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Abstract : (100-150 words)

Halochromic switch from the 1st to 2nd Near Infrared window of Diazapentalene-Dithienosilole copolymers is
reported. The diazapentalene repeat unit presents an imine group that can be either protonated by a Bronsted

acid or coordinated with a Lewis acid. As a consequence, the wavelength of maximum absorbance was
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switched from 840 nm to 1070 nm. Experimental data obtained by spectrophotometry and cyclic voltammetry
were combined with theoretical DFT calculations to explain the reversible halochromic behavior of these
copolymers and the adducts that are formed during the reactions. Since they can undergo analyte-induced

absorption shifts in the near infrared, these materials should prove useful as biological/chemical sensors.

1. Introduction

Owing to their ability to conduct electrons, to absorb or emit light, conjugated polymers (CPs) constitute a class
of materials with high potential in a broad range of applications in organic electronics, from photovoltaics to
sensors.” Organic-based devices promise low costs and interesting properties based on their low density,
conformability, flexibility and versatility with a wide range of chemical structures. Initial works were dedicated
to the development of new CPs with improved processabilities, a particular target being the design of soluble
materials. For this purpose, side alkyl chains were added to repeat units, making CPs soluble in common
organic solvents but also in water after introduction of polar groups.* A chromism behavior, which denotes the
reversible variation of the electronic absorption properties of a material, can be observed in CPs under the
influence of temperature (thermochromism) or pH variation (halochromism).> Chromism in CPs is attributed to
intramolecular conformational changes, such as a twist in the planarity of the main chain inducing a reduction
of the conjugation length.® It can also be induced by creation/destruction of intermolecular interactions such as
n-n stacking between the aromatic repeat units.” Destruction of these interactions can be provoked in film by
elevation of the temperature above the melting point of the polymer,® or in solution by using a good solvent for

the polymer chains.’

Conjugated polymers including basic nitrogen atoms in the aromatic ring (imine groups) offer the possibility of
lone pair protonation, as a way of modifying their electronic and optical properties. Such halochromic
materials, that change color in the presence of protons, may be used as pH indicators or proton probes.’® As
typical examples, pyridine polymers have been submitted to protonation via addition of mineral and organic
Bransted acids.'* Upon protonation, the color of the solution changes with a bathochromic shift of the maximal
absorption wavelength, attributed to an increase of the system planarity due to intramolecular hydrogen bonds

between alkoxy side chains and the hydrogen associated to the pyridine protonation. Basic nitrogen atoms in



the aromatic ring are also able to bind Lewis acids. This interaction influences the degree of charge-transfer
character of conjugated (macro)molecules.***®> Compared to protonation, Lewis acid addition allows the
modulation of optical properties via the acid strength, and avoids the presence of free mobile counter ions in the
matrix.’® N’Guyen and coworkers demonstrated the possibility of using Lewis acid-base interaction to tune the
electroluminescence of a conjugated polymer containing a pyridine repetitive unit. As a result, the modified
polymer exhibited longer excited state lifetimes and larger quantum yields than the native material, as well as a
maximum emission wavelength red-shifted by 80 nm.'” The same behavior was also demonstrated on a
fluorene-based conjugated polymer, and was used to design tunable organic light emitting devices (OLED).*®
Density functional theory (DFT) calculations performed on such systems showed that protonation or Lewis acid
binding resulted in decreasing the electron density of the acceptor unit. This interaction reduces the
(macro)molecules band-gap, namely the gap between the lowest unoccupied molecular orbital (LUMO) and the

highest occupied molecular orbital (HOMO) energy levels, with a strong decrease of the LUMO energy.* *°

Up to now, halochromism has mostly been demonstrated on chromophores absorbing in the UV-visible range.
However, research in the field of Infra-Red (IR) technologies is in strong development, driven by technological
needs in military and civilian applications, such as imaging, optical communications, energy or sensing.'®
Indeed, since 50 % of the solar energy falls into the IR spectral region, photovoltaic materials are under
development to increase solar cells efficiency.?>*! IR-materials are also synthesized for biosensing and
bioimaging because IR light penetrates into tissues, the so-called “biological window”.? To design organic IR
materials, the basic principle is to reduce the bandgap. Specifically, synthesis of electron donor—acceptor (D-A)
alternating conjugated copolymers, have demonstrated high potential to decrease the bandgap under 1.5 eV,
leading to IR-absorbing or emitting materials.> 2 For the moment, most of these organic materials showed a
maximum absorption peaks falling in the first NIR optical window covering 750—1000 nm. Actually, the
second NIR optical window covering 1000—1350 nm is more promising for biological applications due to its

