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ABSTRACT: Four push—pull polymers of structure (C=C—[Zn]-C=C-A), (A = ™xn
isoindigo (P1), bis(a@-methylamino-1,4-benzene)quinone (P2), 2-(N-methylamino-1,4- 5_=650 nm
benzene)-N-1,4-benzene-maleimide (P3), and 2,2’-anthraquinone (P4); [Zn] = (
[bis(meso-aryl)porphyrin]zinc(Il) = donor) and models M1 and M2 (A'—C=C- (
[Zn]-C=C-A’; A’ = respectively naphtoquinone and 2-anthraquinone) were prepared
and characterized ("H and *C NMR, elemental analysis, GPC, TGA, cyclic voltammetry,
steady state and ultrafast time-resolved UV—vis and emission spectroscopy) and studied
by density functional theory (DFT) and time-dependent DFT (TDDFT) in order to
address the nature of the low-lying singlet and triplet excited states. P1 (fully conjugated
polymer), P2 (formally nonconjugated but exhibit strong electronic communication 2o
accross the chain) and P4 (formally nonconjugated but local conjugation between the
donor and acceptor) are near-IR emitters (4,,,, > 750 nm). M1 and M2 are mono-C=
C—[Zn]—C=C species, and P3 exhibits a very modest CT contribution (as maleimide is a weak acceptor) and are not near-IR
emitters. The nature of the S; and T, excited states are CT processes donor* — acceptor. In P1—P4, a dual fluorescence (7.7 <
Tg < 770 ps; except one value at 2.5 ns; P3) is depicted, which are assigned to fluorescences arising from the terminal and central
units of the polymers identified from the comparison with M1 and M2. The high and low energy fluorescences are respectively
short (77 < 75 < 166 ps) and long-lived (688 < 7 < 765 ps) suggesting S, energy transfers with rates, kg, of 7.1 (P1), 12 (P2)
and 4.5 (ns)™' (P4). The fs transient absorption spectra exhibit particularly very short triplet lifetimes (2.3 < 7r; < 87 ns)
explaining the absence of phosphorescence. Also ultrafast lifetimes (85 < 7 < 1290 fs) for species excited in the 0—0 peak of the
Q-band (650 nm; i.e.,, zz* porphyrin level) indicating its rather efficient nonradiative deactivation (S, ~ > S; and S, ~ > T,,).
When cooling takes place or the solution concentration is increased, new red-shifted fluorescence bands appear, evidencing
aggregate formation. Both fluorescence and transient absorption lifetimes of P1—P4 become shorter and their band intensity
lower. Finally, the position of the optically silent phosphorescence has been predicted to be in the 1300 (P1, P2) and 1000 nm
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B INTRODUCTION

Conjugated push—pull polymers have been the topic of intense
research over the past decade or so, namely for the design of
new materials for photovoltaic cells." One of the chromophores
that received little attention relative to thiophene, phenyl-
enevinylene, pyrole, and structurally related units (this list is
not exhaustive), is the porphyrin. Several conjugated
polyporphyrins have been reported so far, including a few
push—pull examples,” along with their low band gap properties.
Generally, the metalloporphyrin unit plays the role of the donor
residue. We find surprising that the known acceptor isoindigo
(2H-indol-2-one, 3-(1,2-dihydro-1-alkyl-2-oxo-3H-indol-3-yli-
dene)-1,3-dihydro-1-alkyl)*™ was not used as a potential
acceptor except for one work reported by Therien and
collaborators, who investigated a monomer composed of one
zinc(Il)porphyrin conjugated with two meso-isoindigo units.**
Similarly, the spacer 2,2'-anthraquinone, which appears as a
nonconjugated unit, was recently reported to form a “push-
pull” organometallic polymer of Pt(II),° but no polymer
containing porphyrin was reported so far. In fact, only a dimer
of nickel(IT) porphyrin was studied.” Interestingly in this case,
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electrochemical results indicate that the two units are coupled
(i.e., presence of electronic communication). Finally, the bis(p-
phenylethynyl)quinone diimine and its related derivatives in
relation with polyaniline were also the subject of intense
investigations by our group toward the design of polymers,”
and only two polymers containing a porphyrin donor was
reported (see PSa,b in Chart 1).” Facing this obvious paucity of
porphyrin-containing push—pull polymers (i.e., only 2 cases of
the same type),'® we were intrigued by the design of other
related examples along with their optical and electronic
properties whether they are formally conjugated (like in
isoindigo) or not (like in 2,2’-anthraquinone), in comparison
with those using the bis(p-phenylethynyl)quinone diimine
acceptor (here conjugated).

