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ABSTRACT: Divanillin was synthesized in high yield and purity using Laccase from Trametes versicolor. It was then pol-
ymerized with Benzene-1,4-diamine and 2,7-diaminocarbazole to form polyazomethines. Polymerizations were performed
under micro-wave irradiation and without transition-metal based catalyst. These bio-based conjugated polyazomethines
present a broad fluorescence spectrum ranging from 400 to 60o nm. Depending on the co-monomer used, polyazomethines
with molar masses around 10 kg.mol™ and with electronic gaps ranging from 2.66 to 2.85 eV were obtained. Furthermore,
TD-DFT calculations were performed to corroborate experimental results.

1. Introduction.

Thanks to recent works on the selective oxidative coupling
of phenolic molecules via enzymatic catalysis, a bio-based
platform of lignin-derived aromatics is now available.'?
Among them, vanillin has a large potential as it is one of
the only phenolic compounds industrially available from
biorefinery.3 Vanillin can be easily dimerized from C-C
coupling using an environmental-friendly process as was
demonstrated by Llevot et al.. Such divanillin was used as
a bio-based aromatic building block for the design of semi-
aromatic polymers exhibiting different thermo-mechani-
cal properties.> However, divanillin monomer has also the
potential to be valorized in the field of organic electronics.®
Indeed, in addition to the two phenolic functions, such de-
rivative possesses two aldehyde moieties that can be in-
volved in condensation reactions, for instance with amino
groups, leading to polyazomethines. Polyazomethines ex-
hibit many advantages as they can be obtained through
metal-free polycondensation with water as the only by-
product. 72 Moreover, polyazomethines can be synthe-
sized under micro-wave irradiation which brings the ben-
efit of being faster and more efficient than conventional
heating.5* m-conjugated polyazomethines present a good
thermal resistance and are air-stable.’>'¢ They possess PPV-
like electronic properties, can be tuned to exhibit a high
absolute fluorescence quantum yield when doped and ex-
hibit a good chemical and electrochemical resistance.o5-2

Interestingly, such polymers could be prepared by select-
ing diamino-functionalized monomers versus bis-alde-
hyde divanillin.

In this work, we describe the synthesis of a divanillin mon-
omer substituted by alkyl chains and its subsequent poly-
cendensation with 1, 4-benzene diamine or 2,7-carbazole
diamine. The optical and electrochemical properties of the
so-formed polyazomethines were also investigated.

2. Results and discussion.

The 6,6-Dihydroxy-5,5-dimethoxy-[1,1-biphenyl]-3,3-dicar-
boxaldehyde (Divanillin or DV) was synthesized from van-
illin at room temperature using the procedure already de-
scribed by us (Scheme 1). ' In 'H NMR, (Figure SI1); the
signal at 9.7 ppm corresponds to the two aldehyde protons
and the signal at 7.5 and 7.2 ppm to the aromatic ones. The
signal at 3.8 ppm corresponds to the methoxy groups. The
structure of DV was also attested by ATR-FTIR (Figure
SI2).

In order to improve the solubility of DV and polyazome-
thines thereof in classical organic solvents, the latter was
alkylated. 924 Etherification reaction was performed in
DMSO in the presence of KOH and 2-ethylhexyl bromide
to give Divanillin Ethyl Hexylated or DVEH (Scheme 1).
The alkylation reaction was assessed by 'H NMR spectros-
copy and ATR-FTIR (Figure SI3 and Sl4); NMR signals
around 3.81 ppm and the signals between 0.69 and 1.39
ppm confirmed the completion of alkylation reaction.



The divanillin-based monomer (DVEH) was polymerized
at the stoichiometry ratio 11 both with commercially avail-
able benzene-1,4-diamine and 2,7-diaminocarbazole to
give respectively P1 and P2 (synthesized according to the
literature)®> (Scheme 1). The polymerization reaction be-
ing performed under micro-wave irradiation which is usu-
ally faster than conventional heating.>>2¢ Silica was added
to the reaction medium to remove water and displace the
equilibrium towards the polymer formation. P1A and P2
were obtained after 4 hours of reaction and purified by pre-
cipitation in methanol. Interestingly, the use of silica al-
lowed a simple recovery process of the polyazomethine
through filtration before precipitation. However, silica is

not necessary to carry out the polymerization reaction. In-
deed, the synthesis of the polyazomethine was also per-
formed without silica, in just 5 minutes instead of 4h (P1B).
The crude polyazomethine was then dissolved in meth-
ylene chloride; methanol was added and then the solvent
was evaporated using a rotary evaporator. The powder ob-
tained was rinsed with methanol, giving the final product
P1C.