higher photothermal conversion and deeper tissue penetration.?*

In the present study we report the synthesis of a new low bandgap copolymer based on the 2,5-diazapentalene
(DAP) unit, derived from the diketopyrrolopyrrole (DPP) chromophore. We combine the strong acceptor DAP
unit with the dithienosilole (DTS), a photostable® electron donor, that allows the introduction of solubilizing

alkyl chains onto the silicon atom. As the result of the polymerization, an IR-material was synthesized with a



maximum absorption at 850 nm. Upon protonation of the DAP unit with Brgnsted acids or its complexation
with Lewis acids, the maximum of absorption is further shifted up to 1100 nm in the second NIR optical
window. Using a combination of spectrometry, cyclic voltammetry and DFT calculations, we identify the
Bronsted and Lewis adducts that are formed, and show the potential of this material for a variety of

optoelectronics applications.

2. Experimental and computational section

2.1. Experimental

Synthesis of 3,6-Dithiophene-2-yl-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (DPP) (Scheme 1i)

In a 250 ml double necked round bottom flask with a magnetic stirring bar, sodium (3.5 g, 0.15 mol) was added
to 60 ml of t-amyl alcohol with a small amount of iron(l11) chloride anhydrous (48 mg, 0.3 mmol). The mixture
was stirred under inert atmosphere (N,) for 1 h at 110 °C, until complete sodium dissolution. The mixture was
then cooled to 80 °C and 2-thiophene-carbonitryle (9.5 g, 0.087 mol) was added in one shot; then a solution of
di-isopropylsuccinate (7.092 g, 0.035 mol) in t-amyl alcohol was added drop-wise using a 100 ml dropping
funnel. After addition completion, the reaction was left at 85 °C for 5 h. The brown-red mixture was cooled at
room temperature and filtered on a Biichner funnel. The brown-red solid filtrate was washed several times with
warm deionized water and methanol. The final product was dried under vacuum until complete solvent
removal. (9 g, yield= 85%) *H NMR (400 MHz, de-DMSO) & (ppm): 11.24 (s, 2H), 8.21 (d, 2H), 7.96 (d, 2H),

7.31 (dd, 2H)

Synthesis of 1,4-Bis(Ethylhexylthio)-3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole (DPP-EH) (Scheme 1ii)

A two necked 100 mL round bottom flask with a magnetic stirring bar, was charged with (2.0 g, 0.007mol) of
3,6-bis (thiophen-2-yl)-2H, 5H-pyrrolo [3,4-c]pyrrole-1,4-dione (DPP) in anhydrous DMF and stirred under
inert atmosphere (N,) for 1h. (3.22g, 0.023 mol) of anhydrous potassium carbonate (K,CO3) was added,
together with (3.55 mL, 0.02 mol) of CgH;7-Br and (0.018g, 0.06mmoL) of 18-crown-6. The mixture was
stirred over night at 120 °C. The mixture was filtered on a Blichner funnel and the filtrate washed several times
with warm deionized water and methanol. Then the crude product was purified by column chromatography

using hexane: dichloromethane (1:1) as the eluent. The product was dried under vacuum to give a dark red



solid. (2.19g, yield = 80%) *H NMR (400 MHz, CDCls) & (ppm) = 8.12 (d, 2H), 7.64 (d, 2H), 7.33-7.24 (m,

2H), 3.65-3.45 (M, 4H), 1.96-1.74 (m, 2H), 1.66-1.25 (m, 16H), 1.11-0.81 (m, 12H).

Synthesis of 1,4-Bis(5-bromothiophen-2-yl)-3,6-bis(Ethylhexylthio)pyrrolo[3,4-c]pyrrole (DPP-EH-Br,)

(Scheme 1iii)

A one neck 100 ml round bottom flask with magnetic stirring bar was charged with (2.0g, 0.005mol) of DPPEH
in 50 mL of chloroform. After 30 min of stirring at room temperature, NBS (1.91g, 0.011mol) was added in
small portions. The mixture was stirred at 60°C for 3 h in the dark. Then chloroform was evaporated, and the
resulting dark red solid was purified by chromatography column using hexane:dichloromethane (2:1) as the
eluent to give the product as a red solid. (2,21g, yield = 80%) *H NMR (400 MHz, CDCls) & (ppm) = 8.66 (d,
2H), 7.23 (d, 2H), 4.04 — 3.85 (m, 4H), 1.84 (s, 2H), 1.41 — 1.19 (m, 16H), 0.88 (m, 12H). *C NMR (CDCl,
75MHz) & (ppm) = 161.13, 139.39, 135.40, 131.46, 131.41, 119.03, 113.60, 45.99, 39.08, 30.15, 28.30, 23.55,

