4.7,1H),3.69 (q,] = 6.9, 2H), 343 (dd, ], = 14.8,], =
9.9, 1H), 1.26 (t, ] = 6.9, 3H), 1.25 (t, ] = 6.9, 3H).

C NMR (CDCls, 0 in ppm): 194.2, 143.1, 141.3, 127.4,
127.2,127.1,126.9, 125.7,124.7,52.9, 50.0, 47 .4, 38.8, 13.2, 12.3.

Model Compound 1¢. "H NMR (CDCls, & in ppm, ] in Hz):
7.14 (dd,J, = 5.1,J, = 1.2,2H), 6.93 (dd, J, = 5.1, ], = 3.6, 2H),
6.82 (dd, J, = 3.6, J» = 1.2, 2H), 3.21 (s, 4H).

CNMR (CDCly, & in ppm): 144.3, 127.4, 125.3, 124.0, 32.8.

Model Compound 1d. "H NMR (CDCls, 6 in ppm, J in Hz):
7.18 (dd, J, = 5.0, J, = 1.1, 2H), 7.06 (s, 2H), 7.04 (dd, J, = 3.6
Jo=1.1,2H), 6.99 (dd,J, = 5.0, J, = 3.6, 2H).

3C NMR(CDC13, & inppm): 143.0,128.3,126.7,125.0, 122.1.

Reference Compound 2a. "H NMR (CDCls, 0 in ppm, J in
Hz): 7.14 (dd,J, =5.1,J, = 1.2, 1H), 7.01 (dd, ], = 3.5, ], = 1.2,
1H),6.88 (dd, ], = 5.1,J, =3.5, 1H), 4.75 (s,2H), 3.98 (q, ] = 7.3,
2H), 3.65 (q, J = 7.3, 2H), 1.23 (2t, J; = 7.3, 6H). >C NMR
(CDCls, 0 in ppm): 194.4, 139.2, 127.3, 127.0, 125.6, 49.8, 47.1,
36.7,12.8, 11.9.

Reference Compound 2b. "H NMR (CDCls, 0 in ppm, J in
Hz): 7.09 (d, ] = 5.1, 1H), 6.81 (4, J, = 5.1, 1H), 4.67 (s, 2H),
4.01 (q,] =74, 2H),368 (q,]=74, 2H),258 (t,]=7.7,2H),
1.57 (p, J=7.7,2H), 1.36—121 (m, 16 H), 0.87 (¢, ] = 6.8, 3H).

C NMR (CDCls, 6 in ppm): 195.0, 141.8, 131.0, 129.1,
124.2,49.7,47.1,35.5,32.3,31.2,29.9 (2X), 29.7, 28.8, 23.1, 14.6,
12.9, 12.0.

Reference Compound 2¢. "H NMR (CDCls, 6 in ppm, J in
Hz): 7.19 (dd, J; = 5.2, J» = 1.2, 1H), 7.02 (dd, J, = 5.2, ]» = 3.4,
1H), 6.89—6,87 (m, 1H), 2.62 (d, ] = 1.2, 3H).

CNMR (CDCls, d in ppm): 139.8, 127.3, 125.6,123.5,15.2.

Reference Compound 2d. "H NMR (CDCls, O in ppm, J in
Hz): 7.22 (dd, ], = 49, ], = 3.1, 1H), 6.92 (dd, J, =49, ], = 1.3,
1H), 691 (dd,J, = 3.1, ], = 1.3, 1H), 2.61 (t, ] = 7.7, 2H), 1.60
(p, ] =7.7,2H), 1.36—1.21 (m, 10H), 0.87 (t, ] = 6.4, 3H).

CNMR (CDCls,  in ppm): 143.6, 128.7, 125.5,120.3, 32.6,
31.3,31.0, 30.2, 30.12, 30.06, 23.4, 14.8.

Synthesis of Reference Compound 2e

@vo + Me3SiCH,CI —> O\(\ - H2S0s O H,S0, \ /
S
2e

Step 1: 1-(Thiophen-2-yl)-2-(trimethylsilyl)ethanol. Chlor-
omethyltrimethylsilane (6.1 g, 50.0 mmol) was added dropwise

to a suspension of magnesium turnings (1.25 g, S0 mmol) in dry
THF (150 mL), and the mixture was allowed to react under
reflux conditions for 4 h. To the freshly prepared Grignard
solution, cooled to —78 °C, was added dropwise thiophene-2-
carbaldehyde (5.32 g, 47.5 mmol). The mixture was allowed
to react for 1 h at —78 °C and then left at room temperature
overnight. The reaction mixture was poured in 50 mL of cold
NH,CI solution (10%, vol.). The organic layer was washed
with H,O and NaHCOj3 (10%, vol.) and dried over anhydrous
Na,SO,, and the solvent was removed under reduced pressure.
Purification of the crude product by vacuum distillation afforded
the pure alcohol as a colorless oil (8.72 g, 87% yield).

"H NMR (CDClj, 0 in ppm, J in Hz): 7.21 (dd, J, = 4.9, ], =
1.4, 1H), 6.94 (dd, ], = 3.5, ], = 1.4, 1H), 6.91 (dd, J, = 4.9, ], =
3.5, 1H), 5.12—5.04 (m, 1H), 1.95 (d, ] = 4.4, 1H), 1.30 (dd,
J1=74,], =6.0,2H), 0.02—0.00 (m, 9H).

MS (EL m/e): 200 (M").

Step 2: Synthesis of 2-Vinylthiophene (2e). Concentrated
sulfuric acid (6 drops) was added to a solution of 1-(thiophen-2-
yl)-2-(trimethylsilyl)ethanol (2.0 g 10 mmol) in dry THF
(10 mL), and the mixture was allowed to react under reflux for
2 h. The reaction was quenched by the addition of a cold NH,Cl
solution (10%, vol.), and the aqueous phase was extracted with
diethylether. The combined organic layers were dried over
anhydrous MgSO,. Evaporation of the solvent under reduced
pressure afforded the pure title compound 2e in a nearly
quantltatlve manner.