We now wish to report the synthesis and properties of push—
pull polymers containing the bis[meso-(ethynyl)zinc(1I)]
porphyrin, C=C—[Zn]—C=C, as the donor unit and the
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Chart 1. Structures of the Push—Pull Porphyrin-Containing
Polymers Investigated in This Work (P1—P4) in
Comparison with That for PSa,b
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isoindigo,3_5 bis(a—methylamino—1,4—benzene)quinone,10 N-
(1,4-benzene) (methylamino-1,4-benzene) maleimide,'*""
and 2,2’-anthraquinone®’ as acceptors (see respectively
structures P1—P4, in Chart 1). The three latter acceptors are
formally unconjugated but recent studies unambiguously
demonstrate that these materials exhibit electronic communi-
cation across the units.”'* Evidence for S, energy transfer
(terminal* — central units) is also provided for the near-IR
emitters P1, P2, and P4 (4, > 750 nm). All photophysical
parameters also demonstrate that the S, excited state
deactivations are ultrafast.

B EXPERIMENTAL SECTION

Materials. 5,15-Bis(3,4,5-tris(cetyloxy)phenyl)porphyrin,'* (E)-
6,6'-dibromo-1,1'-  dihexyl-[3,3"-biindolinylidene]-2,2"-dione (2),"
2,5-bis((4-iodophenyl) (methyl)amino)cyclohexa-2,5-diene-1,4-dione
(3),"% 2,6-dibromo-9,10-anthraquinone (4),'* 1-(4-ethynylphenyl)-3-
((4-ethynylphenyl) (methyl)amino)-1H-pyrrole-2,5-dione (7),' and
2-ethynylanthracene-9,10-dione (8),"> were prepared according to
literature procedures. Compound § was obtained by using the same
method as 3, All reactions were performed in Schlenk-tube flasks
under purified nitrogen. All flasks were dried under a flame to
eliminate moisture. All solvents were distilled from appropriate drying
agents. All other reagents were used as received.

[5,15-Dibromo-10,20-bis(3,4,5-tris(cetyloxy)phenyl)-
porphyrinatojzinc(ll) (6). $,15-Bis(3,4,5-tris(cetyloxy)phenyl)-
porphyrin (800 mg, 0.42 mmol) was dissolved in chloroform (150
mL), and pyridine (0.4 mL) was added. The reaction mixture was
cooled to 0 °C and NBS (N-bromosuccinimide) (150 mg, 0.84 mmol)
was added. After being stirred for 0.5 h, the mixture was allowed to
warm up to room temperature and stirred for 4 h. The reaction was
quenched by addition of acetone (S mL). Zn(OAc),-H,0O (75 mg, 1
mmol) in methanol (15 mL) was added into the solution above. The
reaction mixture was stirred at room temperature for 2 h. The
evaporation of the solvent and purification by column chromatography
(silica gel, CH,Cl,/hexanes (1/1)) afforded a purple solid (800 mg,
90% yield). '"H NMR (400 MHz, CDCL,): § (ppm) 9.73 (d, J = 4.8
Hz, 4 H),9.06 (d, ] = 4.8 Hz, 4 H), 7.36 (s, 4 H), 429 (t, ] = 6.4 Hz, 4
H), 4.09 (t, ] = 6.4 Hz, 8 H), 1.97 (m, 4 H), 1.87 (m, 8 H), 1.67 (m, 4
H), 1.47 (m, 8 H), 1.25 (m, 144 H), 0.87 (m, 18 H). *C NMR (101
MHz, CDCL): 6 15125, 151.17, 150.43, 138.08, 137.09, 13391,
133.40, 122.68, 114.51, 105.49, 73.95, 69.52, 32.19, 32.15, 30.79,
30.14, 30.11, 30.08, 30.03, 30.01, 29.93, 29.88, 29.69, 29.67, 29.6S,
29.59, 26.54, 26.35, 22.95, 22.92, 14.38, 14.36. MS (MALDI-TOF):
m/z 2126 (M*). Anal. Caled for Cy5H, oBr,N,O¢Zn: C, 72.30; H,
9.95; N, 2.64. Found: C, 71.97; H, 9.56; N, 2.50%.