23.03, 14.02, 10.46

Synthesis of 3,6-Di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dithione (2) (Scheme 1v, adapted
from 1)

A flamed-dried 200 ml round flask bottom was flushed by N, and charged with DPP (1 g, 3.33 mmol) and
anhydrous chlorobenzene (50 ml). After complete solubilisation, Lawesson’s reagent (2.7 g, 6.67 mmol) was
added and the reaction was flushed by N, and was allowed to react for 8 h at 135°C. When the color of the
solution turns dark green indicating the formation of the desired thiolactam intermediate, the solution mixture is
precipitated in 500 mL methanol. Then it was filtered through Soxhlet thimble and washed by ethanol to
remove any phosphate by-products that could lead to the degradation of the product The desired dark green
solid was dried under vacuum for 24 h and stored under nitrogen and in the dark. A red solid powder was
obtained (0.9 g, Yield 80 %). *H NMR (400 MHz, DMSO-d6) & (ppm): 12.82 (s, 2H), 9.00 (dd, 2H), 8.06 (dd,

2H), 7.39 (dd, 2H).

1,4-Bis(Ethylhexylthio)-3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole (3) (Scheme 1vi)
In a flamed-dried 100 ml round bottom flask bottom, DTPP (2 g, 6.02 mmol), ethylhexylbromide (2.31 ml, 13
mmol), anhydrous powdered K,COj3 (2.8 g, 20 mmol) were dissolved in dry acetone (100 mL). The reaction

was bubbled with nitrogen for 15 min and stirred at 80°C overnight. The reaction solvent was removed by



vacuum and the crude compound was extracted with chloroform and dried over MgSQO,. After concentrating the
product under vacuum, it was purified by silica gel chromatography column using Hexane: DCM (60:40) (v:v)
as eluent and then dried for 24 h under vacuum. The product was recovered as a dark solid (1.67 g, yield= 50
%). 'H NMR (400 MHz, CDCls) & (ppm): 8.12 (d, 2H), 7.64 (d, 2H), 7.33-7.24 (m, 2H), 3.65-3.45 (m, 4H),

1.96-1.74 (m, 2H), 1.66-1.25 (m, 16H), 1.11-0.81 (m, 12H).

1,4-Bis(5-bromothiophen-2-yl)-3,6-bis(Ethylhexylthio)pyrrolo[3,4-c]pyrrole (4) (Scheme 1vii)

N-bromosuccinimide (0.71 g, 4 mmol) was slowly added to a solution of 1,4-Bis(Ethylhexylthio)-3,6-
di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole (1 g, 1.8 mmol) in dry CHCI3 (50 ml). The mixture was stirred, at room
temperature, in the dark for 4 hours. The reaction was followed by thin layer chromatography (TLC). The
reaction was quenched with water (10 ml), and the aqueous phase was extracted with CH,Cl,. The organic
phases were combined, and washed with water, then dried over MgSO,4.The crude product was absorbed onto
silica gel, and purified using silica flash chromatography, with the eluent Hexane:CH,Cl, (50:50) (v:v). The
product was then washed with methanol and dried under strong vacuum overnight, giving dark solid (0.96 mg,
Yield=75 %). *H NMR (400 MHz, CDCI3) § (ppm): 7.78 (d, 2H), 7.22 (d, 2H), 3.52-3.45 (m, 4H), 1.78-1.76

(m, 2H), 1.51-0.87 (m, 28H).

Synthesis of [(4,4°-bis(2-ethylhexyl)dithieno[3,2-b:2°,3’-d]silole)-2,6-diyl-alt-1,4-Bis(5-bromothiophen-2-
yl)-3,6-bis(Ethylhexylthio)pyrrolo[3,4-c]pyrrole-1,4-dione] (DAP-DTS) or (DPP-DTS) copolymers.
(Scheme 1iv)