"H NMR (CDClj, 0 in ppm, J in Hz): 7.16 (dd, J, = 3.6, ], =
1.9, 1H), 6.95 (dd, J, = 3.6, ], = 1.9, 1H), 6.94 (t, ] = 3.6, 1H),
6.81 (dd,J, =109, ], =17.5,1H), 5.57 (d, ] = 17.5, 1H), 5.14 (d,
J =109, 1H).

3C NMR (CDCls, 6 in ppm): 143.7, 130.5, 128.0, 126.5,
125.0, 113.9.

MS (EI, m/e): 110 (M").

Reference Compound 2f. "H NMR (CDCls, 6 in ppm, J in
Hz): 991 (d, ] = 1.2, 1H), 7.77 (dd, J, = 3.9, J, = 1.2, 1H), 7.75
(dt, J, = 49, ], = 1.2, 1H), 7.20 (dd, J, = 4.9, J, = 3.9, 1H).

*C NMR (CDCls, § in ppm): 183.7, 144.6,137.0, 135.8, 129.0.

Reference Compound 2g. "H NMR (CDCls, 6 in ppm, J in
Hz): 7.27 (dd, J; = 5.0, J, = 1.3, 1H), 7.01—7.00 (m, 1H), 6.96
(dd, J, = 5.0, J, = 3.5, 1H), 4.82 (d, ] = 3.5, 2H), 1.79 (s, 1H).

C NMR (CDCls, 6 in ppm): 144.2, 127.0, 125.6, 125.5, 59.3.

Reference Compound 2h. "H NMR (CDCls, 0 in ppm, J in
Hz): 12.50 (s, 1H), 7.89 (dd, ], = 3.8, ], = 1.2, 1H), 7.64 (dd, ], =
5.0,J,=12,1H),7.13 (d4,J, = 5.0, J, = 3.8, IH).

C NMR (CDCls, 6 in ppm): 168.8, 135.8, 134.8, 133.5,
128.8.

Theoretical and Computational Section. The structures of
the model compounds were optimized using density functional
theory (DFT) with the B3LYP hybrid exchange-correlation
functional and the 6-311G(d) basis set. For the PTV trimers,
the B97-D/6-31G(d,p) method was used, since it includes
a semiempirical treatment of the London dispersion forces.
Then, the chemical shifts of all systems were obtained with the
B3LYP functional and the 6-311+G(2d,p) basis set together with
the GIAO method to ensure origin-independence, following
the approach that was employed and tested recently for PVC
oligomers®*° as well as fluoroionophores.** No attempt to
use the B97-D XC functional for calculating the NMR chemical
shift has been made, since there is no reason to believe it would
improve over B3LYP and it is beyond the scope of this paper to
assess its reliability.
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Scheme 1. Polymerization of 3-Octyl-2,5,-diylbismethylene
N,N-Diethyl Dithiocarbamate Towards O-PTV*

1. Polymerisation of dithiocarbamate monomers

gH17

C CeH17
EtzN(S)CS\/[LSC(S)NEtZ NaHMDS [ /¥
s s n
DTC

2. Conversion of the precursor polymers

CgH7 CgH17
WS A —— HS A
S S n

n
DIC

“DTC = DiThioCarbamate = —SC(S)NEt,.

Solvent (here chloroform) effects were taken into account by
using the IEFPCM approach® for the calculations of the
chemical shifts of all compounds. In addition, solvent effects
were also considered in the geometry optimizations of the PTV
trimers. Based on the energies obtained at the optimization step,
the most stable conformers were selected and their Maxwell—
Boltzmann (MB) weights were calculated to estimate the average
chemical shifts. As shown in recent works for other families of
compounds, linear fits between the experimental and theo-
retical chemical shifts of simple compounds can be used to
facilitate the interpretation of spectroscopic data of more com-
plex systems.*”** So, in a preliminary step, the linear regression
parameters were obtained from the NMR and theoretical data
on a series of simple reference thiophene derivatives (2a—2h),
and they were employed in a subsequent step to correct the
calculated values for systematic errors.

B RESULTS AND DISCUSSION

Possible Polymerization Defects in Precursor and Con-
jugated O-PTV Materials and the Corresponding Model
Compounds. Scheme 1 describes the polymerization of 3-octyl-2,
S-diylbismethylene N,N-diethyl dithiocarbamate toward O-PTV
via the dithiocarbamate precursor route.>” The first step consists
of the formation of the so-called precursor polymer by normal
head-to-tail addition of monomers. However, several structural
defects can appear as a result of head-to-head and tail-to-tail
additions (Figure 1a). In a second step, the precursor polymer is
converted into the conjugated chain by means of an elimination
reaction.”> The structures of possible defects in the conjugated
polymer are represented in Figure 1b. To identify the NMR
chemical shifts of all of these structural units in the precursor as
well as in the conjugated polymers, a joint theoretical —experi-
mental study has been performed on a series of model com-
pounds (Figure 1c).

In the precursor polymer, three structural units can appear
which are represented by model compounds 1a, 1b, and 1c. Two
of them are described both theoretically and experimentally,
namely molecule 1b representing the normal head-to-tail linkage
and molecule 1c mimicking a structural defect associated with
head-to-head monomer addition. The s_}fnthesis of these two
model compounds was reported earlier.>” The NMR character-
ization of these model compounds is described below. The third
possible unit in the precursor polymer is a tail-to-tail defect (1a),
for which the chemical shifts have been predicted solely from
theoretical calculations.