[5,15-Diethynyl-10,20-bis(3,4,5-tris(cetyloxy)phenyl)-
porphyrinatojzinc(ll) (1). Compound 6 (800 mg, 0.38 mmol) was
dissolved in THF (75 mL), and triethylamine (75 mL) was added. The
mixture was purged with nitrogen for 30 min. Pd(PPh;),Cl, (13 mg,
0.02 mmol), Cul (4 mg, 0.02 mmol), and trimethylsilylacetylene (0.2
mL, 1.14 mmol) were added. After heating at 60 °C for 48 h under
nitrogen, the solvent was removed under reduced pressure. The
residue was filtered using CH,Cl, over a silica carpet. The filtrate was
collected and evaporated to 100 mL, and tetrabutylammonium

fluoride (1 mL, 1 M in THF) was added. After stirring for 2 h,
water was added to quench the reaction. The solution was extracted
with chloroform, washed with water and dried over anhydrous MgSO,,.
After evaporation of the solvent, the residue was purified by column
chromatography (silica gel, CH,Cl,/hexanes (1/1)) to give a green
solid (500 mg, 66% yield). 'H NMR (400 MHz, CDCL,): & (ppm)
9.72 (d, ] = 4.8 Hz, 4 H), 9.05 (d, ] = 44 Hz, 4 H), 7.38 (s, 4 H), 427
(t, ] = 6.4 Hz, 4 H), 4.18 (s, 2 H), 4.09 (t, ] = 6.4 Hz, 8 H), 1.95(m, 4
H), 1.88 (m, 8 H), 1.67 (m, 4 H), 1.47 (m, 8 H), 1.26 (m, 144 H),
0.86 (m, 18 H). *C NMR (101 MHz, CDCl,): § 152.50, 151.31,
150.61, 138.03, 137.10, 133.27, 131.40, 122.93, 114.42, 100.32, 85.98,
84.28, 73.93, 69.52, 32.19, 32.15, 30.80, 30.1S5, 30.11, 30.08, 30.06,
30.02, 30.02, 29.94, 29.88, 29.70, 29.65, 29.59, 26.55, 26.37, 22.95,
22.92, 14.38, 14.36. MS (MALDI-TOF): m/z 2018 (M + 1). Anal.
Caled for C;3,H,,,N,O4Zn: C, 78.62; H, 10.60; N, 2.78. Found: C,
78.30; H, 10.28; N, 2.39%.
Bis(2-(methyl(phenyl)lamino)naphthalene-1,4-dione)[(5, 15-dieth-
ynyl-10,20-bis(3,4,5-tris(cetyloxy)phenyl)porphyrinato]zinc(ll) (M1).
A 100 mg quantity (0.05 mmol) of 1, 38.9 mg (0.10 mmol) of 5, 3 mg
(0.003 mmol) of Pd,(dba); (dba = dibenzylidene—acetone), and 23
mg (0.075 mmol) of AsPh; were dissolved in THF (50 mL) and Et;N
(50 mL), and the reaction was stirred at 45 °C for 48 h under argon.
The solvent was evaporated, and the residue was purified by column
chromatography using CH,Cl,/hexane (1:1, v/v) as the eluent to give
M1 (68 mg, 54% yield) as a deep green solid. "H NMR (400 MHz,
CDCL,): & (ppm) 9.62 (d, ] = 4.0 Hz, 4 H), 8.91 (d, ] = 4.4 Hz, 4 H),
7.87 (d, J = 8.0 Hz, 4 H), 7.62 (br, 4 H), 7.35 (br, 4 H), 7.14 (m, 4 H),
6.87 (br, 4 H), 4.98 (s, 1 H), 4.20 (m, 4 H), 4.00 (m, 8 H), 3.23 (s, 6
H), 1.88—1.77 (br, 12H), 141-1.39 (br, 12 H), 1.15-1.08 (br, 144
H), 0.76—0.68 (m, 18 H). *C NMR (101 MHz, CDCl,): § 183.69,
181.56, 152.26, 151.44, 150.43, 148.09, 138.15, 137.50, 133.94, 133.01,
132.70, 131.95, 131.80, 130.94, 126.74, 125.51, 125.37, 123.24, 121.98,