In a 10 mL high pressure tube equipped with a sealed septum were added the brominated monomer (275 mg,
0.4mmol), with 4,4°-Bis (2-ethyl-hexyl)-5,5'-bis(trimethyltin)-dithieno[3,2-b:2',3'-d]silole (DTSSn) (300 mg,
0.4mmol), tris(dibenzylideneacetone) dipalladium(0) (7.38 mg, 0.02 eq), tri(o-tolyl)phosphine (12.27 mg,
0.1eq) and dissolved in 3 ml of anhydrous chlorobenzene solution in the glovebox. The tube was subjected to
heating at 130 °C for 24 h. After cooling to room temperature, the resulting viscous liquid was dissolved in
chlorobenzene then precipitated into acetone. The solid was filtered through a Soxhlet thimble and then
subjected to Soxhlet successive extractions with methanol, acetone, cyclohexane, chlorobenzene. The

chlorobenzene fraction was concentrated and precipitated into methanol, and the precipitant was filtered and



dried under high vacuum to either P(DAP-DTS) (312 mg, Yield = 80 %) or P(DPP-DTS) (301 mg, Yield = 80

%) as a dark-black solid.

Characterization
Nuclear Magnetic Resonance (NMR) spectroscopy. Proton, carbon and heteronuclear multiple-bond
correlation (HMBC) spectra were recorded in deuterated chloroform as a solvent using a Briker 400 MHz
spectrometer at 25 °C.
Size Exclusion Chromatographie (SEC) was performed using a bank of 4 columns (Shodex KF801, 802.5,
804 and 806) each 300 mm x 8 mm at 30 °C with THF eluent at a flow rate of 1.0 ml.min-1 controlled by a
Malvern pump (Viskotek, VE1122) and connected to Malvern VE3580 refractive index (RI) and Malvern
VE3210 UV-visible detectors. Conventional calibration was performed against polystyrene standards.
Absorption Spectroscopy. The absorption spectra were recorded at room temperature with a double beam
Cary 5000 spectrophotometer in steps of 1 nm in the range 400-1600 nm using a 1 cm quartz optical cell
(Hellma).
Electrochemistry. The solution were prepared as follow: In a 25 ml graduated volumetric flask, a mother
solution of P(DAP-DTS) (5.10°g/L, C= 5.2x 10°® mol/L) was prepared. A constant volume of polymer solution
(3 mL) was placed in a quartz cuvette before starting the addition of acid. For the titration with HCL, BF; and
TFA, the titrants were dispersed as a neat liquid using a micropipette. However, for AICl; and FeCl;z chloroform
solutions (C= 107 mol/L) were prepared. The withdrawn volumes were calculated based on the molar
equivalent of each acid with respect to the repeat unit and gradually increased to reach a full protonation of the
polymer chains. After adding each aliquot of titrant, the sample was gently shaken for 2 min and placed in the

sample chamber.

Cyclic Voltammetry (CV). A standard three-electrode electrochemical setup (AUTOLAB PGSTAT 101)
consisting of a glassy carbon or a platinium disk as working electrode (2 mm diameter), a platinum foil as
counter electrode, and a Ag/AgCl as reference electrode, was used in the electrochemical experiments. At the
end of each experiment performed in CH3CN/BusNPFg (0.1 M), the standard potential of the
ferrocenium/ferrocene couple, Er , was measured, and all potentials were referenced against SCE using a

previous determination of Er, = 0.41 V versus SCE in CH3CN.(ref 1) Polymers were drop casted from a 10



mg/mL polymer solution in chlorobenzene/BusNPFs (0,1 M) on the working electrode. CV gives direct
information of the oxidation and reduction potentials of materials. The oxidation process corresponds to
removal of the electron from the HOMO energy level, while the reduction corresponds to electron addition to
the LUMO energy level of the material. Therefore HOMO and LUMO energy levels can be estimated using the
empirical equations: Epomo = - (Eox + 4.7) and E umo = - (Ered + 4.7), Where Eox and E,¢q are respectively the
onset potentials for oxidation and reduction peaks relative to SCE and 4.7 the factor connecting SCE to vacuum
%% The onset potentials are determined by the tangent method (see supporting information). Only values from
the first sweep on a film were used as the film is changed or destroyed during the first oxidation. The scan rate

used was 0.1 V.s™.