Six different structural units can be encountered in the O-PTV
conjugated polymer. Structural unit 1b might still be present as a

a. Possible structural units in the precursor polymer

s DTC 085111(73 CgH17
» /) s I\
S \ / s
CeH,  DTC

CgHy7
Defect Normal addition Defect
tail-to-tail  head-to-tail head-to-head
coupling coupling coupling

b. Possible structural defects in the conjugated polymer

Defect from  Defect from Defect from
tail-to-tail  head-to-head tail-to-tail
coupling coupling coupling

c. Model compounds for all possible units in the precursor as well as conjugated polymer

DTC
7\ S / \ s 7\ s
s \_/ S \_/ S \ /
DTC DTC
1a 1b 1c

DTC

/\ Yz S 7\ 2 S /\

S \ / S \ / SRS
1d 1e 1f \_J

Figure 1. Possible structural defects in O-PTV.

CgHi7

[LSC(S)NEQ &/SC(S)NEQ
s s

2a 2b
CgHq7

2c 2d 2e
0o
S

QVO @\/OH
2f 29

Figure 2. Reference compounds for DFT theoretical modeling.

result of incomplete conversion of normal head-to-tail units
toward a trans double bond (1d). Model compound 1d has
been synthesized and the NMR shifts have been determined.
Structures la and le might both be found in the conjugated
polymer due to incomplete elimination of a tail-to-tail defect.
Elimination of both dithiocarbamate groups of a tail-to-tail defect
results in the formation of triple bonds as in 1f. As for 1a, 1e and
1f were only investigated by theoretical modeling.

Reference Calibration Molecules for DFT Calculations of
NMR Chemical Shifts. To assess the accuracy of the DFT cal-
culations, several previously synthesized reference compounds
(2a—2h)*" have been fully characterized with 'H and ">C NMR
techniques (Figure 2). Based on this chemical shift information,
the chemical shifts of all model compounds, in particular 1a, 1e,
and 1f, have been computed (vide infra).

Experimental NMR Characterization of the Reference
Compounds and Model Compounds 1b—d. The next para-
graph describes the assignment of the proton and carbon NMR
chemical shifts of the reference and model compounds. The
atomic numbering scheme of the thiophene derivatives is shown
in Figure 3.
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Figure 3. Numbering of the thiophene structures.
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Figure 4. Assignment of the chemical shifts of thiophene-2-carbalde-
hyde (2f).
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Figure S. Assignment of the chemical shift of 2-thiophenemethanol
(2g).

713 7.69 128.8 1358
¥ \/
764 =0\ 1348 ={ \
s st 168 8
OH < 12.50 133.5 OH

Figure 6. Assignment of the chemical shift of 2-thiophenecarboxylic
acid (2h).

The chemical shift assignment of the carbon atoms of thio-
phene-2-carbaldehyde (2f; Figure 4) has been accomplished
by means of 2D-INADEQUATE. Starting from the aldehyde
carbon atom at 183.7 ppm, the carbon resonances of C2, C3, C4
and CS can be assigned to the signals at 144.6, 137.0, 129.0, and
135.8 ppm, respectively. The corresponding proton shifts were
assigned by HETCOR, i.e., H-3 appears at 7.77 ppm (dd, J, = 3.9,
Jo=12,1H),H-Sat7.75 ppm (dt,J; =4.9,], =12, 1H), and H-4
at 7.20 ppm (dd, J, = 4.9, J, = 3.9, 1H).

The chemical shifts of 2-thiophenemethanol (2g; Figure S)
were assigned by means of selective proton decoupling. First the
proton coupling between H-3 and the two benzylic protons
was removed by selective decoupling of the benzylic protons at
4.82 ppm (d, ] = 3.5 Hz, 2H). In this way H-3 could be assigned to
the signal at 7.00 ppm (m, 1H). The other protons are assigned
based on their coupling constants. H-4 appears at 6.96 ppm -
(dd,J; = S.0Hz,J, = 3.5 Hz, 1H) and H-$ is assigned to the signal
at 7.27 ppm (dd, J, = 5.0 Hz, J, = 1.3 Hz, 1H). The carbon shifts
have been assigned by APT and HETCOR.

The signals of 2-thiophene carboxylic acid (2h; Figure 6) were
assigned by means of 2D-INADEQUATE. Starting from the
carboxylic carbon atom at 168.8 ppm, the carbon resonances of
C2, C3, C4, and CS can be assigned to the signals at 133.5, 135.8,
128.8, and 134.8 ppm, respectively. The corresponding proton
shifts were again assigned by HETCOR, ie, H-3 can be
attributed to 7.89 ppm (dd, J; = 3.8, J, = 1.2, 1H), H-S to 7.64
ppm (dd, J, = 5.0,J, = 1.2, 1H), and H-4 to 7.13 ppm (dd, J, =
5.0,], = 3.8, 1H).

For the signal assignment of 2-methyl thiophene (2c;
Figure 7), the methyl proton situates at 2.62 ppm (d, J = 1.2

7.02  6.89 1273 125.6
¥ \_ ¥
7.19 +@ 1235 -»@\
s g = 15.2
2.62 139.8

Figure 7. Assignment of the chemical shifts of 2-methyl thiophene (2c).

* =1.36-1.21

Figure 8. Assignment of the chemical shifts of 3-octyl thiophene (2d).

5.57
6.95 126.5
6.94 —» ¥ H 514 1280 _» /143.7
716+4\\)\/\¢ 1250 = W
: 4
54 5t
113.9
6.81 130.5

Figure 9. Assignment of the chemical shifts of 2-vinylthiophene (2e).