114.49, 112.65, 101.69, 96.43, 93.91, 74.04, 69.68, 43.11, 32.14, 30.90,
30.12, 30.05, 30.03, 29.94, 29.58, 26.47, 22.91, 14.35. MALDI-TOF:
2540 (M + 1). Anal. Calcd for (C,4H,3,NgO,9Zn)n: C, 78.52; H,
9.29; N, 3.31. Found: C, 78.15; H, 9.48; N, 3.58%.
Bis(2-anthraquinone)[(5,15-diethynyl-10,20-bis(3,4,5-tris-
(cetyloxy)phenyl)porphyrinatojzinc(ll) (M2). A 212.7 mg quantity
(0.1 mmol) of 6, 464 mg (0.2 mmol) of 8, 3.5 mg (0.005 mmol)
Pd(PPh;),Cl,, and 1 mg (0.005 mmol) of Cul were dissolved in THF
(50 mL) and Et;N (50 mL). The reaction was stirred at 65 °C for 24 h
under nitrogen. The solvent was evaporated, and the residue was
purified by column chromatography using CH,Cl,/hexane (1:1, v/v)
as the eluent to give M2 (170 mg, 70% yield) after recrystallization
(CHCl,/acetone) as a green solid. '"H NMR (400 MHz, CDCL,): 6
(ppm) 9.50 (s, 4 H), 9.10 (s, 4 H), 7.65 (s, 4 H), 7.53—7.27 (br, 14
H), 4.47 (br, 4 H), 4.35 (br, 8 H), 2.05 (br, 12 H), 1.55—1.19 (br, 156
H), 0.90—0.81 (br, 18 H). MS (MALDI-TOF): m/z 2428 (M + 1).
Anal. Calcd for C40H,,,N,0,0Zn: C, 79.12; H, 9.30; N, 2.31. Found:
C, 79.41; H, 9.57; N, 2.52%.
Poly((1,1'-dihexyl-[3,3'-biindolinylidene]-2,2’'-dione)[(5, 15-dieth-
ynyl-10,20-bis(3,4,5-tris(cetyloxy)phenyl)porphyrinato]zinc(ll)) (P1).
A 100 mg quantity (0.05 mmol) of 1, 29.4 mg (0.0S mmol) of 2, 3 mg
(0.003 mmol) of Pd,(dba);, and 23 mg (0.07S mmol) of AsPh; were
dissolved in THF (50 mL) and Et;N (50 mL), and the reaction was
stirred at 45 °C for 48 h under argon. The solvent was evaporated and
the residue was purified by column chromatography using CH,Cl,/
hexane (1:1, v/v) as the eluent to give P1 (78 mg, 64% yield) as a
deep green solid. '"H NMR (400 MHz, CDCL): & (ppm) 9.09 (br, 6
H), 7.50 (br, 6 H), 6.93 (br, 6 H), 4.36 (br, 4 H), 4.17 (br, 8 H), 3.50
(br, 4 H), 1.93 (br, 12 H), 1.26 (br, 172 H), 0.89 (br, 24 H).
Poly((2,5-bis(methyl(phenyl)amino)cyclohexa-2,5-diene-1,4-
dione)[(5,15-diethynyl-10,20-bis(3,4,5-tris(cetyloxy)phenyl)-
porphyrinato]zinc(ll)) (P2). A 100 mg quantity (0.0S mmol) of 1, 28.5
mg (0.0S mmol) of 3, 3 mg (0.003 mmol) of Pd,(dba);, and 23 mg
(0.075 mmol) of AsPh, were dissolved in THF (50 mL) and Et;N (50
mL). The reaction was stirred at 45 °C for 48 h under Ar. The solvent
was evaporated, and the residue was purified by column chromatog-
raphy using CH,Cl,/hexane (1:1, v/v) as the eluent to give P2 (70
mg, 60% yield) as a deep green solid. '"H NMR (400 MHz, CDCL,): §
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(ppm) 9.75 (br, 4 H), 9.05 (br, 4 H), 7.99 (br, 2 H), 7.66 (br, 2 H),
7.42 (br, 6 H), 6.85 (br, 4 H), 4.32 (br, 4 H), 4.12 (br, 8 H), 3.40 (br,
6 H), 1.93 (br, 12 H), 1.41—1.21 (br, 168 H), 0.85 (br, 18 H).