The polyazomethines were characterized by NMR and
SEC. '"H NMR signal at 8.5 ppm clearly attested the for-
mation of azomethine bond (-CH=N-) (Figure SI5 and
SI6). All the molecular characteristics, thermal and optical
properties of DVEH-based polyazomethines are reported
in Table 1.

Scheme 1. Alkylation of divanillin with ethylhexyl side chains (DVEH) and polymerization with p-phenylenedia-

mine (P1) and diamino carbazole (P2).
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SEC traces show discrete peaks at low molar masses, ac-
cording to a polycondensation pathway with heavy mono-
mers (Figure SI7 and SI8). Both polymers have a dispersity
close to two, which is consistent with a step-growth mech-
anism (at high conversion). The two families of polyazo-
methines present apparent number-average molar masses
M, of 10600 g.mol” and 6200 g.mol" respectively for P1A
and P2, for a reaction time of four hours. For the polyazo-
methines P1, similar molar mass was obtained in just 5
minutes of reaction, after purification. Interestingly, post-
condensation was probably occurring during the purifica-
tion, resulting in a higher molar mass (10000 g/ mol with
70% vyield) compared to the crude. It confirms that post-
condensation occurs during solvent evaporation.

Thermal properties of the polyazomethines were deter-
mined by thermogravimetric analysis under N, atmos-
phere at a heating rate of 10°C per minute. All polyazome-
thines present a good thermal stability with a degradation
temperature around 405°C (Figure SIg and SIio). The dia-
mine used does not have a significant impact on the ther-
mal stability. In addition, differential scanning calorimetry
(DSC) analyses carried out between -80°C and 200°C did
not show any specific transition neither glass transition
nor crystallinity behavior, indicating the very rigid struc-
ture of these polyazomethines and their probable amor-
phous state (see Figure SIn and SIi2).

All the polyazomethines were characterized by UV-vis ab-
sorption and fluorescence spectroscopy analyses. As shown
in Fig. 1, the carbazole-based polyazomethine main ab-
sorption band is red-shifted as compared to the phenyl-
based derivative, from 364 to 390 nm. This behavior could
be due to a stronger electron-rich/electron-poor couple in
the case of the carbazolylene derivative or to a more planar
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conformation increasing the conjugation length. It is even
amplified in fluorescence spectra where the shift can reach
150 nm. This is coherent with the higher molar attenuation
coefficient of carbazole compared to the one of the
bisvanillin.?” Both P1 and P2 have a weak emission, with a
fluorescence quantum yield below 2% in solution.
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Figure 1. Absorption spectra (top) and emission spectra (ex-
cited at 360 nm, bottom) of the two DVEH-based polyazome-
thines P1A and P2 in methylene chloride



Electrochemical features of these polyazomethines were
determined by cyclic voltammetry using dichloromethane
solutions of tetrabutylammonium hexafluorophosphate
(TBAPF) as electrolyte, silver as reference electrode and
platinum for the working and counter-electrodes. Finally,
the material was solubilized in the electrolyte solution at a
concentration of 0.1 g.L* (Figures SI13 and SIi4). The val-
ues of the energy levels are indicated in Table 2.

The slight differences between the electrochemical and op-
tical band-gaps can be explained by the fact that the redox

peaks result from localized sites rather than from the con-
jugated backbone.?® For the 1, 4-diaminobenzene-based
polyazomethines, both optical and electrochemical gap are
comparable within experimental errors, with a value
around 2.67 eV for the electrochemical gap and 2.96 eV for
the optical one.

Table 1. Molar masses, thermal and optical properties of divanillin-based polyazomethines.