Hz, 3H). By selective decoupling of these protons, the coupling
with H-3 disappears. Therefore, H-3 can be assigned to 6.89
ppm (m, 1H). H-4 can then be assigned to 7.02 ppm (dd, J, = 5.2
Hz, J, = 3.4 Hz, 1H), and H-S appears at 7.19 ppm (dd, J; = 5.2
Hz, J, = 1.2 Hz, 1H). The carbon shifts have been assigned by
APT and HETCOR.

As an intermediate concluswn, it can be stated that for
2-substituted thiophenes the *Ji;5_ 114 coupling is always larger
than the JH3 14 coupling, thereby providing a useful criterion
for signal assignment in this type of compounds.

To achieve the chemical shift information of 3-octylthiophene
(2d; Figure 8), a somewhat more extensive study was necessary.
First, the methylene protons of the side chain closest to the
thiophene ring (at d = 2.61 ppm) were selectively irradiated. This
results in the disappearance of the coupling with H-2 and H-4,
resulting in the assignment of HS at 7.22 ppm (dd, J, =4.9 Hz, ],
= 3.1 Hz, 1H). The corresponding carbon shift can be assigned
by HETCOR. C3 is the only quaternary carbon in the structure,
so this can be assigned by APT at 143.6 ppm. Starting from C3 or
CS, C2 and C4 were further assigned via INADEQUATE to the
signals at 120.3 ppm and 128.7 ppm respectively. The corre-
sponding proton shifts were determined by HETCOR [H2: 6.91
ppm (dd, ], = 3.1 Hz, ], = 1.3 Hz, 1H), H4: 6.92 ppm (dd, ], = 4.9
Hz, ], = 1.3 Hz, 1H)]. Also the carbon atoms of the alkyl side
chain were assigned on the basis of the INADEQUATE experi-
ment. By this all the carbon atoms are determined and the
corresponding proton shifts are assigned by HETCOR.

For 2-vinylthiophene (2e; Figure 9), the quaternary and CH,
carbon atoms can be assigned by APT. When two of the six
carbon atoms are known, the other four can be derived from the
INADEQUATE 2D-spectrum. The corresponding protons were
determined by HETCOR.

To retrieve the chemical shifts assignment of the model
compound 1d (Figure 10), the quaternary carbon atom has first
been assigned by means of APT (143 ppm). Furthermore, the
protons from the double bond are easy to recognize, because they

12043 dx.doi.org/10.1021/jp206663v |J. Phys. Chem. B 2011, 115, 12040-12050
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Figure 10. Assignment of the chemical shifts of model compound 1d.
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Figure 11. Assignment of the chemical shifts of model compound 1b.

are the only protons that are represented by a singlet (7.06 ppm).
The aromatic protons are assigned based on their coupling
constants and all the according carbon atoms are determined
by the HETCOR spectrum.

The determination of the chemical shifts of model compound
1b (Figure 11) was more complicated. First the quaternary,
methylene, and methyl carbon atoms have been determined by
APT. The quaternary carbon atom of the dithiocarbamate group
appears at 194.2 ppm. The quaternary carbon atoms of the
aromatic rings have been determined at 143.1 and 141.3 ppm.
The chemical shifts at 50.0 and 47.4 ppm arise from the
methylene carbon atoms next to the nitrogen atom of the
dithiocarbamate group (hindered rotation around the N—C=S$
bond). The signal at 38.8 ppm corresponds to the bridging
methylene group. The remaining aliphatic CH signal at 52.9
ppm can hence be assigned to the bridge methine carbon atom,
and the two CHj signals at 12.3 and 13.2 ppm arise from the
dithiocarbamate group. All the corresponding proton shifts have
been determined via the HETCOR spectrum. Finally, all of the
aromatic signals had to be assigned. First the proton coupling
constants were determined allowing these protons to be posi-
tioned on the thiophene rings. For the signal assignment of the
?rotons to the appropriate thiophene rings, a homonuclear

H—"H NOE experiment has been performed (selective proton
irradiation at 5.62 ppm results in a clear NOE effect at 6.99 ppm).
The corresponding carbon signals have been assigned by HET-
COR. Finally, the quaternary carbon atoms have been assigned
by means of a long-range 2D HETCOR experiment (based on
the *Jc_p and *J¢_y couplings between the quaternary carbon
atoms and the assigned H-2 and H-3 protons).

For the signal assignment of model compound 1c (Figure 12),
an APT spectrum was first recorded allowing the quaternary
and CH, carbon atoms to be assigned to 144.3 and 32.8 ppm,
respectively. Furthermore, the aromatic protons were assigned
by means of their coupling constants. The central proton on the
ring was found at 6.93 ppm with coupling constants of 5.1 and
3.6 Hz. The position of the other protons was determined via the
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Figure 12. Assignment of the chemical shifts of model compound 1c.
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Figure 13. Assignment of the chemical shifts of reference compound 2a.
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Figure 14. Assignment of the chemical shifts of reference compound 2b.

J-coupling (H-3: J, = 3.6 Hz and H-S: ], = 5.1 Hz) and confirmed
by means of long-range HETCOR. A *J_y coupling between
the quaternary carbon atom at 144.3 ppm and the proton at
6.82 ppm was observed. The corresponding carbon and proton
signals have been assigned by means of HETCOR.

For reference compound 2a (Figure 13) the signal assignment
has also been started with APT to assign the quaternary carbon
atoms. The aliphatic protons and carbon atoms can be assigned
based on their chemical shift and HETCOR information. This
leaves only the aromatic protons and carbon atoms. Also here,
the coupling constants are very helpful: H-4 can be assigned to
the signal at 6.88 ppm based on coupling constants of 5.1 and
3.5 Hz, H-3 (J; = 3.5 Hz) and H-5 (J, = 5.1 Hz) to signals at 7.01
and 7.14 ppm, respectively. Again, the assignment of H-3 was
confirmed by means of a long-range HETCOR.