Poly((3-(methyl(phenyl)amino)-1-phenyl-1H-pyrrole-2,5-dione)-
[(5,15-diethynyl-10,20 -bis(3,4,5-tris(cetyloxy)phenyl)-
porphyrinatojzinc(ll)) (P3). A 100 mg quantity (0.05 mmol) of 1,
16.3 mg (0.05 mmol) 7, 3.5 mg (0.005S mmol) Pd(PPh;),Cl,, and 1
mg of Cul (0.005 mmol) were dissolved in THF (50 mL) and Et;N
(50 mL). The reaction was stirred at 65 °C for 48 h under argon. The
solvent was evaporated, and the residue was purified by column
chromatography using CH,Cl,/hexane (1:1, v/v) as the eluent to give
P3 (48 mg, 42% yield) as a green solid."H NMR (400 MHz, CDCl,):
5 (ppm) 9.76 (br, 4 H), 9.07 (br, 4 H), 8.11 (br, 2 H), 7.57 (br, 4 H),
7.41 (br, 6 H), 5.27 (br, 1 H), 4.32 (br, 4 H), 4.12 (br, 8 H), 3.57 (br,
3 H), 1.98—1.89 (br, 12 H), 1.41—1.21 (br, 156 H), 0.86 (br, 18 H).

Poly((2-anthraquinone)[(5,15-diethynyl-10,20-bis(3,4,5-tris-
(cetyloxy)phenyl)porphyrinato]zinc(ll)) (P4). A 100 mg (0.0S mmol)
of 1, 18.3 mg (0.05 mmol) of 4, 3 mg (0.003 mmol) of Pd,(dba),, and
23 mg (0.075 mmol) of AsPh; were dissolved in THF (S0 mL) and
Et;N (50 mL). The reaction was stirred at 65 °C for 48 h under argon.
The solvent was evaporated and the residue was purified by column
chromatography using CH,Cl,/hexane (1:1, v/v) as the eluent to give
P4 (101 mg, 85% yield) as a deep green solid. 'H NMR (400 MHz,
CDCL): 6 (ppm) 9.25—8.99 (br, 4 H), 8.36 (d, ] = 2.0 Hz, 2 H), 8.08
(d, ] = 84 Hz, 4 H), 7.89 (dd, J = 8.0, 2.0 Hz, 4H), 7.27 (s, 4 H),
4.57-425 (br, 12 H), 1.50—0.79 (br, 186 H).

2,5-Bis(4-bromoaniline)quinone Diamine (9a). 4-Bromoaniline
(1.0 g, 6.0 mmol) was dissolved in 100 mL of absolute ethanol, and
1,4-benzoquinone (0.22 g, 2.0 mmol) was added while bubbling
oxygen through the solution for 12 h. A precipitate formed which was
filtrated through a Buchner funnel and washed with cold absolute
ethanol. The brown product (0.27 g, 30% yield) was placed in the
oven at 100 °C prior to be dried under vacuum. IR (KBr)/cm™ v:
3237 (N-H). '"H NMR (400 MHz, DMSO): § (ppm) 9.38 (s, 2 H,
NH), 7.60 (s, 4 H, CH arom), 7.35 (s, 4 H, CH arom); 5.82 (s, 2 H,
H-quinone). m/z (EI): 448 (M*).

2,5-Bis(4-((trimethylsilyl)ethynylaniline))quinone Diamine (10a).
2,5-Bis(4-bromoaniline)quinone diamine (1.0 g 4.0 mmol) was
dissolved in a solvent mixture (40 mL of toluene and 15 mL of
diisopropylamine), containing 0.10 g (0.40 mmol) of PPh;, 0.14 g
(0.20 mmol) of PdCL,(PPh;), and 0.040 g (0.20 mmol) of Cul and
was stirred under argon for 30 min. Using a syringe, ethynyltrime-
thylsilane (1.0 mL, 8.0 mmol) was added dropwise. The solution was
heated at 90 °C for 12 h. The solvent was evaporated and the product
was dissolved in CHCIl,, washed with water (3 X 30 mL) and dried
over anhydrous MgSO,. The red product (0.35 g, 36% yield) was
purified using silica chromatography with CHCI; as the solvent. IR
(KBr)/ecm™, v: 3270 (N—H), 2158 (C=C). '"H NMR (400 MHz,
CDCL): 6 (ppm) 8.11 (2 H, s, NH), 7.50 (4 H, m, CH aro), 7.20 (4
H, m, CH aro), 6.13 (2 H, s, H-Quinone), 0.25 (18 H, s, Si(CHj,);).
BC NMR (101 MHz, CDCL): § 180.34, 145.47, 137.22, 133.39,
121.81, 120.55, 104.15, 96.84, 95.42, 0.00. m/z (EI): 482 (M*).