Polyazome- Co-monomer of  Experimental con- M, M, b bb DP,b Tqe  Absorption de Emission de
thines DVEH ditions? [gmol‘] [gmol‘] [oC] }\gé?x(}\gll?:f) [nm] )\;‘?ﬁx (}Lrsrtﬁx
[nm]

Pi1A NH,-Ph-NH, 4h, silica, purified 10600 21900 2.1 18 395 285-365(290-370) 430 (460)
P1B NH,-Ph-NH, 5min, no silica, 5700 11500 2 9 285-365 (290-370)

crude
piC NH,-Ph-NH, 5min, no silica, pu- 10000 20000 2 17

rified
P2 NH,-Cbz-NH, 4h, silica, purified 6200 15400 2.5 7 401 270-390 (ND) 580 (ND)

aUnder micro-wave irradiation at 130°C, in toluene with APTS as a catalyst PDetermined by Size Exclusion Chromatography (SEC)
relative to polystyrene standards in THF at 40°C. ‘Decomposition temperature at 20% weight loss, evaluated under N, at a heating
rate of 10 °C/min. 4 Determined in dichloromethane solution, ¢ Determined on films obtained by drop-casting on quartz.

Table 2. Physical properties of divanillin based polyazomethines.

Polyazome-

thine HOMO [eV]s LUMO [eV]2  Egelec [eV]b  Egort[eV]e HOMO4  LUMOY Ecd
P1A - 5.21 -2.36 2.85 3.02 -5.500 -1.911 3.58
P2 - 518 -2.50 2.68 2.85 -5.203 -1.808 3.39

aEstimated from the oxidation and reduction potentials measured by cyclic voltammetry in CH,Cl, solution. b Calculated by dif-
ference between oxidation and reduction potentials. ¢ Calculated by Tauc method. 4 Calculated by B3LYP/6-31 (d,p) level of theory

In the case of carbazole-based polyazomethine, these val-
ues reach respectively 2.66 eV and 2.85 eV. These gap re-
ductions are coherent with the red-shift observed in both
absorption and emission spectra.

DFT calculations were carried out on DV-Ph and DV-Cbz
derivatives at B3LYP/6-31 (d,p) level of theory with chloro-
form as implicit solvent (CPCM). Different angles in both
molecules were first estimated (Figures SIi5 and SI16 and
Table SI1). The choice of DFT functional employed is
based on the closeness of calculated electronic bandgap
(Eg = Enomo ~ Erumo) of monomers (as a function of differ-
ent DFT functional employed, see Table SIz for more de-
tails) with respect to experimental values determined by
cyclic voltammetry (Table SI3). DV-Cbz derivative shows
lower Eg compared to DV-Ph derivative as reported in Ta-
ble 2.

Furthermore, Khun’s model was employed to compute the
electronic band gap at polymer limit (Equation 1).29%

Ey = Eo |1+ Dycos (<)

(1)

When n—oo |, n is the number of monomer units in the ol-
igomer, E, corresponds to electronic transition energy
when N =1, N being number of double bonds along the
shortest conjugated pathway between terminal carbon at-
oms for oligomers of size n (Figure SIry). D, is the force
constant that represent the strength of coupling between
single and double bonds, implicitly linked to the efficiency
of connection between the units in an oligomer. By plot-
ting Eg as a function of number of double bonds (N), it ex-
hibits higher m-conjugation of DV-Cbz derivative suggest-
ing a better delocalization of 1 electrons* with respect to



DV-Ph derivatives with values of D, as 0.818 and 0.748 re-
spectively. (Table Sl4). These results are in agreement
with experimental data.

3. Conclusion.

The synthesis of different polyazomethines embedding di-
vanillin bio-based platform was performed. Divanillin was
synthesized and alkylated, then polymerized with two dif-
ferent diamines: 1, 4-benzene diamine and an alkylated
2,7-diaminocarbazole. The polymerization was performed
under micro-wave irradiation, without any metallic cata-
lyst and with water as the only by-product. Remarkably, all
polyazomethines present a broad emission at the begin-
ning of the visible range. The carbazole-based polyazome-
thine is red- shifted compared to the phenyl-based one, in
the case of both absorption and emission. This batho-
chromic shift is expected as the carbazole moiety is more
electron-donating than the phenyl one. Interestingly, the
methodology followed meets some challenges for a "green
chemistry” such as lowering the number of steps, avoiding
transition metal catalyst and use of bio-based monomers
to quote a few. In addition, these new polyazomethines
have promising properties (confirmed by TD-DFT calcula-
tions) for opto-electronic applications like OLED for exam-
ple.