For the determination of the chemical shift of reference
compound 2b (Figure 14), the same strategy as for reference
compound 2a was followed, for which all of the aliphatic
protons/carbon atoms, except for the octyl tail, were determined.
For the assignment of the signals of the octyl tail and the
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dithiocarbamate group, the chemical shifts have been compared
with those of reference compounds 2d and 2a, respectively.
In the following step, the two aromatic quaternary carbon atoms
were assigned by heteronuclear "H—'>C NOE experiments
(selective proton irradiation at 4.67 ppm results in a clear NOE
for the carbon signal at 131.0 ppm). Finally, the other two
aromatic signals have been assigned by means of homonuclear

"H—"H NOE experiments (selective proton irradiation at 2.58
ppm results in a NOE effect for the proton signal at 6.81 ppm).

DFT Calculations of the NMR Chemical Shifts of Model
and Reference Compounds and Comparison to the Experi-
ment. Figure 15a—f compare the experimental and theoretical
chemical shifts collected in Table S1 for the reference com-
pounds and model compounds 1b—d and provide a hierarchy of
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Figure 15. Linear regressions between the experimental and the B3LYP/6-311+G(2d,p) chemical shifts (in ppm); (a) all sp> and sp® hybridized C
atoms and (b) their linked H atoms; (c) @ sp” hybridized C atoms and (d) their linked H atoms; (e) 3 sp” hybridized C atoms and (f) their linked

H atoms.
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linear regressions. All of the sp” and sp” carbon atoms and the
linked hydrogen atoms were considered in Figure 15, panels a
and b. Linear regressions are characterized by rather large R*
values and a substantial reduction of the mean absolute errors
(MAE). Indeed, a direct comparison between the calculated
and the experimental chemical shifts yields MAE of 7.31 and
0.26 ppm for the >C and 'H chemical shifts, while, after
correcting the O values using the linear regression, the corrected
MAE (CMAE) shrink to 3.83 and 0.08 ppm, respectively.
Nevertheless, a single equation for correcting all C or all H turns
out to be insufficient. This is substantiated by comparing the so-
corrected chemical shifts to the experimental values: the *C ¢
values are almost systematically overestimated for the C atoms in
positions 2, S, and 6, whereas for those in positions 3 and 4, they
are underestimated. Therefore, in several cases, this leads to an
inversion of the predicted C, versus Cs (C, versus C;) chemical
shifts with respect to the experiment. Calculations carried out for
thiophene at the second-order Moller—Plesset (MP2) level (for
determining both the ground-state geometry and the shielding
constants) demonstrate that these systematic errors are related
to subtle electron correlation effects, which are not grasped by
the B3LYP and BHandHLYP functionals. In fact, the difference
of the chemical shifts between C, and C; goes from 5.01 ppm
with B3LYP (BHandHLYP) to 0.34 ppm when employing MP2,
which nicely improves the agreement with the experimental
values for thiophene.

Therefore, in a second step, we have taken into account the
different hybridizations for the C atoms and the linked H atoms
in the linear regressions. The most satisfactory approach —
leading to the best O estimates — distinguishes between the
thiophene ring atoms (sp” C atoms and the H atoms linked
to these) and the others, but most importantly, the former ones
are separated into the atoms in & positions (2 and S) and those
in {8 positions (3 and 4). The corresponding figures and linear
regressions are provided in Figure 1S, panels ¢ and d (a
positions) and panels e and f (3 positions). Due to the narrower
range of chemical shift variations, the R? values are smaller than
when considering the whole set of C and H atoms but the
remaining MAE are smaller: the CMAE amounts to 2.09 ppm for
3C and 0.07 ppm for 'H. In such a case, the relative shieldings at
the a and f3 positions are correctly predicted. To summarize, the
best agreement with experiment is obtained when (i) the O values
in @ and f positions are extracted from the linear fit equations
given in Figure 15c—f, whereas (ii) the fits of Figure 1S, panels a
and b, are used for the other atoms. This leads to global CMAE of
1.43 and 0.06 ppm for "*C and 'H chemical shifts, respectively.

The key quantities for analyzing the data and assigning the
chemical shifts are, however, the variations in the chemical shifts
induced by grafting different substituents on the thiophene ring.
These values, listed in Table 1, provide specific signatures for the
different chemical groups. Overall, the experimental trends are
well reproduced in both amplitude and sign by the DFT calcula-
tions, in particular for the "H chemical shifts. More particularly,
it is worth mentioning that (i) the deshielding (shielding) is
stronger on Cg (Hg) for the compound (2e) than for the dimer
(1d), which contain both a vinyl substituent, and (ii) upon
substitutions in positions 2 and 3, a shielding is observed for H,
H, and Hj as well as a deshielding for Hg, with the exception of
cases where the substituent is a mesomeric attracting group.

DFT Calculations of the NMR Chemical Shifts of Model
Compounds that Are not Experimentally Available. Simu-
lated chemical shifts of structures 1a, le, and 1f are displayed in

Table 1. Variations (A, in ppm) of the Calculated Chemical
Shifts with Respect to Reference Compounds”

13C IH

method method method method

1 2 exp. 1 2 exp.