Di-tert-butyl (3,6-Dioxocyclohexa-1,4-diene-1,4-diyl)bis((4-
iodophenyl)carbamate) (10b). To a solution of 10a (1.02 g 2
mmol) in THF was added BOC,0 (1.66 g, 7.6 mmol). This solution
was stirred at room temperature for 12 h after the addition of 4-
dimethylaminopyridine (DMAP, 0.244 g, 2 mmol). The solvent was
evaporated. The crude product was purified by chromatography on
silica gel using CH,Cl,/hexane (1:1, v/v) to give 10b (0.78 g, 53%
yield) as a yellow solid. '"H NMR (400 MHz, CDCL,): § (ppm) 7.68
(d,] = 8.4 Hz, 4 H, Ar), 6.94 (d, ] = 8.4 Hz, 4 H, Ar), 6.38 (5, 2 H, Ar),
1.43 (s, 18 H, 6CH,). *C NMR (101 MHz, CDCl,): § 182.32, 152.35,
148.22, 140.98, 138.71, 128.92, 127.04, 92.54, 83.79, 28.09 ppm. ESI—
Tof: m/z calculated, 764.9929 (MNa'); m/z observed, 764.9929
(MNa").

Instruments. The 'H and *C NMR spectra were collected on a
Bruker DRX400 spectrometer using the solvent as chemical shift
standard. The coupling constant are in Hz. MALDI-TOF mass
spectra were recorded on a Bruker BIFLEX III TOF mass
spectrometer (Bruker Daltonics, Billerica, MA, USA) using a 337

nm nitrogen laser with dithranol as matrix. The spectra were measured
from freshly prepared samples. The molecular weights of the polymers
were determined by GPC (HP 1050 series HPLC with visible
wavelength and fluorescent detectors) using polystyrene standards and
THEF as an eluent, and the thermal analyses were performed with the
PerkinElmer TGAG6 thermal analyzer. 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 solid state
spectra were measured by forming a polymer film on the microscope
slide and were measured on a Varian Cary 300 Bio UV-—vis
spectrometer at 298 K. The steady state fluorescence (<820 nm)
and the corresponding excitation spectra were acquired on an
Edinburgh Instruments FLS980 phosphorimeter equipped with single
monochromators. Fluorescence lifetime measurements were made
with the FLS908 spectrometer using a 378 nm picosecond pulsed
diode laser (fwhm = 78 ps) as an excitation source. Data collection on
the FLS980 system was perfromed by time correlated single photon
counting (TCSPC). The emission spectra located in the near-IR
region and the corresponding excitation spectra were recorded on a
PTI QM-400 instrument. All fluorescence spectra were corrected for
instrument response.

Electrochemistry. The electrochemical measurements were
carried out using a standard three-electrode configuration (Pt working
electrode, a platinum counter electrode and a Ag wire as a
pseudoreference electrode) and a PARC 273A potentiostat interfaced
to a personal computer at room temperature under a flow of nitrogen
gas. The solvent in all measurements was deoxygenated THF, and the
supporting electrolyte was 0.1 M [Bu,N]*[PF]™. The ferrocenium/
ferrocene (FeCp{/ %) couple was used as a standard, the reference
electrode was calibrated at the end of each experiment against the
ferrocene/ferricenium couple (Fc/Fc*), whose formal potential is 0.56
V, relative to the KCl saturated calomel electrode (SCE).'®

Femtosecond Transient Absorption Spectroscopy. The fs
transient spectra and decay profiles were acquired on a homemade
system using the SHG of a Soltice (Spectra Physics) Ti—sapphire laser
(Aexe = 398 nm; fwhm >75 fs; pulse energy = 0.1 yJ per pulse, rep. rate
= 1 kHz; spot size ~500 um), a white light continuum generated
inside a sapphire window and a custom-made dual CCD camera of 64
X 1024 pixels sensitive between 200 and 1100 nm (S7030, Spectronic
Devices). The delay line permitted 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(4,t) = C;(1) X e — /7 + C,(1) X e — 1,/
7 + ...) that fits the whole 3D transient map.

Fast Kinetic Fluorescence Measurements. The short compo-
nents of the fluorescence decays were measured using the output of an
OPA (OPA-800CF, SpectraPhysics) operating at A, = 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(4,t) = C;(4) X e
—t/t+ C(A) Xe—t/t+..).