These encouraging results pave the way for a whole family
of bio-based n-conjugated polyazomethines. Optical prop-
erties can be enhanced by optimizing the structure and/or
by playing on doping. The extension to other n-conjugated
moieties is currently investigated. Furthermore, for a bet-
ter understanding of optical and electrical properties,
small model trimers and dimers will be isolated and fully
characterized. All these new development will be discussed
in forthcoming papers.

4. Experimental Section

Materials.

Vanillin (>97%), Laccase from Trametes Versicolor, and 2-
ethyl hexyl bromide (95%) were obtained from Sigma-Al-
drich. Para-toluene sulfonic acid (PTSA, 99%) was pur-
chased from TCI. Silica gel (pore size 60 A, 230-400 mesh
particle size, particle size 40-63 pm) was obtained from
Honeywell Fluka. All products and solvents (reagent
grade) were used as received except otherwise mentioned.
The solvents were of reagent grade quality and were puri-
fied wherever necessary according to the methods reported
in the literature. Flash chromatography was performed on
a Grace Reveleris apparatus, employing silica cartridges
from Grace. Cyclohexane: ethyl acetate gradients were
used as eluents. The detection was performed through
ELSD and UV detectors at 254 nm and 280 nm. The reac-
tions under micro-wave irradiation were performed on a
Discover-SP from CEM, with the temperature measured by
infrared; the power of the apparatus is constantly adjusted
to reach and then stay at the set temperature.

Characterization techniques.

1H, 13C and 1H-13C HSQC NMR measurements were per-
formed with a Bruker Avance 400 spectrometer (400.20
MHz and 100.63 MHz for 1H and 13C, respectively) at room
temperature using deuterated solvent.

IR spectra were recorded with Bruker Tensor 27 spectrom-
eter using a 0.6 mm-diameter beam. Samples were ana-
lyzed with the attenuated total reflexion (ATR) method.
High resolution mass spectroscopy analyses were per-
formed on an AutoSpec-Waters spectrometer (EI).
Optical absorption spectra were obtained with a UV-visible
spectrophotometer (UV-3600, Shimadzu). Photolumines-
cence spectra were obtained from a spectrofluorometer
(Fluoromax-4, Horiba Scientific).

Molar masses of polymers P1A, PiB and PiC measured in
THF were determined by size exclusion chromatography
(SEC) using a three-columns set of Resipore Agilent: one
guard column Resipore Agilent PL1113-1300, then two col-
umn Resipore Agilent PL1113-6300, connected in series, and
calibrated with narrow polystyrene standards from poly-
mer Laboratories using both refractometric (GPS 2155) and
UV detectors (Viscotek). THF was used as eluent (0.8
mL/min) and trichlorobenzene as a flow marker (0.15%) at
30°C.

Molar masses of polymer P2 measured in THF were deter-
mined by size exclusion chromatography (SEC) using a
three-columns set of TSK gel TOSOH (G2000, G3000,
G4o000 with pore sizes of 20, 75, and 200A respectively, con-
nected in series) calibrated with narrow polystyrene stand-
ards from polymer Laboratories using both refractometric
and UV detectors (Varian). THF was used as eluent (1
mL/min) and trichlorobenzene as a flow marker at 40°C.
Molar masses of polymer samples in CHCI3, were meas-
ured by SEC at 40°C with THF as eluent, using a Viscotek
VE2001-GPC. Polymer laboratories-Varian (one guard col-
umn and three columns based on cross-linked polystyrene,
pore size = 200 A, 75 A and 20 A), and PS standards were
used for calibration.

TGA have been performed on a TA-Qs50, from 25°C to 600
- 700 °C with a heating of 10°C.min-1 under nitrogen flow.
DSC analysis have been performed on a TA instrument, un-
der Helium flow, with an LN2 cooling and modulated with
+/- 0.64 °C every 60 seconds. Sample were heated at
10°C.min-1 and cooled down at 5°C.min-1.