2¢c C, 1933 1566 1410
Cy —166 —126 —180 H; —040 —035 —024
c, -085 —065 —010 H, -035 —031 —0.1
Cs —L11  —090 —220 Hy —023 —020 —0.16
2c* C, 2670 2162 21.60
Cy —3.60 —275 —420 H; —038 —034 —035
c, —-077 —059 -—080 H, -031 —027 —023
Cs —15 —126 —3.10 Hy —020 —0.18 —027
Cs 1150 1106 810 Hs 040 038 023
2d C, —822 —666 —540 H, —055 —048 —044
C; 1996 1521 1620
C, 2.03 1.55 130 H, —020 —0.18 —021
Cs —034 —028 —020 Hy —011 —0.10 —0.13
2e C, 2026 1641 18.00
Cs 0.76 058 —090 H; -016 —0.14 —0.18
Cqy 0.55 0.42 060 H, —022 —020 —0.19
Cs 0.08 006 —070 Hs —014 —012 —0.19
Cs 12096 11634 11530 Hs  4.57 432 419
of C, 2073 1679 1890
C; 1158 8.82 9.60 Hy  0.60 053  0.64
C, 1.86 1.42 1.60 H, 006 005 007
Cs 1277 1034 1010 Hg 051 044 040
Cs 17035 163.84 16850 Hs  7.71 728 729
2g C, 225 1827 1850
C; —360 —274 —040 H; —018 —0.16 —0.13
c, —108 —08 —180 H, -023 —021 —0.17
Cs 0.16 0.13 —020 Hy —007 —0.06 —0.08
Cs 4921 4733 4410 Hs 268 253 220
2h C, 7.45 6.03 7.80
C; 1030 7.84 840 H;  0.79 070 076
C, 1.26 0.96 140 H, -003 —002 0.0
Cs 1092 8.84 9.10 Hy 033 028 029
Cs 15085 14508 153.60 Hg —2.60 —2.58 —2.62
2a C, 2048 1658  13.50
C; 0.95 073 —010 Hy —002 —002 —0.12
C, —084 —064 —040 H, —031 —027 —025
Cs 0.71 057 —010 Hy -017 —0.15 —021
Cs 2645 2544 2150 He 246 232 213
2b C, 5.84 473 5.30
Cy 2001 1524 1440
Cqy 2.74 2.09 170 H, -028 —024 —032
Cs —033 —026 —150 Hy —019 —0.17 —026
Cs 2654 2553 2030 Hs 190 179 205
1b C, 2397 1941 1740
Cy —255 —195 —020 H; 008 007 —0.14
C, —218 —166 000 H, —035 —031 —023
Cs —152 —123 000 Hy —017 —0.15 —0.16
Cs 4649 4471 3770 Hs  3.39 320 3.00
C, 1818 1472 15.60
C/ -016 —012 —050 H; —029 —025 —0.32
C/ -195 —149 -030 H, -035 —031 —029
C/ —-207 —167 -100 Hy —022 —0.19 —029

12046 dx.doi.org/10.1021/jp206663v |J. Phys. Chem. B 2011, 115, 12040-12050



The Journal of Physical Chemistry B

Table 1. Continued

3¢ g
method method method method
1 2 exp. 1 2 exp.
C¢ 22.53 21.67 23.60 Hg 1.08 1.02 1.02
1c C, 23.29 18.86 18.60

Cs —1.66 —-127 —-2.10 H; -—027 —023 —031
Cy —0.23 —0.18 000 H, —02§ —022 —-020
Cs —0.92 —-0.75 —170 Hs —0.14 —0.12 021
Cs 24.06 23.14 17.60 Hg 0.51 0.48 0.59
1d C, 20.33 16.47 17.30
Cs 0.94 072 —0.70 H; —0.19 —0.17  —0.09
Cy 0.74 0.56 090 H, -—022 —-020 —0.14
Cs —0.61 —-0.50 —-0.70 Hs -—0.18 —-0.15 —-0.17
Cs 108.87 104.72  106.90 Hg 4.76 4.50 444
MAE/ 7.31 1.43 0.26 0.06
CMAE
“For C,—Cs, A = Ogupstituted thiophene — Othiophenes Whereas for Cg, A =
6substituted thiophene ™ 52—methylthiophene' In method 11 the chemical shifts
are not corrected for systematic errors, though the MB weights are
considered for the different conformers. In method 2, in addition to MB
averaging, the chemical shifts are corrected. For atoms 2 and §, (c) and
(d) fittings (Figure 15) were employed. The (e) and (f) fittings are used
for atoms 3 and 4 while for atom 6, the (a) and (b) fitting were applied.
2¢* = 2-ethylthiophene; Experimental data from [Spectral Database
SDBS  http://riodb01.ibase.aist.go.jp/sdbs/cgi-bin/direct_frame_top.
cgil.

Table 2 so as to assist in the interpretation of the O-PTV
polymerization process. For the first two species (1a, le), two
conformers contribute to the MB-averaged results while only one
conformer is relevant for 1f. For these three compounds the best
O estimates, obtained as described above by using different linear
regression corrections for different types of atoms, are reported.
Table 2 also displays the differences between these O values and
those of the thiophene and 2-methylthiophene reference com-
pounds. Comparing the A(J) of 1a, le, and 1f with those of
Table 1, clear fingerprints can be identified, including (i) the
obvious deshielding of the DTC-substituted C4 (1a versus 1b
and Ic or le versus 1d) or shielding of the triple bond Cg in 1f,
and (ii) the impact on the DTC substitution on the thiophene
ring atoms as evidenced by the deshielding of C; in la with
respect to 1b and 1c, the deshielding of C3’ and Cs’ in 1le with
respect to 1d, as well as the shielding of C, and the deshielding of
C; and Cg in 1f with respect to 1d.

The chemical shift information gathered from Table 2 can be
used to identify/confirm the structural defects in the polymer
backbone of (precursor) O-PTV.* The calculated chemical shift
(60.98 ppm) for C6 of model compound 1ais in good agreement
with the chemical shift assignment at 58.2 ppm of the tail-to-tail
defect structure identified in the experimental '>*C NMR spec-
trum of the labeled precursor polymer.*” For model compound
1f a characteristic chemical shift of 89.52 ppm has been deter-
mined for the triple bond. In this region, no signals are present
in the NMR spectrum indicating that no full elimination of the
tail-to-tail defects occur within the NMR detection limit. A single
elimination however, represented by model compound 1e, cannot
be excluded since the carbon signals of the double bonds
(at 123.4 and 131.5 ppm) would end up in the huge massif
(100—150 ppm) of the "*C-labeled olefinic carbon atoms.