2.2.  Quantum chemical calculations

Electronic and optical properties of DAP-DTS copolymers were evaluated by using the standard oligomer
approach, in which the properties of oligomers containing an increasing number of repeat units are first
calculated, and then extrapolated to infinite polymeric chains.?’** In line with former studies,** geometry
optimizations of increasingly large oligomers (from n =1 to n =5 repeating units) were undertaken in the gas
phase using density functional theory (DFT) with the M06-2X3 exchange-correlation functional (XCF) and the
6-311G(d) basis set. This XCF incorporates a large amount (54%) of exact Hartree-Fock (HF) exchange, which
is necessary to reliably describe the geometrical features of extended w-conjugated systems, namely torsion
angles and bond length alternation (BLA).*** The B3LYP XCF, which contains only 25% of HF exchange and
is thus inadequate for predicting changes in properties as a function of system size,” was nevertheless used to
evaluate the electronic properties of monomeric units, since it provides good correlations between experimental
redox potentials and theoretical HOMO/LUMO energies of small conjugated molecules.®® All geometry
optimizations up to n = 3 monomeric units were followed by vibrational calculations to ascertain that optimized
geometries correspond to true minima on the potential energy surface. In all calculations, solubilizing alkyl
chains appended to the DTS units were replaced by simple methyl groups.

Vertical excitation energies and oscillator strengths of increasing-size oligomers were determined using time-
dependent (TD) DFT at the M06-2X/6-311G(d) level. Solvent effects (chloroform) were taken into account by

using the Integral Equation Formalism of the Polarizable Continuum Model (IEF-PCM).*" Sy — S, transition



energies in the polymer limit (AEg;) were evaluated using the 2-parameter fitting equation issued from the

Kuhn's coupled oscillator model:®

E(N) = El\/l + D,, cos (ﬁ) )

where N is the number of double bonds along the shortest conjugation pathway connecting the terminal atoms

of the oligomer backbone. The fitting parameters, E; and D, , describe respectively the transition energy of a

formal double bond, and the relative force constant measuring how strongly the double bonds are coupled
through single bonds. Therefore, E; is intrinsically related to the optical gap of the repeating units, while D,

depends on the planarity of the molecular backbone and on the BLA along the n-conjugated skeleton. The limit

case D, = —1 corresponds to a situation in which all bonds are identical (BLA = 0) and gives rise to an optical

gap equal to zero in the polymer limit. All calculations were performed with the Gaussian09 package.*

3. Results and Discussion

3.1.  Synthesis of the DAP-DTS polymer

The synthetic routes of the diketopyrrolopyrrole (DPP) and diazapentalene (DAP) monomers, as well as of the
P(DPP-DTS) and P(DAP-DTS) copolymers are described in Scheme 1. The synthetic procedure was adapted
from Wang and coworkers, who showed that the substitution of the DPP by a DAP unit in donor-acceptor
copolymers leads to a shift of the maximum absorption of around 100 nm.** *° Moreover, the DAP unit presents
basic nitrogen atoms in the aromatic ring that can be protonated by a Bransted acid.’> We explored two
synthetic strategies for the elaboration of the alternated copolymer poly(diazapentalene-alt-dithienosilole). The
first route started with the synthesis of diketopyrrolopyrrole (DPP) in two steps, illustrated in Scheme 1 (steps i
and ii). Then, the dibromo-DPP was prepared for a subsequent polymerization via Stille polycoupling (steps iii
and iv) with a commercial di-stanilated dithienosilole (DTS). The last step of this first strategy consists in the
chemical modification of the resulting poly(DPP-DTS) with the Lawesson’s reagent to transform the lactam in
thiolactam. During this step we observed precipitation of the copolymer in chlorobenzene reflux, and we were
unable to solubilize it even with different solvent Soxhlet extractions. This behavior was attributed to a loss of

the side alkyl chains during the last step.
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Scheme 1: Synthetic routes to monomers and copolymers. Conditions and reagents: i) sodium, iron chloride, t-
amyl alcohol, di-isopropylsuccinate; ii) K,COs, N,N-dimethylformamide (DMF), EthylHexylBromide; iii) N-
bromosuccinimide (NBS), CHCls; iv) Pd(dbas),,P(0o-tol);, CB, DTS(Sn); v) Lawesson's reagent, chlorobenzene

(CB); vi) K,COs3, Acetone, EthylHexylBromide; vii) NBS, CHCls.

Therefore, we decided to follow the route 2 in which the thiolactam is introduced from the beginning before the
alkylation of the DPP monomer (step v in scheme 1). Then, the thioalkylation and bromation steps were
successively performed (steps vi and vii) to obtain the DAP monomer. The choice of branched alkyl chains was
made to improve the solubility of the monomers and consequently that of the copolymers. The DAP monomer
was purified twice through silica column flash chromatography. Finally, this monomer was copolymerized with
di-stanilated dithienosilole via Stille polycondensation catalyzed by a palladium complex in chlorobenzene
(CB) at 140°C for 3 h (step iv in scheme 1). The copolymer was purified through Soxhlet extraction and the
chloroform fraction was collected. The chemical structures of the products, monomers and polymers were
confirmed by *H NMR (see supporting information, figure SI1 to SI4). Finally, the P(DAP-DTS) was analyzed
by size exclusion chromatography, the dispersity was 4.3 and the average molar mass in number was Mn =

10 000 g.mol™ (using conventional calibration with polystyrene samples).