Electrochemical measurements and HOMO-LUMO calcu-
lation were performed in solution. A solution of 0.1 g.L-1 of
the investigated polymer in CH2Cl2 with 0.1 M tetrabu-
tylammonium hexafluorophosphate (TBAPF6) as electro-
lyte was prepared. Cyclic voltammetry (CV) measurements
were then performed on the solution using silver wire as
reference electrode and platinum for the working and
counter electrodes. A solution of ferrocene (1 mM in the
same solvent) was prepared in the same conditions and the
redox potential of Fc/Fc+ vs Ag (EFc/Fe+ Ag) was meas-
ured, to be used as a reference for calibration.



Synthesis of 6,6’ Dihydroxy s5,5' dimethoxy [1,1' biphenyl]
3,3" dicarboxaldehyde (Divanillin or DV).

A solution of vanillin in acetone was added to acetate
buffer saturated in oxygen with laccase from Trametes Ver-
sicolor. In these conditions, the dimer formed precipitates
and can be recovered by simple filtration. The filtrate has
then simply been reloaded in vanillin and oxygen to start
again the synthesis. Yield: 85%

'H-NMR (400.20 MHz, (CD3)2SO, ppm): d 9.69 (s, 2H);
7.57 (d, J=1.9 Hz, 2H); 716 (d, ] = 1.9 Hz, 2H); 3.76 (s, 6H).
5C NMR (100.63 MHz, (CD3)2SO, ppm): 191.2; 150.4; 148.16;
128.2; 127.8; 124.6; 109.2; 56.0.

FT IR (ATR, cm 1): v= 3220, 1676, 1587, 1413, 1245, 1127, 750.

Synthesis of 6,6 -bis-2-ethylhexyl-5,5'-dimethoxy-[1,1' bi-
phenyl]-3,3"-dicarboxaldehyde (DVEH).

In a dried and nitrogen flushed 100 mL glassware, divanil-
lin (2 g, 6.62 mmol) was solubilized in 20 mL of previously
dried DMSO. Then KOH (0.89 mg, 15.9 mmol) was added
to the reaction mixture which was heated at 80°C for 2
hours. Then, 2.2 equivalent of the 2-ethylhexyl bromide
were added to the reaction mixture and heated for 12 more
hours. The reaction mixture was then poured into 300 mL
of water and extracted with 100 mL of diethyl ether, 3
times. The crude product recovered after the diethyl ether
evaporation, was purified with flash chromatography in a
mixture of cyclohexane/ethyl acetate (95/5).

1H NMR (400.20 MHz, CDCI3, ppm): d 9.89 (s, 2H); 7.46
(dd, J=8.7, 1.9 Hz, 4H); 3.95 (s, 6H); 3.81 (m, 4H), 1.39 1.06
(m, 18H), 0.80 (t, J=7 Hz, 6H), 0.69 (t, J=7.4 Hz, 6H). 13C
NMR (100.63 MHz, CDCl3, ppm): 911, 153.6, 152.1, 132.0,
131.6, 128.6, 109.7, 75.2, 55.9, 40.4, 30.3, 20.1, 23.5, 22.9, 14.1,
11.0.

FT IR (ATR, cm 1): v= 2918, 2851, 1697, 1574, 1458, 1386, 1275,
1220, 1127, 1042, 995, 860, 763, 622

HRMS (EI+, m/z) [M]+ calculated (%) for C32H4606Na:

549.3186, found 549.3163

Synthesis of polyazomethines P1A and P2.

In a 10 mL micro wave dedicated glassware, a stoichio-
metric amount of p phenylenediamine or 2,7 dia-
minocarbazole and of the previously synthesized DVEH is
put in suspension in 5 mL of toluene. Silica (300 mg) was
then added with catalytic amount of PTSA and the reaction
heated at 130°C for 4 hours using micro-wave irradiation.
The crude polymer was then precipitated in methanol to
afford the final polymers unless specified otherwise.

Synthesis of polyazomethine P1B and P1C.