Table 2. Calculated Chemical Shifts (Using Method 2) and

Differences of Chemical Shifts with Respect to Thiophene and
2-Methylthiophene (for C4 and Hg) in ppm for Compounds
1a, le, and 1f

0 A(0) 0 A(0)
la C, 145.01 19.43
Cs 127.85 0.39 H, 7.33 0.18
C, 126.69 —0.77 H, 6.83 —0.32
Cs 125.66 0.07 Hs 7.16 —0.15
Cs 60.98 46.96 H, 6.17 3.60
le C, 146.73 21.14
C, 127.21 —0.26 H, 722 0.08
C, 127.81 035 H, 6.94 —0.20
Cs 125.53 —0.05 Hs 7.17 —0.14
Cs 12342 109.40
c/ 138.97 13.38
Cy 133.48 6.02 Hy' 7.25 0.11
c/ 126.93 —0.53 H,/ 7.01 —0.13
cs 130.02 444 HY 7.37 0.05
C4 131.53 117.51 H{' 7.61 5.04
1f C, 125.29 —0.29
Cs 132.13 4.67 H, 7.24 0.10
C, 127.99 0.53 H, 6.96 —0.18
Cs 127.74 2.15 H, 7.21 —0.10
Cs 89.52 75.50

Figure 16. Different model compounds to study the regioregularity of
O-PTV.

B REGIOREGULARITY

In the literature, it is claimed on the basis of 'H and '*C NMR
spectroscopy that poly(thienylene vinylene) derivatives, which
are pregared via a condensation reaction, are 100% regio-
regular. 38 In order to find criteria to determine the regioregu-
larity of O-PTV, this joint experimental-theoretical NMR study
also tackles the determination of the chemical shifts of the
following four model compounds (Figure 16) to estimate
whether their synthesis is worthwhile and whether NMR is
suitable to describe the degree of regioregularity. These model
compounds represent the different regioregularity patterns that
can occur in experimentally synthesized PTV derivatives.

For each of the isomers 3a—3d (see Figure 17 for clarification
of the atom numbering), Table S4 lists the NMR data of all
conformers, the MB distribution weights, and the weighted
chemical shifts, which also account for the corrections of the
systematic errors obtained using the linear regression parameters
determined above. One or two conformers account for most of
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Figure 17. Characteristic dihedral angles S;,—C,—Cs—C, (6),
§$1—Cs—C3—Cy4 (0,)1 So—Cs—C;—Cs (4’): and S;6—C;5—C14—Cy3
(¢'). The atom numbering follows Table 3.

the MB distribution: 40% and 37%, 59% and 25%, 97%, and 63%,
and 21% for the isomers 3a, 3b, 3¢, and 3d, respectively. The
different conformations are displayed in Figure S2. All character-
istic backbone dihedral angles are close to 0° or 180°, except
for the D conformer of 3b, where ¢’ amounts to 163°. These
most stable structures correspond to conformations where
two or three alkyl chains linked to consecutive thiophene rings
closely interact, as a result of stabilizing van der Waals forces. As
a consequence the corresponding S atoms point toward the
same direction. Such conformations are driven by the dispersion
correction of the B97-D functional.

For the sake of comparison between the different isomers,
Table 3 lists selected chemical shifts and chemical shift differ-
ences for isomers 3a, 3b, 3¢, and 3d. These data highlight several
signatures of the regioregular product 3c, for which the promi-
nence of a single stable conformer displays a maximum of
interactions between the three alkyl chains. In particular, the
C¢ (C5) and Cy3 (Cy4) atoms are more deshielded (shielded)
than in the other isomers, in addition to the strong deshielding
of Hy. Other remarkable differences in "H chemical shifts are the
deshielding of Hy and H,4 in 3b. This deshielding of H4 in 3b,
with respect to thiophene as well as to 2d and 2e, that bear the
same type of substituents, contrasts with the small deshielding
calculated for 3a, 3¢, and 3d. This suggests that the conforma-
tional effect is crucial. Indeed, the most stable conformer of 3b,
contributing to about 60% of the MB distribution, presents a
0’ ~ 180° [0(H,) = 7.65 ppm], whereas a clearly different value
0(H,4) ~ 6.85 ppm is encountered for conformations A and B of
3a, C of 3b, A of 3¢, as well as A and B of 3d, where the angle 8’ is
always around 0°. This analysis is also confirmed by the slight
shielding undergone by C, of 3b (129.8 ppm) and the corre-
sponding considerable deshielding in 3a, 3¢ and 3d compared
with 2d (132.8 ppm, 133.0 ppm and 132.6 ppm versus 129.0 ppm).

Among the remarkable O differences, the 6(Cs) — 0(C,)
quantity attains 4.71 ppm for 3¢ but reduces to 4.07, 3.86, and
3.50 ppm for 3a, 3b, and 3d, respectively. On the other hand, the
0(C3) — 6(C,) difference amounts to 13.0, 11.2, 10.8, and 9.4
ppm for 3b, 3¢, 3a, and 3d, respectively. Besides 6(C3) — 6(C,),
the largest values among these differences of chemical shifts
between pairs of C or H atoms are always coming from 3¢ even
though some other clear differences can be pointed out, encom-
passing [0(Cy5) — 0(Cg)] =5.52 ppm and [0(C;7) — (Cyo)] =
—3.66 ppm in 3d, [0(H,;3) — 6(Hs)] = —0.33 ppm in 3a,
[0(Hy4) — 6(H;)] = 0.30 ppm in 3b, and [0(H,7) — 0(Hy0)] =
—0.31 ppm in 3d. Moreover, the largest 0(H;3) — 0(Hs) and
O0(H,4) — 0(H,) differences are also obtained for 3¢ (—0.83 and
0.34 ppm), providing other signatures of the regioregular sub-
stitution pattern.

