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Ultrafast Photoinduced Electron Transfers in Platinum(ITI)-Anthraquinone

Diimine Polymer/PCBM Films

Frank Juvenal, Hu Lei, Adrien Schlachter , Paul-Ludovic Karsenti, and Pierre D. Harvey*
Département de chimie, Université de Sherbrooke, Sherbrooke, PQ, Canada JIK 2R1
Abstract

Two  fluorescent  polymers  ([Pt]-(AQI(BMPA),)). ([Pt] = trans-bis(ethynylbenzene)-
bis(tributylphosphine)platinum(Il); AQI = anthraquinone diimine; BMPA = bis(para-
methoxyphenyl)amine), P1 (x = 1; ©r < 8 ps) and P2 (x = 2; tr = 10 ps, 298 K), were prepared
and investigated as thin films in the presence of phenyl-Csi-butyric acid methyl ester (PCBM)
to probe the photoinduced electron transfer processes using steady-state and time-resolved
fluorescence and femtosecond-transient absorption spectroscopy (fs-TAS). P1 and P2 undergo
an efficient oxidative photoinduced electron transfer (Px* + PCBM — Px™ + PCBM ", x =1,
2) in solution and as films. Based on fs-TAS, the time scale for the photogenerated charge
separated state forms within the excitation pulse (i.e., <150 fs). During the course of this study,
the nature of the lowest energy emissive excited state was identified as a charge transfer state
defined as [Pt] — AQI (major component) and BMPA — AQI (minor component) with the aid
of density functional theory (DFT) and time-dependent DFT computations.

Introduction

The trans-bisethynylbis(trialkylphosphine)platinum(II) building block, [Pt], is a versatile unit
for the design of photonic materials showing potential applications in nonlinear
optics (1—12) and light-emitting diodes. (13—20) In the field of solar cells, the [Pt]-containing
materials are also active irrespective of whether they are used as molecules or within polymer
chains. (21,22) Indeed, dye-sensitized solar cells (23—26) and bulk heterojunction solar cells
(BHIJSCs) (27—34) were designed. To the best of our knowledge, the highest photoconversion
efficiency (PCE) was recently reported to be 5.29% for a BHJSC containing
the [Pt] moiety. (35,36) Concurrently, studies on complexes bearing [Pt] units indicated that
the charge separated states are formed in the short picosecond (ps) time scale (37—40) and that
the [Pt] unit could mediate the electron transfer. (37—40) Over the years, it was suggested that
anchoring diphenylamine pendants as electron-rich groups (41,42) and using the electron-
deficient anthraquinone, AQ, moiety (43,44) should improve the PCEs of [Pt]-containing
materials for solar cells. Alternatively to ([Pt]-[AQ]), polymers, (45) polymers containing



anthraquinone diimine, AQI (i.e., ([Pt]-[AQI]),), were also designed. (46,47) These latter
materials are nonemissive at room temperature (RT), but exhibit both low potential oxidation
and reduction processes, (46,47) rendering them suitable for photoinduced electron transfers
processes. Despite the fact that [Pt] is a common synthon and its relevance to its use in solar
cells, there is, to the best of our knowledge, no investigation reporting the rates of photoinduced
electron transfer between [Pt] and an electron acceptor. We now report an electron transfer
study on ([Pt]-[AQI]), polymers (P1, P2; Chart 1) with 6,6-phenyl-Cei-butyric acid methyl
ester (PCBM). These polymers are found fluorescent, a property that was never observed before
for this type of chromophore, including quinone diimine (QI) polymers, ([Pt]-
[QI])s, (48—53) which provide an extra analytical signal for the study of electron transfer.
Femtosecond-transient absorption spectroscopy (fs-TAS) performed on 1:1 P1/PCBM
and P2/PCBM films indicates that the lifetimes of all transient signals (neutral and charged
PCBM, P1 and P2) are generated within the laser pulse (i.e., <150 fs) translating into ultrafast

electron transfer rates, ket > 6.6 x 102 57!,

X = H, X' = BMPA, P1; X = X' = BMPA, P2 BMPA
X = H, M1; X = BMPA, M2 X = X' =H, P3,X = H, X' = NH,, P4; X = X' = NH,, P5

Chart 1. Structures of M1, M2, P1, P2, and Literature Polymers (P3-5) (46,47) Discussed in
This Work

Experimental Section
Materials

Compounds trans-PtClo(PBus): (38) and  4-[(trimethylsilyl)ethynyl] (54) were  prepared
according to literature procedures. TiCls, 1,4-diazabicyclo[2.2.2]octane (DABCO),
ethynyltrimethylsilane, Cul, bis(4-methoxyphenyl)amine (BMPA), sodium tert-butoxide (z-
BuONa), 2-bromoanthracene-9,10-dione, 2,6-dibromoanthracene-9,10-dione, phenyl-Cei-
butyric acid methyl ester (PCBM), [1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene](3-
chloropyridyl)palladium(II) dichloride (PEPPSI-IPr), and PdCl>(PPhs), were purchased from

Aldrich and were used as received. All flasks were dried under a flame to eliminate moisture.



Solvents were distilled from appropriate drying agents, and other reagents were used as

received.
Syntheses of 2a and 2b

2a: 2-Bromoanthracene-9,10-dione (860 mg, 3.0 mmol), bis(4-methoxyphenyl)-amine (0.76 g,
3.3 mmol), PEPPSI-IPr (0.08 g, 0.1 mmol), and sodium fert-butoxide (0.72 g, 7.5 mmol) were
added into dry toluene (30 mL). The mixture was stirred at 100 °C for 12 h. Water (100 mL)
was added to the cooled mixture and stirred for 20 min at room temperature (RT). The
precipitant was filtered and washed with methanol and then a crude product (1.07 g, yield: 82%)
was obtained. The crude product was purified by column chromatography on silica gel to give
the product. 2b: A procedure similar to that used for 2a was followed but with 2,6-
dibromoanthraquinone (1.10 g, 3.0 mmol) instead of 2-bromoanthracene-9,10-dione. After

purification by vacuum sublimation, a red solid (1.20 g, 60%) was produced.
2a

"HNMR (300 MHz, CDCl3) & 8.33-8.27 (m, 1H), 8.25-8.19 (m, 1H), 8.10 (d, J = 8.8 Hz, 1H),
7.76 (pd, J= 7.3, 1.6 Hz, 2H), 7.64 (d, J= 2.6 Hz, 1H), 7.21-7.16 (m, 4H), 7.13 (dd, J = 8.8,
2.6 Hz, 1H), 6.99-6.88 (m, 4H), 3.86 (s, 6H). Matrix-assisted laser desorption ionization time-
of-flight (MALDI-TOF): m/z caled C2sH23NO4 (M) 437.16, found 437.16.