In a 10 mL micro wave dedicated glassware, a stoichio-
metric amount of p phenylenediamine and of the previ-
ously synthesized DVEH is put in suspension in 5 mL of
toluene. A catalytic amount of PTSA was then added and
the reaction heated at 130°C for 5 minutes using micro-
wave irradiation. The solvent is then removed from the
crude mixture to give the crude polymer (P1B). This crude

is then dissolved in a minimum amount of methylene chlo-
ride, and 10omL of methanol are added. The solution turns
cloudy. The solvents are then evaporated using rotary
evaporator, to obtain a yellow powder which is rinsed with
methanol, to give the final polymer P1C.

Characterization of P1.

'H NMR (400.20 MHz, CDCl3, ppm): d 9.89 (s, 0.07H); 8.42
(s, 2H); 7.66 (s, 1.9H); 7.47 (m, 0.2H); 7.37 (m, 1.7H); 6.98
(m, 0.1H); 6.72 (m, 0.2H); 3.99 (s, 6.8H); 3.79 (m, 4.2H);
1.42 1.02 (m, 21.2H); 0.85-0.77 (m, 6.6H); 0.76-0.68 (m,
6.4H)

3C NMR (100.63 MHz, CDCl3, ppm): d 191.3, 153.6, 152.3,
136.0, 132.2, 131.8, 128.4, 122.0, 112.4, 109.9, 109.6, 90.3, 73.6,
56.1, 32.1, 30.3, 29.8, 29.5, 25.9, 25.9, 22.8, 14.3

FT IR (ATR, cm1): v= 2924, 2851, 1697, 1581, 1508, 1464, 1264,
1128, 1025, 800, 725, 615

SEC, 'H NMR and TGA traces are available in Supporting
Information.

Characterization of P2.

'H NMR (400.20 MHz, CDCl3, ppm): 9,93 (s, 0,03H), 8.55
(m, 2H); 8.05 (m, 1,83H); 7.74 (s, 1,78H); 7.43 (m, 2,77H);
7.13 (m, 2H); 4.55 (s, 1H); 4.03 (s, 6,36H); 3.81 (m, 3,88H),
2.33 (m, 2,23H); 1.95 (m, 2,54H); 1.43 0.96 (m, 50,13H), 0.79
(m, 19,13H),

3C NMR (100.63 MHz, CDCI3, ppm): d 159.3, 153.7, 152.2,
150.2, 149.6, 143.5, 140.0, 132.4, 131.7, 127.2, 122.3, 120.9, 120.7,
120.4, 112.1, 109.8, 109.4, 104.9, 102.2, 75.3, 72.1, 56.1, 40.6,
39.2, 33.8, 31.9, 30.5, 29.6, 20.5 29.3, 29.3, 27.1, 23.7, 23.2,
22.7,14.3, 14.2, 11.2.

FT IR (ATR, cm 1): v= 2924, 2851, 1734, 1581, 1446, 1373, 1264,
1227, 1336, 1049, 970, 872, 788, 653

SEC, 'H NMR and TGA traces are available in Supporting
Information.

Computational methods.
All computational details are presented in supporting In-
formation.
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Computational Details

1. Electronic and optical properties of monomers

Relaxed potential energy surface scans were first performed on monomer units of DV-Cbz
and DV-Ph to sample the possible stable conformations with respect to the torsional angles
around single bonds. Calculations were performed at PBE0/6-31(d,p) level of theory with
chloroform as implicit solvent using CPCM implicit solvation model. Three dihedral angles
were considered for each derivative, 61, 82 and 03 as shown in Figure S15. Corresponding
energy scans are presented in Figure S16.

The relative energies (AE in kcal/mol) of the various stable conformers obtained from the
Potential Energy Surface (PES) scans are collected in Table S1.

In a second step, DV-Ph and DV-Cbz derivatives were fully optimized by starting from the
lowest-energy conformer obtained from the PES scans. Optimizations were carried out at the
DFT level using the 6-31(d,p) basis set with various exchange-correlation functionals (XCFs)
and chloroform as implicit solvent. Frequency calculations were then performed to ensure
proper optimization of the geometries. Table S2 reports the HOMO and LUMO energies (in
eV), as well as the electronic band gap (Ec = ErLumo — Enomo) of both derivatives, for a
selection of exchange-correlation functionals (XCFs). Irrespective of the DFT functional
employed, EG-pv-cbz< EG-pv-ph.