3.2. Halochromic properties



3.2.1. Brgnsted acids

The halochromic behavior of DAP and P(DAP-DTS) was first demonstrated by spectrophotometry by addition

of hydrochloric acid (HCI) in chloroform solutions. Figure la shows absorption spectra in the UV-visible

region for the monomers and the NIR domain for the polymers. The protonation of the DAP monomer induces

a bathochromic shift of 0.25 eV (75 nm) of the lowest absorption band from 565 nm to 640 nm (Table 1). The

polymers present broader bands compared to the monomers but a strong redshift is observed in this case of 0.31

eV (225 nm) upon protonation, i.e. from the first (842 nm) to the second NIR window (1067 nm).

Table 1: Optical and Electrochemical characteristics of materials developed in this study.

Material Amad Edmay  AEGE® A Eft Evomo’ Eiumo®  Eg

(nm) (eV) (eV) (nm)  (eV) (eV) (eV) (eV)
DAP 565 2.19 - 640 1.94 -6.1 -3.7 2.4
DAP-H"* 640 1.94 - 675 1.84 -5.8 -3.9 1.9
DAP-BF; 675 1.84 - 710 1.75 -5.7 -3.8 1.9
P(DAP-DTYS) 842 1.47 1.67 1050 1.18 5.4 -4.1 1.3
P(DAP-DTS)-H* 1067 1.16 1.46 1400 0.89 -5.3 -4.2 1.1
P(DAP-DTS)-BF; 1086 1.14 1.67/1.45° 1420 0.87 -5.3 -4.4 0.9

% Measured by spectrophotometry in chloroform; ® measured by cyclic voltammetry Eqomo = - (Eox + 4.7) and E ymo =

- (Ereq + 4.7); © calculated at the IEFPCM:M06-2X/6-311G(d) level; ¢ calculated for P(DAP-DTS)-BF3; / P(DAP-

DTS)-(BF3)2.
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Figure 1: UV-visible-NIR absorption spectra in chloroform solution of a) DAP, protonated DAP (DAP-H),

P(DAP-DTS) and protonated P(DAP-DTS) (P(DAP-DTS)-H") b) P(DAP-DTS) with increasing amount of HCI.

DFT calculations were performed to rationalize this behavior. Figure 2 illustrates the impact of protonation on
the frontier energy levels and molecular orbital (MO) shapes of the DAP-DTS repeat unit, as calculated at the
MO06-2X/6-311G(d) level in chloroform. B3LYP/6-311G(d) results are provided in Sl. In the neutral repeat unit,
the HOMO s spread over both the DAP and DTS moieties, while the LUMO is essentially localized on the
DAP acceptor. Protonation of the DAP unit induces a displacement of the HOMO density towards the DTS
moiety, together with a large downshift of the frontier orbital energies. The shift of the HOMO energy (-0.67
eV) is weaker than that of the LUMO (-1.11 eV), which gives rise to a lowering of the electronic gap of 0.44
eV, consistent with the decrease of the optical transition energy observed in UV-vis. measurements. The bond
length alternation (BLA) along the conjugated backbone (see Sl for details), which decreases from 0.045 A to

0.031 A, also reveals an enhancement of the r-electron conjugation upon protonation.
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Figure 2: Frontier energy levels (with energy values in eV) and molecular orbital shapes of DAP-DTS, (DAP-
DTS)-H*, (DAP-DTS)-BF; and (DAP-DTS)-(BF3), monomers, calculated at the IEFPCM:M06-2X/6-311G(d)

level in chloroform.