2b

'HNMR (300 MHz, CDCl3) 8 7.99 (d, J = 8.7 Hz, 2H), 7.62 (d, J = 2.6 Hz, 2H), 7.20-7.12 (m,
8H), 7.04 (dd, /= 8.7, 2.6 Hz, 2H), 6.96—6.87 (m, 8H), 3.85 (s, 12H). MALDI-TOF: m/z calcd
C42H36N206 (M) 664.26, found 664.24.

Syntheses of 3a and 3b

3a: Compound 2a (436 mg, 1 mmol) and 450 mg (4.0 mmol) of DABCO were dissolved in 50
mL of chlorobenzene while heating to 90 °C. TiCl4 (0.24 mL, 2.2 mmol) was added dropwise,
followed by the addition of 4-((trimethylsilyl)ethynyl)-aniline (416 mg, 2.2 mmol) and rinsing
the powder addition funnel with 5 mL of chlorobenzene. The solution was stirred at 115 °C for
a 2 h period. The product was isolated by filtering off the precipitate and washed with hot
chlorobenzene (2 x 10 mL). The solution was evaporated. The solid was dissolved in CHCl3,
washed three times with water, dried with MgSOs, and filtered. The CHCl3 was completely
evaporated, leaving only the product. The product was purified on a silica column to give the

compound 3a (500 mg, 64%). 3b: A procedure similar to that used for 3a was followed. After



purification by vacuum sublimation, a red solid (580 g, 58%) was produced. 3a: 'H NMR (300
MHz, CDCI3) ¢ 8.20 (dd, J=37.3, 30.1 Hz, 2H), 7.78-7.31 (m, 6H), 7.09 (s, 3H), 6.85 (d, J =
18.3 Hz, 10H), 6.68 (d, /= 7.6 Hz, 1H), 6.50 (d, J = 44.4 Hz, 1H), 3.85 (s, 6H), 0.29 (d, /= 6.0
Hz, 18H). MALDI-TOF: m/z caled CsoH49N302Si> (M) 779.34, found 779.32. 3b: 'H NMR
(300 MHz, CDCI3) 6 8.00 (dd, J= 8.7, 5.1 Hz, 1H), 7.68 (dd, J= 18.1, 16.0 Hz, 1H), 7.41
(d,J= 7.3 Hz, 2H), 7.31 (s, 2H), 7.20-6.99 (m, 6H), 6.88 (dd, J= 17.3, 8.4 Hz, 15H), 6.56
(dd, J= 47.2, 30.1 Hz, 3H), 3.93-3.73 (m, 12H), 0.28 (s, 18H). MALDI-TOF: m/z calcd
CsaH62N404S12 (M) 1006.43, found 1006.41.

Syntheses of M1 and M2

M1: To a 100 mL round-bottom flask was added 20 mL of dichloromethane (DCM)/MeOH (v/v
= 2:1). The solvents were purged with argon before addition of 3a (400 mg, 0.5 mmol);
K>COs (4 mL, 4 mmol) was then added. The reaction was stirred for 2 h prior to filtering off
the salt under vacuum. Chromatography on silica gel afforded the target compound M1 (293
mg, 90%). M2: A procedure similar to that used for M1 was followed. After purification by
vacuum sublimation, a red solid (294 g, 86%) was produced. M1: '"H NMR (300 MHz, CDCls)
0 8.22 (t,J=33.2 Hz, 2H), 7.81-7.30 (m, 6H), 7.10 (s, 3H), 6.86 (d, J = 23.8 Hz, 10H), 6.70
(d,J=7.7 Hz, 1H), 6.53 (d, J=38.8 Hz, 1H), 3.85 (s, 6H), 3.12 (d, J=20.5 Hz, 2H). MALDI-
TOF: m/z caled CasH33N302 (M) 635.26, found 635.25. M2: 'H NMR (300 MHz, CDCls) §
8.00 (dd, J=8.7, 5.1 Hz, 1H), 7.68 (dd, /= 18.1, 16.0 Hz, 1H), 7.41 (d, J= 7.3 Hz, 2H), 7.31
(s, 2H), 7.20-6.99 (m, 6H), 6.88 (dd, J=17.3, 8.4 Hz, 15H), 6.56 (dd, J=47.2, 30.1 Hz, 3H),
3.93-3.73 (m, 12H), 3.11 (d, 2H). MALDI-TOF: m/z calcd CssH4sN4O4 (M) 862.35, found
862.33.

Syntheses of P1 and P2

P1: To a 50 mL Schlenk tube was added 30 mL of DCM and 5 mL of Et3N; the solvents were
purged with argon for 10 min before addition of compound M1 (250 mg, 0.4 mmol) or M2 (220
mg, 0.4 mmol) and trans-PtCl2(PBus)2 (268 mg, 0.4 mmol). The resulting solution was stirred
at 298 K overnight. After complete conversion of the starting materials as monitored by thin-
layer chromatography, the solvent was evaporated. The product was dissolved into 5 mL of
DCM, and then 30 mL of methanol was added to get the precipitation. The above procedure
was recycled three times to get the final product P1 (218 mg, 42%). P2: A procedure similar to
that used for P1 was followed. After purification by vacuum sublimation, a red solid (116 g,

38%) was produced. P1: 'TH NMR (300 MHz, CDCls) § 8.32, 8.19, 7.73, 7.55, 7.23, 7.11, 6.89,



6.86, 6.85, 6.81, 6.73, 6.69, 6.66, 2.20, 1.65, 1.51, 1.48, 1.46, 1.43, 0.96, 0.94, 0.91. *'P NMR
(122 MHz, CDCl3) & 2.72 (Jp-pt = 2370 Hz). Gel permeation chromatography (GPC): M, =
5240 Da, My/My = 2.07. Chem. anal. for CesHgaN302P2Pt-H2O (theory): C 65.25; H 6.87; N
3.36%. Found: C 64.98; H 6.84; N 3.34%. P2: '"H NMR (300 MHz, CDCls) § 8.01, 7.98, 7.81,
7.75,7.68,7.63,7.22,7.11, 7.08, 6.93, 6.91, 6.89, 6.87, 6.86, 6.84, 6.80, 6.76, 6.63, 6.37, 3.82,
2.18,1.51, 1.48, 1.46, 1.44, 0.94, 0.92, 0.89. *'P NMR (122 MHz, CDCl3) § 2.85 (Jp_pt = 2370
Hz). GPC: M, = 4446 Da, My/My = 1.69. Chem. anal. for CsxHo7N4O4P2Pt-H>O (theory): C
66.58; H 6.70; N 3.79%. Found: C 65.68; H 6.54; N 3.97%. Evidence for water is found in
the 'H NMR spectra.