Quantum Yield Measurements. For room-temperature measure-
ments, all samples were prepared under an inert atmosphere (in a
glovebox, O, < 12 ppm) by dissolution of the different compounds in
THF using 1 cm® quartz cells with septum (298 K) measurements.
Three different measurements (i.e., different solutions) were
performed for each set of photophysical data (quantum yield). The
sample concentrations were chosen to correspond to an absorbance of
0.05 at the excitation wavelength. Each absorbance value was measured
three times for better accuracy in the measurements of emission
quantum yield. The reference was tetraphenylporphyrin (®; = 0.11)."”

X-ray Crystallography. The crystals of 10a were grown by slow
evaporation of CH,Cl, at room temperature. One single crystal of 0.02
X 0.25 X 0.40 mm® was mounted using a glass fiber at 298(2) K on the
goniometer. Data were collected on an Enraf-Nonius CAD-4
automatic diffractometer at the Université de Sherbrooke using w
scans. The DIFRAC'® program was used for centering, indexing, and
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Scheme 1. Synthesis of P1, P2, P3, P4, M1, M2, 10a, and 10b“
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data collection. One standard reflection was measured every 100
reflections, no intensity decay was observed during data collection.
The data were corrected for absorption by emgirical methods based on
psi scans and reduced with the NRCVAX'" programs. They were
solved using SHELXS-97°° and refined by full-matrix least-squares on
F* with SHELXL-97°° The non-hydrogen atoms were refined
anisotropically. The hydrogen atoms were placed at idealized
calculated geometric position and refined isotropically using a riding
model. The crystal plates were very thin with a face of only 0.02 mm
making the diffraction % observed low.

The crystals of 10b were grown by slow evaporation of a CHCl,/
CH;0H solution. A clear light orange Plate-like specimen of
C,sH,5I,N,Og, approximate dimensions 0.030 mm X 0.360 mm X
0.670 mm, was used for the X-ray crystallographic analysis. The X-ray
intensity data were measured on a Bruker Kappa APEX II DUO CCD
system equipped with a TRIUMPH curved-crystal monochromator
and a Mo fine-focus tube (1 = 0.71073 A). A total of 1091 frames were
collected. The total exposure time was 242 h. The frames were
integrated with the Bruker SAINT software package using a narrow-
frame algorithm. The integration of the data using a triclinic unit cell
yielded a total of 6907 reflections to a maximum 6 angle of 26.57°
(0.79 A resolution), of which 6907 were independent (average
redundancy 1.000, completeness = 92.6%, Ry, = 5.78%) and 6692
(96.89%) were greater than 26(F?). The final cell constants of a =
6.1385(11) A, b =9.4691(17) A, ¢ = 25.004(5) A, a = 88.849(5)°, B =
88.489(5)°, y = 81.113(5)°, volume = 1435.2(4) A3 are based upon
the refinement of the XYZ-centroids of 9950 reflections above 2005(I)
with 4.674° < 26 < 53.14°. Data were corrected for absorption effects
using the multiscan method (SADABS). The ratio of minimum to
maximum apparent transmission was 0.701. The calculated minimum
and maximum transmission coefficients (based on crystal size) are
0.3174 and 0.9363. The structure was solved and refined using the
Bruker SHELXTL Software Package, using the space group P1, with Z
= 2 for the formula unit, C,sH)sI,N,O4. The final anisotropic full-
matrix least-squares refinement on F* with 326 variables converged at
R1 = 8.98%, for the observed data and wR2 = 23.96% for all data. The
goodness-of-fit was 1.130. The largest peak in the final difference

electron density synthesis was 9.412 e”/A® and the largest hole was
—6.927 e~ /A3 with an RMS deviation of 0.359 e /A3. On the basis of
the final model, the calculated density was 1.718 g/cm® and F(000),
728 e,

Computations. Calculations were performed with Gaussian 09*'
at the Université de Sherbrooke with Mammouth supercomputer
supported by le Réseau Québécois de Calculs de Haute Performances.
The DFT**"* and TDDFT*°"*® were calculated with the
B3LYP?™*" method. 6-31G***™*" basis sets were used for C, H, N,
and O atoms, and VDZ (valence double ¢) with SBKJC effective core
potentials®®~** were used for Zn atoms. The calculated absorption
spectra and related MO contributions were obtained from the
TDDFT/singlets output file and gaussum2.2.*' The electrode
potentials and orbital energies were obtained from the DFT
calculations with a method like Namazian et al*’ The model
compounds were optimized before the time-dependent density-
functional theory (TDDFT) calculations. Only the relevant (stronger
oscillator strength and wave function coefficients) molecular orbitals
are shown. All computations were performed without symmetry
constraints. The predicted phosphorescence wavelengths were
obtained by calculating the difference in the total energy between
the optimized triplet state and the optimized singlet state. This energy
difference is equated to the T,—S, gap and can therefore be used to
predict the phosphorescence wavelength of a compound.*?