To gain further insight on the evolution of absorption properties with the number of repeating units, vertical
transition energies towards the lowest excited state (AE,,) were calculated for increasingly large neutral and
protonated DAP-DTS oligomers. Numerical values are reported in Tables SI1-2, while their evolution with
chain length is shown in Figure 3. As a result of the decrease of the HOMO-LUMO gap with conjugation
length, increasing the number of repeating units induces a significant lowering of AE,, for both neutral and
protonated systems. The transition energies in the polymer limit (AE;]), obtained by fitting the computed
transition energies with Equation 1, amount to 1.67 eV (742 nm) and 1.46 eV (849 nm) for the neutral and
protonated polymers, respectively. The calculated redshift induced by protonation (0.21 eV) qualitatively
reproduces the experimental displacement (0.31 eV) of the main absorption band. As indicated by the optimal
values of the fitting parameters E; and D, (see Sl), the large decrease of AE;; upon protonation is essentially

driven by the decrease of E;, related to the transition energy of the repeating unit.
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Figure 3: Evolution with chain length of the vertical transition energies (AE,,, eV) of neutral and protonated
DAP-DTS oligomers, as calculated at the IEF-PCM/M06-2X/6-311G(d) in chloroform. Lines are fits calculated
according to equation 1. Optimized values of the Kuhn fit parameters are given in SI. N is the number of

conjugated double bonds in the polymer skeleton and a repeat unit contains ten double bonds.

Figure 1b presents the experimental visible-near IR spectra of the polymer solution protonated in presence of
different equivalents of HCI. The amount of HCI was calculated from the DAP-DTS repeat unit so that 1
equivalent of HCI means that one acid molecule was added for one repeat unit. Incremental additions of HCI
gave rise to a lowering of the intensity of the peak pertaining to the neutral chromophore, with absorption
maximum (Amax) at 842 nm and onset (Aonser) @t 1050 nm, and to the growth of a second broad band pertaining
to the protonated form, with Amax above 1000 nm and Agnser at 1400 nm. To our knowledge, this halochromic
behavior is associated to the highest reported wavelength shift in the infrared.> 2* “° After addition of 1
equivalent of HCI the absorption peak was completely shifted and an isosbestic point was observed at 919 nm,
indicating that only the neutral and protonated absorption species exist in solution. This was confirmed by the
evaluation of the absorption electronic spectra of the neutral and protonated forms (figure in supporting
information), in which extinction coefficient (¢) were measured around 5600 L.mol™.cm™ for the absorbance
maxima and the isobestic point was observed at 919 nm (¢ = 4030 L.mol™*.cm™). Moreover, adding HCI in
excess (3 eq.) did not change further absorption spectra, which reached a saturation limit for 1 equivalent of
HCI. Since each DAP unit bears two nitrogen sites that are likely to be protonated, the exact nature of the

protonated structure was questioned. The fact that one and three equivalents of HCI led to the same absorption



spectra suggested that structures with two protons on the same monomer are not formed. This hypothesis was
confirmed by calculating at the M06-2X/6-311G(d) level the energy differences of di-protonated oligomers
with protons located either on different or on the same DAP unit. The results provided in Sl show that the latter
structures are higher in energy by about 28 kcal/mol, which impedes the protonation reaction of the second

nitrogen atom.

Finally, the absorption spectrum of the initial neutral polymer was recovered after addition of pyridine to the
protonated polymer (Figure 1b), confirming its reversible halochromic behavior. Halochromic properties of the
P(DAP-DTS) polymer were also observed using the trifluoroacetic acid (TFA). However, the addition of one
equivalent of this organic acid per DAP repeat unit did not lead to the complete shift of the spectrophotometric
signal, which required a 20-fold excess of TFA. This behavior was ascribed to the weaker acidity of TFA

(pKaw = 0.2) compared to HCI (pKa = -6.0).*1%?

3.2.2. Lewis acid

DAP basic nitrogen atoms in the aromatic ring are also able to bind Lewis acids through dative bonds.
Compared to protonation, this strategy allows modulation of optical properties via the Lewis acid strength, and,
since these acids are covalently bonded, avoiding the presence of free mobile counter ions in the matrix. To the
neutral P(DAP-DTS) was added an incremental amount of boron trifluoride, BF3, a strong Lewis acid. Figure
4a shows the evolution of the absorption spectra of the modified copolymer. Once more, the signal at Amax =
842 nm (Table 1) progressively vanished with the addition of BF3; and a second signal appeared with Amax at
1100 nm and Aqnset at 1420 nm. The same behavior was observed on the DAP monomer, for which a redshift of
110 nm was observed upon BF3; addition (see Figure SI5). Contrary to what observed upon HCI addition, a
complete shift of the first absorption band of the P(DAP-DTS) copolymer was not observed until two
equivalents of boron trifluoride were introduced in the solution, which suggests that BF; can bind the two
nitrogen sites of a same DAP unit. This assumption was confirmed by DFT calculations (table SI5), which
evidenced that (DAP-DTS)-BF; dimers with two BF3 substituents on the same DAP unit are only ~6 kcal/mol
higher in energy than dimers with BF3 distributed on different DAP moieties, which is a much smaller energy

difference than that computed in the case of di-protonated species.