Instruments

The 'H, 3C, and 3'P NMR spectra were collected on a Bruker DRX400 spectrometer using the
solvent as a chemical shift standard. The coupling constants are in hertz. MALDI-TOF mass
spectra were recorded on a Bruker BIFLEX III TOF mass spectrometer (Bruker Daltonics,
Billerica, MA) using a 337 nm nitrogen laser with dithranol as the matrix. The spectra were
measured from freshly prepared samples. All these spectra are provided in Figures S1-S17. The
absorption spectra in the solution were measured on a Varian Cary 300 Bio UV-vis
spectrometer at 298 K and on a Hewlett-Packard 8452A diode array spectrometer with a 0.1 s
integration time at 77 K. The steady-state fluorescence (<820 nm) and the corresponding
excitation spectra were acquired on an Edinburgh Instruments FLS980 phosphorimeter
equipped with single monochromators, whereas steady-state near-infrared (NIR) emissions
were measured by a QuantaMaster 400 phosphorimeter from Photon Technology International
upon excitation by a xenon lamp and recording with a NIR PMT-7-B detector. Fluorescence
lifetime measurements were made with the FLS908 spectrometer using a 378 nm picosecond
(ps) pulsed diode laser (full width at half-maximum (fwhm) = 78 ps) as an excitation source.
Data collection on the FLS980 system was performed using time correlated single photon
counting (TCSPC). All fluorescence spectra were corrected for instrument response. All
measurements at 77 K were performed with an EPR Dewar assembly using an NMR tube of
diameter of ~5 mm (i.e., 4.947 + 0.019 mm). The fluorescence lifetimes were extracted from

either multiexponential analyses or the exponential series method (ESM). (55,56)
Film Preparation

Solutions of P1, P2, PCBM, P1/PCBM, and P2/PCBM, typically 10 M in CH,Cl,, were spun
at 3000 rpm for 1 min with a spin coater from Speciality Coating System, 6800 Spin Coater



Series. The average thickness of the films was ~50 & 2 nm and was measured on a KLA-Tencor

Profiler, AlphaStep D-120.
Femtosecond Transient Absorption Spectroscopy (fs-TAS)

The fs-transient spectra and decay profiles were acquired on a homemade system using the
SHG of a Solstice (Spectra Physics) Ti:sapphire laser (Aexc = 398 nm; fwhm = 75 fs; pulse
energy = 0.1 pJ per pulse, rep. rate = 1 kHz; spot size ~500 um), a white light continuum
generated inside a sapphire window, and a custom-made dual charge-coupled device camera of
64 x 1024 pixels sensitive between 200 and 1100 nm (S7030, Spectronic Devices). The delay
line permitted one to probe up to 4 ns with an accuracy of ~4 fs. The results were analyzed with
the program Glotaran (http//glotaran.org) permitting one to extract a sum of independent
exponentials (I(A,f) = Ci(A)e "1/t + Ca(A) e ™2/t + ) that fits the whole three-dimensional

transient map.
Fast Kinetic Fluorescence Measurements

The short components of the fluorescence decays were measured using the output of an optical
parametric amplifier (OPA-800CF, Spectra-Physics) operating at Aexc = 490 nm, a pulse width
of 90 fs, rep. rate = 1 kHz, pulse energy = 1.6 pJ per pulse, spot size ~2 mm, and a streak
camera (AXIS-TRS, Axis Photonique Inc.) with less than 8 ps resolution. The results were also
globally analyzed with the program Glotaran (http://glotaran.org) permitting one to extract a
sum of independent exponentials (I(A,f) = Ci(}) € "1/t + C2(X) € 2/t +:--). The resulting time-

resolved spectra are not corrected for the instrument response.
Computations

All density functional theory (DFT) calculations were performed with Gaussian 09 (57) at the
Universit¢ de Sherbrooke with the Mammouth supercomputer supported by Le Réseau
Québécois De Calculs Hautes Performances. The DFT geometry optimizations and time-
dependent DFT (TDDFT) calculations (58—67) were carried out using the B3LYP method. A 6-
31g* basis set was used for C, H, N, and O atoms. (68—73) Valence double { with SBKJC
effective core potentials was used for all Pt atoms. (68—73) Theoretical UV—visible absorption

spectra were obtained using GaussSum 3.0. (74)
Results and Discussion

Synthesis



The syntheses of polymers P1, P2 and their models M1, M2 are shown in Scheme 1.
Compounds 2a and 2b were obtained through a Buchwald-Hartwig coupling reaction
between 1 with 2-bromoanthracene-9,10-dione (2a) and 2,6-dibromoanthracene-9,10-dione
(2b). 3a and 3b were obtained by reacting 2a or 2b with 4-((trimethylsilyl)-ethynyl)aniline,
respectively, under the catalysis of TiCls in chlorobenzene at 115 °C with the DABCO as the
base. After removal of the trimethylsilyl groups, M1 and M2 reacted, respectively, with trans-
PtCl2(PBuz)2 and Cul as the catalysts at 298 K in CH2Clz to, respectively, provide
polymers P1 and P2. The NMR and MALDI-TOF spectra are shown in Figures S1-S16.
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Scheme 1. Syntheses of P1, P2 and Their Models M1, M2?

“Reagents and conditions: (i) cat. Pd, ~-BuONa, toluene, 100 °C, 12 h, 60%; (ii) TiCls, DABCO,
CesHsCl, 115 °C, 2 h, 58%; (iii) KoCO3, DCM/MeOH, 298 K, 2 h, 86%; and (iv) trans-
PtCl2(PBuz)2, Cul, EtsN, DCM, 298 K, 12 h, 38%.