All of these differences result from the change in the relative
substitution patterns and thereof from the change of conforma-
tions steered by the relative position of the alkyl chains. Indeed,
the most stable conformers (two for 3a, 3b, and 3d and only one

Table 3. Calculated Chemical Shift and Their Differences for
Structures 3a, 3b, 3¢, and 3d Obtained after Maxwell—
Boltzmann Averaging and after Correcting the Chemical
Shifts with the Linear Regression Parameters Determined
before”

3a 3b 3c 3d
0(C,) 138.03 -3.96 138.12 -3.87 137.89 -4.10 137.22 -4.77
0(Cs) 143.59 15.55 142.82 14.78 144.14 16.10 142.01 13.97
0(Cy) 132.84 496 129.83 1.95 13295 5.07 132.60 4.72
0(Cs) 142.10 16.4S5 141.98 16.33 142.60 16.95 140.72 15.07
0(Cs) 119.95 -10.41 118.75 -11.61 120.29 -10.07 117.74 -12.62
o(Cy) 121.34 -9.02 120.21 -10.15 115.41 -14.95 119.12 -11.24
0(Cs) 14493 294 139.39 -2.60 144.68 2.69 13820 -3.79
0(Cyo) 12245 -3.20 12623 0.58 121.69 -3.96 12546 -0.19
0(Cy3) 119.94 -10.42 119.71 -10.6S 124.31 -6.05 118.77 -11.59
0(Cyq) 120.74 -9.62 119.98 -10.38 119.33 -11.03 119.67 -10.69
0(Cys) 134.36 -7.63 138.38 -3.61 139.12 -2.87 143.72 1.73
0(Cy7) 12043 -5.22126.87 12212684 1.19121.80 -3.85
o0(H,) 6.89 -006 737 042 685 -0.10 688 -0.07
0(Hg) 732 042 7.06 016 7.64 074 698 008
O0(H,) 690 000 7.3 023 665 -025 7.06 0.16
O(Hyo) 694 -025 732 013 697 -022 725 0.06
O0(H;3) 699 0.09 685 -005 681 -009 7.01 011
O0(H,4) 7.14 024 743 083 7.00 010 701 0.1
O0(H,7) 7.00 -0.19 727 008 729 010 693 -026
0(Cs) — 6(Cy) 4.07 3.86 4.71 3.50
0(C3) — d(Cy) 1075 12.99 11.19 9.41
0(Cy3) — 0(Cg) —0.01 0.96 4.02 1.03
0(Cy4) — 0(C;) —0.59 —0.22 3.92 0.55
0(Cys) — 0(Cg)  0.08 —1.01 —5.57 5.52
0(Cy7) — 0(Cyo)  0.50 0.64 5.14 —3.66
O0(Hy3) — 0(Hg) —0.33 —0.21 —0.83 0.03
O0(Hyy) —0(H,) 023 0.30 0.34 —0.05
O0(H;;) — 0(H,)  0.06 —0.08 0.32 —0.31

“Values in italics are the differences of the chemical shifts with respect to
2-vinylthiophene (2e).

for 3c) are essentially not the same for the different configura-
tions, leading to specific contributions to the 0’s. To confirm
these theoretical calculations it would be useful to synthezise the
model compounds 3a—3d.

However, the trimers are no explicit models for regioregular
polymers since C;o and C; will then no longer be methine
carbon atoms. For longer, fully regioregular oligomers and
polymers, one would expect only one chemical shift for C4 and
C4 as well as for C; and C;3. However, based on the theoretical
calculations, it can be expected that any change in the regior-
egularity will induce geometrical and conformational changes,
leading to the observation of more than two chemical shifts for
the olefinic carbon atoms. Therefore, it can be concluded that
3C NMR should be able to detect significant deviations from
regioregularity.

B CONCLUSIONS

In this joint experimental—theoretical work, several refer-
ence and model compounds are discussed, which have been
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synthesized and fully characterized by different NMR techniques
in order to obtain chemical shift information regarding the
identity of structural defects and regioregularity in PTV-based
polymers. Among others, it has been noticed that for 2-sub-
stituted thiophenes the *Jy;5 114 coupling is always larger than the
*Jes—114 coupling and offers a possible fingerprint for NMR
assignment. The obtained chemical shift information has been
used to calculate the chemical shifts of several other model
compounds. This information is useful to verify the structural
defects on the polymer level and to determine the degree of
regioregularity of the polymers. Furthermore, the experimental
NMR results can be used to further refine chemical shift
prediction software.

B ASSOCIATED CONTENT

© Ssupporting Information. Calculated results at the
IEFPCM(CHCl;)/B3LYP/6-311+G(2d,p) level corrected using
different linear regressions [all sp” and sp> atoms (Table S1), all
sp’, @ sp’, and B sp” atoms (Table S2)]. Linear regressions using
all sp> as well as & and 3 sp” carbon atoms and attached hydrogen
atoms (Figure S1). Calculated results at IEFPCM(CHCI3)-
B3LYP/6-311+G(2d,p) with the most appropriate correction
using linear regression (Table S3). Most stable conformers
obtained with B97-D for configurations 3a, 3b, 3¢, and 3d
(Figure S2). Chemical shifts for the most stable conformers
calculated using B97-D functional for configurations 3a, 3b, 3¢,
and 3d (Table S4). This material is available free of charge via the
Internet at http://pubs.acs.org.
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