Moreover, as shown on Figure 2, grafting one BF; group to the DAP-DTS monomer slightly lowers the
HOMO-LUMO gap (-0.09 eV), while two BF3 groups give rise to a much larger gap reduction of 0.29 eV.
Again, this behavior can be correlated to the BLA along the n-conjugated skeleton, which decreases from 0.045
A in the pristine DAP-DTS monomer to 0.043 A and 0.030 A upon addition of one and two BFs, respectively.
Vertical transition energies extrapolated for P(DAP-DTS)-BF3 polymers (Figure 3) amount to 1.65 eV, which is
really close to the one of the neutral polymer, while AE;; = 1.45 eV for P(DAP-DTS)-(BF3),. Experimentally
the complexation of the polymers with one BF3 per DAP may not be apparent from the UV-visible spectrum in
figure 4a because the absorbance of the P(DAP-DTS)-BF; is therefore supposed to be really close to the one of
the neutral polymer. The transition energy extrapolated for P(DAP-DTS)-(BFs3), is slightly smaller than that
computed for the protonated polymers in agreement with experiments, and further indicates that the absorption

band measured at 1100 nm originates from the formation of copolymers with two BF; per DAP-DTS unit.
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Figure 4: Normalized UV-visible-NIR absorption spectra of a) P(DAP-DTS) with increasing amount of BF3 in
chloroform solution; b) P(DAP-DTS) adding excess amount of HCI (1 eq), TFA (20 eq), BFs (2 eq) AICI3 (10

eq) and FeCls (10 eq) in chloroform solution.



Finally, to explore the general trend of the band gap modification, different Lewis acids, namely FeCls, AICl;
and BF; were added to the copolymer in chloroform solution, and the UV-visible-NIR spectra of the resulting
mixtures were recorded. As can be seen in Figure 4b, a series of red-shifted complexes that cover most of the
visible-NIR region from 700 to 1400 nm were obtained. The strength of the Lewis acid varies, from the
strongest to the weakest, as BF; > AICI; > FeCls.*® Unlike the BF; adduct which is readily formed after the
addition of two acid equivalents, both AICI; and FeCl; did not lead to a complete shift of the spectroscopic
signal even after a ten-fold excess of the acids. Moreover, the polymer-FeCl; or AICI; complexes were less

stable than their BF3 counterpart in chloroform, and tended to precipitate.

3.3. Electrochemical characterizations

The redox potentials of the neutral DAP and P(DAP-DTS), as well as those obtained after protonation with HCI
and their BF3; adduct, were determined by cyclic voltammetry, analyzing films, drop-casted onto a platinium
electrode, in dry acetonitrile using TBAPFs as supporting electrolyte (voltammograms in SlI). All compounds
were electrochemically active, exhibiting quite reversible redox waves. When submitted to potential scanning
from 0 to -1.5 eV (versus SCE), a clear and reversible reduction peak was observed pertaining to the reduction
of electron-deficient DAP cores. When the potential was scanned from 0 to +1.4 eV (versus SCE) an
irreversible oxidation of the compounds was observed. The HOMO and LUMO levels (in eV, ref. vacuum) of
monomers and copolymers were deduced from the oxidation and reduction potentials and reported in Table 1.
Due to the extended conjugation and the use of strong donor and acceptor monomers, copolymers showed small
energy gaps in the range of 0.9-1.3 eV (Table 1). In agreement with DFT calculations, acid treatments of the
DAP-based copolymer led to the decrease of both LUMO and HOMO levels, but affected more the LUMO

level and consequently decreased the band gap.

4. Conclusion

In summary, we applied a simple method to tune the optoelectronic properties of a new diazapentalene-

dithienosilole alternated copolymer, with the objective to shift its maximum absorbance from the first to the



second near infrared window (both in solution and in thin film, see supporting information). We showed that
the addition of Bronsted or Lewis acids induces a significant redshift in the absorbance of the polymer. A
combination of UV/Vis/NIR spectroscopy, cyclic voltammetry and DFT calculations proved that this optical
shift is correlated with a decrease of the copolymers band-gap, associated to the decrease in the LUMO energy
and enhancement of the m-electron delocalization along the conjugated backbone, as revealed by the lowering
of bond length alternation. Since they can undergo analyte-induced shifts in their absorption and probably

emission bands in the near infrared, these materials should prove useful as biological/chemical sensors.
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