Furthermore, vertical transition energies (Everr) were computed at the time-dependent DFT
(TD-DFT) level using the same XCFs and basis set as those employed in geometry
optimizations. Consistently with the electronic band gap, results collected in Table S2 also
show that Ever-—pv-cbz< Ever—pv-pn,, irrespective of the choice of XCF selected.

2. Electronic and optical properties of increasing-size oligomers

Similar DFT and TD-DFT calculations were then carried out on increasing-size oligomers of
both derivatives, using the B3ALYP and CAM-B3LYP functionals. B3LYP was selected since
it provides good estimate of the HOMO and LUMO energy levels compared to those deduced
experimentally from cyclic voltammetry measurements, although such comparisons are
highly approximate. CAM-B3LYP was selected because it is known to improve the
description of low-lying charge-transfer excited states in push-pull dyes ' Electronic band
gaps (Ec) and vertical transition energies (Evert) as a function of chain length of the oligomers
are gathered in Table S3. Irrespective of the increase in chain length, EG-pv-cbz< EG-pv -pn.



3. Electronic and optical gaps at polymer limit

Finally, the size-converged electronic and optical gaps were evaluated using a fitting
procedure based on the Khun’s model, which is based on linear coupling of double bonds
(harmonic oscillators) that contribute to electronic transitions.S> 831 In this procedure, the
electronic gap or vertical transition energies reported in Table S3 are first plotted against 1/N,
where N is the number of double bonds along the shortest conjugated pathway connecting the
terminal carbon of the oligomers. Then, a linear regression can be obtained based on Khun’s
equation (Equation 1) to extract energy gaps at polymer limit:

E, = EO\/l + Dycos () (1)

In the above equation, Eg and Dy are the fitting parameters. Eo corresponds to the energy gap
when N = 1 and Dx is a force constant that represents the strength of coupling between single
and double bonds in a given oligomer, entailing that Dy is implicitly linked to the efficiency
of the m-conjugation between consecutive monomeric units (higher the value of Dk, higher the
delocalization of & electrons).[54

The evolution of the electronic and optical gaps as a function of 1/N, calculated at the
B3LYP/6-31G(d) and CAM-B3LYP/6-31G(d) levels, are shown in Figure S17. The size-
converged electronic and optical gaps, as well as the optimized E¢ and Dy parameters, are
reported in Table S4. The two levels of calculation predict that the DV-Cbz derivative shows
lower electronic and optical gaps at polymer limit than the DV-Ph derivative. This relative
ordering both originates from a lower value of the band gap of the DV-Cbz monomer (see
section 1), and from a more efficient n-conjugation between consecutive units, as indicated by
the larger D values.
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Figure S15. Dihedrals considered for the relaxed potential energy surface scans in monomers of (left)
DV-Ph and (right) DV-Cbz derivatives
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Figure S16. Relaxed potential energy surface scans with respect to dihedrals 6, 6,and 05 for
monomers of DV-Ph (Ph: Black - Circles) and DV-Cbz (Cbz: Red - Squares)
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Figure S17. Evolution with chain length of the electronic gap of increasing-size DV-Cbz (red) and
DV-Ph (black) oligomers, as calculated at the (a, left) B3LYP/6-31G(d) and (b, centre) CAM-
B3LYP/6-31G(c) levels. The right panel reports the evolution of the vertical transition energy (Ever)
calculated at the CAM-B3LYP/6-31G (c) level. Dotted lines are Khun fits

Derivative / Dihedral 01 0> 03 AE (kcal/mol)

DV-Ph 40.0 177.48 126.39 1.020
140.0 177.53 126.31 1.149
39.55 0.0 126.51 1.864
39.89 180.0 126.84 1.036
40.08 176.98 60.0 0.0
39.73 176.96 120.0 1.072

DV-Cbz 40.0 177.61 126.27 0.937
140.0 176.77 125.32 0.937
40.81 0.0 126.67 1.081
41.11 180.0 125.18 1.895
39.30 177.69 60.0 0.0
40.18 176.59 120.0 1.098