The formation of polydispersed oligomers P1 and P2 (M, = 5240 (four units) and 4446 (three
units); My/My = 2.077 and 1.693) and their models M1 and M2 was confirmed by 'H and *'P
NMR spectroscopies (note that the Jp_p value (2370 Hz) is indicative of a trans-geometry about
the Pt) and GPC. The use of oligomers as models for polymers is appropriate since electronic

communication does not generally exceed a few units in [Pt]-containing materials. (75)
Absorption Spectra and DFT and TDDFT Computations

P1 and P2 were found fluorescent from the lowest energy excited state at room temperature,
thus drastically contrasting with the ([Pt]-[AQ])., (45) ([Pt]-[QI])., (48—53) and ([Pt]-

[AQI]). (38,54) polymers reported to be nonemissive or, at best, only luminescent in glassy



matrices at 77 K. The absorption, excitation, and fluorescence spectra of 2a, 2b, M1, M2, P1,
and P2 in 2MeTHF at 298 K are presented in Figure I, and the absorptivity data are
summarized in Table 1. From an examination of the tails, where the 0—-0 peak positions are
expected (i.e., these tails spread, respectively, from ~500 to ~550 nm and from ~525 to ~575
nm for M1 and M2 and from ~550 to ~600 and from ~550 to ~625 nm for P1 and P2,
respectively), it is concluded that the 0—0 peak positions should be placed at lower energy
for P1 and P2 in comparison with M1 and M2. This conclusion is fully consistent with the
calculated positions presented below. The corresponding spectra at 77 K are shown in Figure
S17. The absorption spectra are characterized by a low-energy absorption band spreading from
400 to 600 nm and are similar to that reported by Wang et al. (46) for AQI-containing materials.
The minor difference is that the band maxima are red-shifted by ~50 nm for the materials
investigated in this work. The nature of the lowest energy singlet excited states is addressed by
DFT computations for necessary confirmation purposes. The optimized geometry and frontier
molecular orbital (MO) representations of the model compounds 2a, 2b, M1, and M2 and
fragments of P1 and P2 have been calculated (Figures 2—5). The relative atomic orbital
contributions distributed as subfragments to the frontier MOs and the calculated positions of
the 0—0 peaks, oscillator strengths, and their major contributions to the lowest energy electronic

transitions (TDDFT) are provided in Tables 2 and 3.
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Figure 1. Absorption (black), excitation (blue), and emission (red) spectra
for 2a, 2b, M1, M2, P1, and P2 at 298 K in 2MeTHF (see Figure S17 for the 77 K data). Note
that no excitation spectra measurement is possible with the fs laser/streak camera system
(for M1, M2, P1, and P2, so the peak maxima should be somewhat more red-shifted). The
sharp peak at 475 nm in the excitation spectrum of 2b is an instrument artifact. The near-IR

portion of the fluorescence spectrum of 2b (using a near-IR detector) is provided in Figure S18.
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Figure 4. Representations of the frontier MOs of P1 based on an optimized geometry and using

a THF solvent field (energies in electronvolts). Red, positive isosurface; green, negative

1sosurface.

Table 1. Absorptivity Data of 2a, 2b, M1, P1, and P2 in 2MeTHF?

compds Amax (nm) (¢ (M~ ecm™))
2a 374 (26 100) 443 (23 100)
2b 374 (19 700) 449 (15 800)
M1 377 (12 100) 440 (10 700)
M2 379 447
P1 331 (61 000) 461 (27 400)
P2 334 (34 700) 378 (21 200) 436 (19 600)

aThe absorptivity data for M2 were not measured.

Table 2. Relative Contributions (%) of the Various Fragments to the Frontier MOs
of 2a, 2b, M1, M2, a Fragment of P1, and a Fragment of P2 (Values >50% Are Shown in Bold)

H-4 H-3 H-2 H-1 HOMO [LUMO [LL+1 L+2 L+3 [L+4
2a
AQ 91.0 [S8.0 [82.9 8.6 28.9 96.1 93.2 (634 [27.6 [31.0
BMPA (9.0 42.0 [17.1 914 711 3.9 6.8 36.6 [72.4  69.0
2b
AQ 8.3 9.7 99.0 [26.6 |31.8 90.9 869 |51.2 [18.5 [18.0
BMPA 91.7 (903 [1.0 73.4 68.2 9.1 13.1 [48.8 [81.5 [82.0
M1
AQI 67.8 247 964 [96.7 [36.0 97.1 95.4 [94.6 (839 |[71.6
BMPA (322 (753 3.6 33 64.0 2.9 4.6 5.4 16.1 [28.4
M2
AQI 432 195.0 915 351 (364 93.9 914 927 |57.1 87.8
BMPA [56.8 5.0 8.5 64.9 163.6 6.1 8.6 7.3 429 12.2
Fragment of P1
AQI 3.6 0.1 25,5 245 234 79.0 83.1 (133 (329 332
BMPA (0.8 0.0 56.8 4.5 9.2 2.9 4.9 5.7 63.5 (60.1



https://pubs-acs-org.passerelle.univ-rennes1.fr/doi/10.1021/acs.jpcc.9b00334#t1fn1

H-4 H-3 H-2 H-1 HOMO [LUMO [LL+1 L+2 L+3 [L+4
[Pt] 95.6 (999 |17.6 |71.0 |67.4 18.2 120 81.0 3.6 6.7
Fragment of P2
AQI 1.7 241 [26.1 [26.8 [22.0 76.4 79.2 (12.6 |50.1 [19.6
BMPA (0.6 65.5 [51.9 [19.6 |64 59 9.2 4.0 45.0 [76.6
[Pt] 97.7 |104 [21.9 |53.6 |[71.6 17.7 11.7 834 [5.0 3.8

Table 3. Calculated Positions of the 0—0 Peaks, Oscillator Strengths (f), and Their Major
Contributions for the Lowest Energy Electronic Transitions of 2a, 2b, M1, M2, a Fragment
of P1, and a Fragment of P2?

no.A (nm) |f major contributions (%) [no.A (nm) |f major contributions (%)

2b 2a

1 555 o HOMO — LUMO (99) |1 [552  ]0.154 [HOMO — LUMO (99)

2 521 0472 [H-1— LUMO (99)

M1 P1

1 [517  [0.1858]HOMO — LUMO (97) |1 [561  [0.5061[HOMO — LUMO (95)

2 470 [0.2899[H - 1 — LUMO (94) 534 [0.2078[H - 1 — LUMO (94)

2
3 451 [0.0337|H -2 — LUMO (93) 3 480  [0.0826]H — 2 — LUMO (96)
4 426  10.0013|H -3 — LUMO (99)

1 524 |0.0454 HOMO — LUMO (98) 1 (560 0.5231 HOMO — LUMO (94)

2 491 |0.4195H-1— LUMO (95) 2 551  |0.1566H—-1— LUMO (95)

(U8)

3 462 0.2434H -2 — LUMO (92) 485 [0.0096|H — 2 — LUMO (96)

4 [445  10.0217[H -3 — LUMO (94) 4 473 10.2777/H -3 — LUMO (96)

iSee Tables S1-S6 for the tables containing the first 100 electronic transitions and Figure

S19 for the corresponding simulated spectra.

An examination of the frontier MOs for the polymers (Figures 5 and 6) confirms that the nature
of the lowest energy excited states is a charge transfer (CT) excited state of the
type [Pt] — AQI (again [Pt] = Pt(PBu3)2(C=C);), which is consistent with what 1is
expected. (46,47)



L+1 LUMO HOMO
(-1.355) (-2.235) (-4.931)

H-1 H-2 H-3
(-4.988) (-5.239) (-5.303)

Figure 5. Representations of the frontier MOs of P2 based on an optimized geometry and using
a THF solvent field (energies in electronvolts). Red, positive isosurface; green, negative

1sosurface.
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Figure 6. Comparison of the calculated state diagrams (TDDFT) for M1, M2, P1, and P2. The
values in blue are the computed positions (in nanometers) of the pure (0-0) electronic

transitions.

The lowest energy transition is also a CT process but involving mainly [Pt] — AQI, thus
confirming that the nature of the S state has not changed upon the anchoring of the electron-
rich BMPA groups; a minor CT contribution from BMPA — AQI is also computed. Moreover,
for confirmation purposes, the simulated absorption spectra were also obtained by TDDFT
computations (Figure S19), and the correspondence with the general shape of the experimental

spectra, excluding the vibronic contributions, is also noted.

The calculated energy diagrams for the lowest energy singlet excited states are shown
in Figure 6. The four striking features are that (1) the lowest unoccupied molecular orbital
(LUMO) exhibits atomic contributions located on AQ or AQI mainly, (2) the lowest energy

electronic transitions are always highest occupied molecular orbital (HOMO) — LUMO with



a relative contribution >94%, (3) the calculated positions of the electronic transitions (517 <A
< 561 nm) always fall in the vicinity of the position where the absorption and fluorescence
bands overlap (Figure 1), and (4) the HOMO exhibits atomic contributions located
on [Pt] for P1 and P2. For 2a, 2b, M1, and M2, the HOMO exhibits atomic contributions
mainly located on the BMPA groups. In these cases, the lowest energy electronic transition
produces a charge transfer (CT) excited state: BMPA — AQ or AQI. Conversely, the HOMO
of P1 and P2 exhibits atomic contributions mainly located on [Pt], which is relevant for the
electron transfer study below. So, a HOMO — LUMO transition leads to the decrease of the
atomic contributions of both [Pt] and BMPA residues and increase of those for the AQI.

Fluorescence Spectra and Excited State Lifetimes

These species are strongly fluorescent at 77 K (M1, M2, and P2), all from the lowest energy
excited state (Figure S17), and P1 turns out to be only weakly fluorescent (a laser setup and a
streak camera were needed to measure the spectrum). This result contrasts with the fact
that P3 and P4 were not found emissive from the CT S;state (i.e., the CT
state |([Pt] — AQI)*) at all. (46,47) At 298 K, weak emissions have been detected (with a
streak camera) in the CT '([Pt] — AQI)* region for M1, M2, P1, and P2 (Figure 1). Because
the intensity is so weak, no reliable fluorescence quantum yield (®r) could be measured (®r <
0.0001; the detection limit). This situation corroborates the short Sy lifetimes extracted from the

streak camera and fs-transient absorption spectra (below).

Noteworthy, 2a (narrow, 570 nm) and 2b (broad, 756 nm) exhibit distinctively different
fluorescence maxima at 298 K. This phenomenon has previously been described for 2,6-
bis(diphenylamino)anthraquinone at 298 K (i.e., a structure similar to compound 2b but without
the methoxy groups). (76) The Stoke shift for 2b (9000 cm™' in 2MeTHF) resembles that for
2,6-bis(diphenylamino)anthraquinone (7400 cm™! in THF). (76) In the latter case, a low-lying
twisted charge separated state (TCSS) can be formed depending on the medium polarity, which
lasts for many ps (~13 ps). As deduced by DFT computations, the presence of the methoxy
groups enhances the electron-donor ability of the diphenylamino groups and so the emissive
CT band for2b (756 nm) should be more red-shifted in comparison with 2,6-
bis(diphenylamino)anthraquinone (Arwo ~ 650 nm in THF), as observed. (76)2a, which bears
only one BMPA group, does not exhibit this broad and red-shifted fluorescence (Ariuo ~ 570 nm
in THF), suggesting the absence of TCSS. This observation is consistent with the fact that

both 2a and 2b in rigid media in 77 K glasses where twisting is unlikely exhibit relatively blue-



shifted fluorescence bands (both at 644 + 2 nm; Figure S17) with respect to that for 2b at 298
K (Af1o = 756 nm). This phenomenon was not studied in detail since it was not the scope of this
investigation, but the presence of single N—C bonds suggests the possibility of having more
than one emissive conformer. The nanosecond (ns) time scale of the emission lifetime (tr) at
77 K (measured by TCSPC, Table 4) and the smaller Stoke shift (~4500-6000 cm™!) further
corroborate the fluorescence. Moreover, the excitation spectra exhibit a reasonable match, but

not perfectly, with the absorptions.

Table 4. tr Data for 2a, 2b, M1, M2, P1, and P2 in 2MeTHF at 77 and 298 K*

) (nm)’m |\ (nm)°m [tF (ns) (rel. contribution, [y 2 [tF (ps) stre [t (S1) (ps)
ax. 77 K |oni. 77 K |%)%77 K ak 298 K¢ [TAS 298 K
2a 642 650 0.73 (7), 2.67 (49), 7.67 (44) [1.04<8f 5
2b 646 680 1.03 (8), 2.99 (62), 8.20 (30) [1.03/41 5
M1|686 680 0.036 (13), 0.59 (53), 2.25 (3]1.0019.3 5
4)
M2|650 650 0.93 (7),3.29 (60), 21.1 (33) |1.04(82 5
P1 (630 630 <0.008¢ <gf 9.9
P2 645 650 0.18 (5), 0.80 (5), 3.7 (36), 1 (1.04{10 10.4
0.6 (54)

®The uncertainties on tr and 1(S1) are £5—-10% based on multiple measurements.
The spectra are shown in Figure S17.
“These are the monitoring wavelengths.

dUsing TCSPC and multiexponential analysis unless stated otherwise. Also note that no
measurement of the fluorescence quantum yield is possible at this temperature since the method

requires a special cell to measure the absorbance with accuracy.
‘Using a streak camera as the fluorescence intensity is too weak.

The instrument response function (IRF) of the fs laser/streak camera setup is ~8.0 ps, so these

tr values should be taken as <8 ps.
£Not investigated.

"The decay, residuals, best fit, and IRF profiles are provided in Figure S20.