Table S1. Stable conformers obtained from the PES scans for 0, 6, and 05 and relative energies (AE in

kcal/mol)

Functional DV-Ph DV-Cbz AE (phnl-Crbz)
HOMO | LUMO Eg Amax Ever | HOMO | LUMO Eg Amax Evert AEg | AEven
PBEO -5.952 | -1.643 | 4309 | 352 3.516 | -5.631 | -1.622 | 4.009 376 3.294 | 0.300 | 0.222
B3LYP -5.625 | -1.753 | 3.872 | 394 3.375 | -5.329 | -1.702 | 3.627 394 3.104 | 0.245 | 0.235
CAM- -7.037 | -0.480 | 6.556 | 315 3.930 | -6.632 | -0.483 | 6.149 329 3.766 | 0.407 | 0.164
B3LYP
wB97XD | -7.599 | -0.051 | 7.548 | 313 3.951 | -7.220 | -0.065 | 7.155 323 3.834 | 0.393 | 0.117
MO6HF -8.797 | -0.446 | 8.350 | 301 4.107 | -8.286 | -0.353 | 7.933 304 4.071 | 0.417 | 0.036
M062X -6.964 | -0.827 | 6.137 | 319 3.886 | -6.597 | -0.861 | 5.736 333 3.716 | 0.401 | 0.170

Table S2. Electronic (Eg) and optical (Ever) gaps (in €V), as well as maximum absorption
wavelengths (in nm) of DV-Cbz and DV-Ph derivatives calculated at the TD-DFT level using various
XCFs with the 6-31(d,p) basis set. AEphl.cibz) corresponds to differences between the
electronic/optical gaps of the two derivatives

Functional Unit DV-Cbz DV-Cbz AEG(Phnl-Crbz)
HOMO LUMO Eg HOMO | LUMO Eg AEg
ggm, Monomer |  -5.625 1753 | 3872 | 5329 | -1.702 | 3.627 0.245
Dimer -5.516 -1.894 3.621 | -5:224 | -L795 | 3.429 0.192
Trimer -5.507 -1.909 3.597 -5.214 | -1.803 | 3.411 0.186
Tetramer -5.500 -1.911 3.588 -5.203 -1.808 | 3.395 0.190
Functional DV-Ph DV-Cbz AEG(phnl-Crbz)
Unit
HOMO | LUMO | EG | Amax | Evex | HOMO | LUMO | Eg Amax | Even AEG | ABver
[b] CAM- | Monomer | -7.037 | -0.480 | 6.556 | 315 | 3.930 | -6.632 | -0.483 | 6.149 | 329 | 3.766 | 0.407 | 0.164
B3LYP Dimer -6.879 | -0.623 | 6.248 | 334 | 3.712 | -6.553 | -0.580 | 5.973 | 342 | 3.623 | 0.275 | 0.089
Trimer | -6.862 | -0.634 | 6.227 | 336 | 3.688 | -6.535 | -0.594 | 5941 | 343 [ 3.607 | 0.286 | 0.081
Tetramer | -6.857 | -0.642 | 6.210 | 337 | 3.679 | -6.529 | -0.601 | 5.928 | 344 |3.596 | 0.285 | 0.083

Table S3. Electronic (Ec) and optical (Ever) gaps (in eV), as well as maximum absorption
wavelengths (in nm) of increasing-size DV-Cbz and DV-Ph derivatives, as calculated at the [a]
B3LYP/6-31G(d) and [b] CAM-B3LYP/6-31G(d) levels. AE@phni-cvz) corresponds to differences
between the electronic/optical gaps of the two derivatives

Derivative / DV-Cbz DV-Ph

Functional E, Eo Dy E, Eo Dy
B3LYP 3.390 7.923 0.818 3.580 7.105 0.715
CAM-B3LYP 5.920 10.90 0.748 6.210 10.76 0.668

Table S4. Electronic band gap and vertical transition energies at the polymer limit (Eg in eV), and
optimized Eo and Dy parameters (in eV, extracted from Equation 1) for DV-Cbz and DV-Ph
derivatives.
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