P2 exhibits a multiexponential fluorescence decay at 77 K (four components are extracted at
best fit), which is consistent with that observed for the models 2a, 2b, M1, and M2 (triple
exponential fluorescence decays are noted). This behavior may speculatively stem from various
conformations adopted by the BMPA groups with respect to the anthraquinone diimine central
core. This hypothesis is supported by the 298 K data where only one lifetime is observed. The
tr datum for P1 at 77 K is only <8 ps (limit of the IRF) compared to those for P2 (0.18 (5), 0.80
(5), 3.7 (36), 10.6 ns (54%); Figure S20). Attempts to explain this drastic difference from DFT
and TDDFT calculations described above failed as no significant differences were found.
Because P1 (tr < 8 ps) and P2 (tr = 10 ps) in 2MeTHF exhibit S; lifetimes near the IRF of the
streak camera (~8 ps), these values were checked against those extracted from fs-transient
absorption spectroscopy (fs-TAS; Table 4 and Figure 7). Indeed, using Aexc = 475 nm, three
components are depicted after deconvolution of the time-resolved spectra (see data in the
frames). These lifetimes are associated with the three singlet excited states that are formed when
exciting at 475 nm (So — Si, So — Sz, and So — S3; see Table 3 and Figure 6 for details),
presumably relaxing at ~10, ~0.5, and ~0.1 ps, respectively. Importantly, the 9.91 (P1) and
10.4 ps (P2) values match those obtained with the streak camera when taking into account the

uncertainties. Finally, neither P1 nor P2 exhibits any emission as thin films at 298 K.
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Figure 7. Left: evolution of the fs-TAS of P1 (top) and P2 (bottom) in 2MeTHF. Note that the

positive and negative responses represent, respectively, the bleached and transient signals. IRF

being, respectively, 138 and 148 fs (Aexc = 475 nm) for P1 and P2, the short components (86

and 100 fs) should be equal to or less than these IRF values. Right: decay-associated spectra

of P1 and P2. The uncertainties are +5-10% based on multiple measurements. 7' is the

transmittance.
Phosphorescence Spectra and Triplet States

To propose an explanation for the large discrepancy in tr behavior between P1 and P2 at 77 K,
the triplet emission of the [Pt] moiety was also examined. Note that no emission over 800 nm
was detected using a near-IR detector extending to 1380 nm. So the triplet emission (T1)
associated with the fluorescent CT excited state (S1) was not observed. Concurrently, the upper
energy triplet emission of the [Pt] units was detected for both P1 (moderate relative intensity)

and P2 (very weak). The general shape of the emission bands is reminiscent of what is reported



in the literature for this type of motif (Figure 8), (46,47) but notable differences are depicted

for their corresponding emission lifetimes (tp; Table 5).
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Figure 8. Emission (straight line) and excitation (broken line) spectra of P1 (red) and P2 (blue)
in 2MeTHF at 77 K. Note that the relative intensity of the P2 bands is very weak.

Table 5. Comparison of the tp Data for P1-5 in 2MeTHF at 77 K

ref chromophore [tp (relative contribution, %) (in ps)?
P1 this work |[Pt] 1.46 (51), 61.8 (49) v =1.026
P2 this work |[Pt] 0.0011 (22), 0.0044 (36), 0.017 (42)° v =1.040
P3 ((14) [Pt] 33.4 (55), 76.2 (45)
P4 |(14) [Pt] 46.3,° 75.6°
PS5 (14) [Pt] 33.2,°60.3¢

aThe uncertainties are +5% (TCSPC).



"The uncertainties are +10% based on multiple measurements and using TCSPC and
multiexponential analysis. The IRF = 90 ps for these measurements using a diode laser (Aexc =

365 nm).
“The y? and the relative contribution (in %) were not provided in these cases.

The presence of biexponential emission decays for P1 is not unprecedented (see data for P3—
5). It was interpreted as a possible presence of multiple conformers. This hypothesis was
unambiguously demonstrated afterward in a recent detailed analysis for model complexes in
both the solid state and in frozen solution at 77 K. (77,78) For P1, two components are
observed, but the shorter one (1.46 ps) is unusually small, whereas the longer one (61.8 ps)
compares favorably with those for P3-5: 60-76 ps. (46,47) This large difference (i.e., by ~2
orders of magnitude) cannot be comfortably assigned to the presence conformers although they
must be present. The tp data for P2 shines some light on a possible explanation as its time scale
is unusually and unexpectedly short (1.1, 4.4, and 17 ns). This amplitude is also consistent with
the rather low intensity of the corresponding emission spectrum of the [Pt] moiety. Based on
the facts that for P2, X = X’ = BMPA and 1p is very short, and for P3, X = X' = H and the
tp values are longer (33 and 76 ps), the qualitative structure—property relationship may be
related to a preference (or a dominance) in electronic communication across the conjugated
systems as illustrated in Figure 9. If X = H (see green conjugation), tp is large. If X' = BMPA
(see blue conjugation), tp is short. Evidence for conjugation going from BMPA and extending
to [Pt] is also provided by the illustrations of the frontier MOs (Figures 4 and 5).

So, P1 appears as an intermediate case between P2, and P3 and P4, both in structure and in

fluorescence lifetimes.

X _ ?BUs
@ N—QTF;;;-)"-
3

Figure 9. Structure of a segment of P1 (X = H; X' = BMPA) stressing the difference in X and
X" with respect to conjugation with the C=CPtC=C moiety as a possible explanation of the

unexpectedly large difference in tp’s in its biexponential emission decays of the [Pt] unit.



Again, no emission of the T states was observed. However, evidence for their presence was
obtained from the fs-TAS in the solid state (as films) as the delay line reached 8 ns (Figure 10).
For P1, the three fs—ps components are again observed (“83” fs, 678 fs, and 21.1 ps), but
for M1, only two species (201 fs and 9.97 ps) are noted, which is in fact in agreement with the
computed predictions of Table 3 (and Figure 6) for M1 when exciting at 470 nm (here So — Si,
So — S2). The longest lifetimes, here t(S1), of M1 (9.97 ps) and P1 (21.1 ps), are in the same
order of magnitude of the data measured in 2MeTHF solution (i.e., 9.3 ps (streak) and 9.91 ps
(fs-TAS)). However, both M1 and P1 exhibit supplementary species decaying in the ns time
scale. These species are unambiguously triplet state species, and the very short lifetimes (short
ns) are far from what is generally expected for a [Pt]-containing chromophore (us), and explain
the absence of phosphorescence arising from the T; state. Clearly, very short-lived excited
states, singlet and triplet, are common for this type of materials. This exhaustive photophysical
characterization of these new materials indicates that to observe any efficient photoinduced

electron transfer from the singlet states, these rates must be ultrafast, i.e., fs or short ps time

scale.
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Figure 10. Left: evolution of the fs-TAS of M1 (top) and P1 (bottom) as films. Note that the
positive and negative responses represent, respectively, the bleached and transient signals. IRF
being, respectively, 134 and 157 fs (Aexe =475 nm) for M1 and P1, the short components (~83
fs) should be equal to or less than the IRF value of 157 fs. Right: decay-associated spectra
of M1 and P1. The uncertainties are +5-10% based on multiple measurements. 7'is the

transmittance.
Photoinduced Electron Transfer to PCBM in 2MeTHF Solution

The presence of an intense fluorescence for P2 at 77 K permits an investigation on the
intermolecular photoinduced electron transfer. Here, PCBM is employed as an electron
acceptor (79—81) for the specific study of the potential oxidative (eq 1) (79) or reductive
(eq 2) (80,81) quenching process

P2* + PCBM — P2 + PCBM™ 1)
P2 + PCBM* — P2" + PCBM" 2)

The ([Pt]-[AQI]). (and ([Pt]-[QI]),) polymers exhibit invariably a 1-electron oxidation step at
~+1.1 V versus saturated calomel electrode (SCE) (45—53) as this process is mainly centered
onto the [Pt] unit (the sampling is about 12 polymers from the literature). Using the absorption
spectra (Figure 1), the origin of the electronic transition is ~575 nm (~2.16 eV) for P1*
and P2*. By using +1.1 V versus SCE for the oxidation potentials of P1 and P2, the driving
force for photo-oxidative electron transfer (Px* — Px™ + le"; x = 1, 2) is estimated as 2.16—
1.1 = +1.06 V versus SCE. Concurrently, PCBM is reduced at —0.94 V versus SCE (note that
this potential has been converted from vs Ag/Ag”into vs SCE as the reference
electrode). (82) The potential difference, AE, for eq 1 can be evaluated from +1.06-0.94 =~ 0.12
V versus SCE. For eq 2, using the position of the fluorescence band (~705 nm; ~1.76 eV), the
driving force for the photoreductive electron transfer (PCBM* + 1le” — PCBM™) is given by
—0.94 + 1.76 = +0.82 V versus SCE. So, the AE value of eq 2 can be evaluated from +0.82—1.1
~ —0.27 V versus SCE. Consequently, eqs 1 and 2 have, respectively, positive and negative
potential differences of ~+0.12 and ~—0.27 V versus SCE. Reaction2is not

thermodynamically favorable. (83) The modified Latimer diagrams are shown in Figure S21.

PCBM is fluorescent (Figure S22), in agreement with the literature. (84,85) The spectral
evolution of the fluorescence spectrum of P2 at constant concentration in a 2MeTHF glass at

77 K upon additions of PCBM (note that Aexe =460 nm, both P2 and PCBM are excited) shows


https://pubs-acs-org.passerelle.univ-rennes1.fr/doi/10.1021/acs.jpcc.9b00334#eq1

a decrease in P2 fluorescence intensity since P2*" is nonemissive (Figure 11). Part of this
decrease is due to the expected inner-filtering effect ((PCBM) =700 M~! cm™!, 460 nm, 77 K),
but the decrease is more pronounced than anticipated. More strikingly, the 4-fold expected
increase in the fluorescence intensity of PCBM with its concentration is much less than
anticipated, even when considering inner filtering, indicating quenching (note: PCBM ™ is

nonemissive).
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Figure 11. Evolution of fluorescence spectra of P2 (3.1 x 10* M based on one unit and kept
constant) at 77 K upon successive additions of PCBM: 0 (black), 9.22 x 107 (brown), 1.54 x
107* (red), 2.15 x 107* (blue), 2.77 x 107* (purple), 3.88 x 10~ (green), and 3.996 x 104 M
(pink). Aexc = 460 nm. The absorption, excitation, and fluorescence spectra of PCBM in

2MeTHF at 77 K are shown in Figure S22.

In statically distributed donors and acceptors in a given volume, one must consider the fact that
some donor---acceptor dyads are placed outside and within the sphere of
quenching. (83) Consequently, a fraction of the excited species will be unquenched and another
part will be quenched with a gradient with the statistical distance distribution. (83) This static
quenching was  monitored wusing their 1tF’s (i.e., P2 alone, Table 4;, PCBM

alone, P2/PCBM, Table 6). PCBM exhibits a tr value of 1.65 ns at 77 K, also consistent with



the literature. (84) When mixed with P2 and monitored at 720 nm (where PCBM emits), an
unquenched component of 1.52 ns (the uncertainties are +5% based on multiple measurements)
is depicted. The absence of detectable quenching for this component (PCBM*) is consistent
with the fact that photoinduced reductive quenching of PCBM* is thermodynamically
unfavorable (eq 2).

Table 6. tr Data of PCBM and P2 + PCBM at 77 K in 2MeTHF*

) (nm) T’ (ns) assignment 2P

PCBM 720 1.65 (100%) PCBM 1.022
P2 + PCBM 640 0.35 (2%)° P2 1.041

2.72 (45%) P2

6.18 (53%) P2
P2 + PCBM 720 1.52 (33%) PCBM 1.049

3.05 (42%) P2

6.45 (25%) P2

3 [PCBM] = 1.02 x 10* M. [P2] = 8.7 x 10°M (based on one unit). Using TCSPC and

multiexponential analysis.
® The values are extracted from multiexponential analyses.
¢ With 2% of relative intensity, the accuracy on the extracted tr is uncertain.

Concurrently, two components associated with P2 are also noted at 640 nm where P2 does emit
and at 720 nm where both P2 and PCBM emit. The tr values in the P2/PCBM mixtures (2.7
(45%) and 6.2 (53%) ns) are shorter than that noted for P2 alone (tr =3.7 (36%) and 10.6 (54%)
ns; Table 4; the difference between 10.6 (unquenched) and 6.2 ns (quenched) is significant),
thus supporting evidence for a photo-oxidative quenching: P2* + PCBM — P2 + PCBM .

Because of the statistical distribution of the P2---PCBM separations in frozen media and the
fact that for electron transfer, ke is distance dependent, the application of the exponential series
method (ESM) (55,56) is more appropriate for the analysis of the fluorescence decays and was
also applied. Indeed, this method permits one to compute a large number of components in the
emission decays (here up to 200) and to report their relative contribution versus lifetimes. This
graph translates in a distribution of tr’s, as indeed observed for the P2/PCBM mixtures
(Figure 12). As blank experiments, the same ESM analysis was performed for PCBM alone

and P2 alone, and only narrow distributions were observed (see Figures S23 and S24).


https://pubs-acs-org.passerelle.univ-rennes1.fr/doi/10.1021/acs.jpcc.9b00334#t6fn1
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P2+ PCBM 77K

— Decay
— Residuals
— Fit

A

w o O

Normalized Intensity

{
I|
||II TN ENER N NN A

2 4 6 8
Time (ns)

Normalized Intensity
N EEN (@) (00 o
OO

WO W

5 10 15 20 25 30
Time (ns)

Figure 12. Emission decay (blue), residuals (green), and best fit (red) of P2 in 2MeTHF at 77
K. Multiexponential analysis yields te = 1.52 (33%), 3.05 (42%), and 6.45 (25%) ns; y* = 1.049.
[PCBM] = 1.02 x 10* M. [P2] = 8.7 x 10 M (based on one unit). Inset: multiexponential
analysis (sky blue) and ESM analysis (black). Aexe= 443 nm, Aem = 720 nm. See Figures S22 and
S23 for P2 alone and PCBM alone at 77 K. In this figure, the multiexponential analysis results

are compared to those for ESM.
Photoinduced Electron Transfer of P1 and P2 to PCBM in Films

Because PCBM is also emissive in the solid state, one can also use this analytical signal to
address the electron transfer process in films taking advantage that the electron donor and
acceptor are always at minimal proximity. Indeed, despite the absence of fluorescence for
both P1 and P2, evidence for electron transfer is provided (Figure 13). In the absence
of P1 or P2, the PCBM film exhibits a structureless fluorescence band that matches that
reported in the literature. (85) The tr value for PCBM is 0.44 + 0.01 ns (3> = 1.09; Figure S24).

In a 1:1 relative ratio, complete quenching of the PCBM fluorescence is indeed observed for



both P1 and P2, which is fully consistent with the formation of the nonemissive PCBM™

' species.
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Figure 13. Fluorescence spectra of PCBM (red), P1/PCBM (black), and P2/PCBM (blue)
mixtures (in 1:1 relative amount based on one unit of polymer) as a film at 298 K (Aexc = 460

nm). The absorption spectra of these films are provided in Figure S25.

Noteworthy, the ratio 1:1 polymer/PCBM is selected in this kinetic study because the literature
shows that the best PCE values are generally near this relative quantity. (86,87) Noteworthy,
this experiment also demonstrates that this quenching process is not due to a singlet energy
transfer. This conclusion stems from the fact that in such a case, the energy donor and acceptor
would be the polymers and PCBM, respectively, based on the position of their fluorescence
bands (Figure 11). Upon energy transfer, the donor fluorescence is quenched, but not that for
the acceptor. This is clearly not the case as the PCBM fluorescence is completely quenched in
the polymer/PCBM films. The time scale of this process has been examined by fs-TAS of the
films (Figure 14; the absorption spectra of the films are shown in Figure S25). The neat film of

PCBM exhibits a transient at 460 nm (that remained in the negative) and two bleached signals



at 380 and 565 nm (Figure 14, top). After deconvolution, four species are depicted. One is
decaying with a time constant of 437 ps and is the S; state species deduced from tr mentioned
above. Moreover, a charge separation can also occur in neat films of PCBM (called Frenkel
exciton; PCBM* + PCBM — PCBM"™ + PCBM ™) and fullerene, (88,89) and the charge
recombination can occur in the ns time scale. The PCBM™ component is indeed observed as a
broader signal decaying with a time constant of ~7.8 ns (Figure 13, top right, turquoise line).
This broad component is also depicted in the decay-associated spectra for the P1/PCBM
and P2/PCBM films (see turquoise and purple lines in Figure 14, middle and bottom right), also

decaying in the ns time scale (=8 and 2.06 ns).
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Figure 14. Left: evolution of the fs-TAS of PCBM (top), 1:1 P1/PCBM (middle), and
1:1 P2/PCBM (bottom) films (Aexe = 470 nm). The IRF values are respectively, 152, 127, and
141 fs. Note that the positive and negative responses represent the bleached and transient
signals, respectively. Right: decay-associated spectra of M1 and P1. The uncertainties on the
lifetimes are +5-10% based on multiple measurements. 7'is the transmittance. The fs-TAS

spectra in the 850—1100 nm range are shown in Figures S26 and S27.



However, the fs-TAS responses of P1 and P2 versus that of PCBM (Figures 7, 10, and 14) are
very similar. This situation prevents one from assigning each individual component with
certainty. Nonetheless in all cases, the transient species are formed within the laser pulse with
no rise time exceeding the IRF (127-141 fs) meaning that the rate for electron transfer, ket > 6.6
x 10'2 57!, This conclusion is fully consistent with the experimentally determined ke values
reported for other related PCBM-containing molecular models and blends, (90—92) although
somewhat slower rates have also been reported (with time scales ranging from 360 to 420
15), (93,94) and is also consistent with the conclusion drawn above that in the case of an
oxidative quenching (Px* + PCBM — Px" + PCBM ™), the ket values must be very large to
overcome the rather short-lived S; state of P1 and P2, which are in the order of 10 ps (i.e., ©(S1)
< 8-21 ps, at 298 K, in solution and as films).

Conclusions

From the spectroscopic and photophysical standpoints, the anchoring of the BMPA groups
turned out beneficial since fluorescence arising from the lowest energy excited state,
Si (described as a CT state; [Pt] — AQI (major component) and BMPA — AQI (minor
component)), was observed for the first time for this type of push—pull materials, namely, ([Pt]-
(AQI)), and ([Pt]-(AQ)),. Thus, this signal then permitted one to monitor the photoinduced
electron transfer from the electron-donor polymer, namely, P2, to the acceptor PCBM in
solution. The DFT computational data on P1 and P2 indicated that the atomic contributions of
the HOMO were significantly larger on [Pt], which then suggest that this moiety represents the
electron-donor segment of the polymers during the electron transfer. This conclusion is
unprecedented and could explain the large number of literature works using this synthon for the
construction of solar cells. (23—34) Using 1:1 polymer/PCBM films, fs-TAS established that

the ket values are ultrafast (time scale <150 fs; IRF limit).
Supporting Information

Computed positions and oscillator strength for the 100 electronic transitions; calculated
positions of the pure electronic transitions, oscillator strengths, and major contributions; 'H
NMR, 3!'P NMR, and MALDI-TOF spectra; emission spectrum of 2b in 2MeTHF at 298 K in
the near-IR region and fluorescence spectrum and decay of PCBM in 2MeTHF at 77 K
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