B RESULTS AND DISCUSSION

Synthesis and Characterization. The syntheses of model
compounds 10a, 10b, M1 and M2 and polymers P1, P2, P3
and P4 are shown in Scheme 1.

First, the starting material 1 (HC=C—[Zn]-C=CH) was
synthesized from a Sonogashira coupling of 6 (Br—[Zn]—Br)
with Me;SiC=CH, followed by the deprotection of the
ethynyls with Bu,NF. M1, P1, P2, and P4 were obtained by
free Cu(I) Sonogashira coupling reaction between 1 and
respectively §, 2,9 3, and 4" separately. Concurrently, M2
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and P3 were prepared from compound 6 with 7,'° 8'° by
Sonogashira coupling using Pd(PPh,),Cl,/Cul as catalysts. The
model 10a was prepared from a Sonogashira coupling of 9a
with Me;SiC=CH, whereas model 10b was obtained from the
amine protection in 9b using BOC,0. All new compounds and
polymers have been characterized by 'H and '*C NMR, mass
spectrometry and so on. The data are consistent with the
structures. Long chains (—OC,4H;;) were used on porphyrin to
increase the solubility and indeed all porphyrin products are
soluble in hexanes, CH,Cl,, THF and so on.

The GPC analyses indicate that P1, P2, P3, and P4 are
oligomers with degree of polymerization, DP, respectively of 7,
7, 11, and 6 (Table 1; GPC traces are in the Supporting

Table 1. GPC and TGA data of P1, P2, P3, and P4

M, M, PD DP Tec (deg)
P1 15400 28700 1.87 7 >300
P2 15400 21700 1.40 7 >300
P3 24400 39300 1.61 11 >300
P4 13200 21800 1.65 6 >270

Information). The fact that these materials are oligomers
bringing about an interesting feature for this study. Indeed, the
relative amount of terminal groups in comparison with the
central units is large and consequently one can address the
interactions (i.e., energy transfers) between these different
chromophores. The thermal gravimetric analysis (TGA)
recorded in the 25—810 °C range indicates decomposition at
T > 250 °C in all cases, and even exceeding 300 °C from some
cases (Table 1; GPC traces are in the Supporting Information).
This thermal stability makes these materials appealing for
applications. The first weight loss contributes to 50—68% of the
total mass of the materials and occurs between ~250 and 500
°C. This weight loss is likely associated with the loss of the
—OC,4H;; chains accounting for ~62%).

During the course of this investigation, the potential
intermediates 10a and 10b were prepared and were also used
as model compounds for structural analysis purposes (Figure
1), namely in monitoring the dihedral angle formed by the
average plane of the central a,a-quinone and maleimide with
their peripheral benzene groups, # and ', as a function of the

Me;Si%@—N/ 0
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Figure 1. ORTEP drawings of 10a,b, 11,"°° and 12.'° The thermal
ellipsoids are represented at 50% probability. Some details are
provided in the Supporting Information for convenience.

position of their low energy charge transfer band, CT (Table
2).

For a more complete data set, these data are also compared
to that of compounds 11 and 12 previously reported by us
(Figure 1)."% It is assumed that € and @’ are weakly affected by
the nature of the group X, so a three member series can
adequately be compared. Indeed, the average 6 and 0’ and
position of the CT band for 10a, 12 and 10b are respectively
~32, ~69, and ~86° and 386, 367, and 351 nm (X = I).
Conclusively, as the planarity improved (ie, € and 6’
decreases), the position of the CT band red-shifts as if the
materials would behave as they were conjugated, although
formally they are not. This conclusion strongly supports the
findings previously stressed by us on other related polymers
(containing the trans-Pt(PBu,), unit instead of [Zn]).'" The
averaged 6 and @ for 11 and 12, respectively 69 and 60°,
cannot account for the large difference in CT band positions (X
= 1), respectively at 382 and 367 nm. This is explained by the
better electron acceptor ability of the a,a-quinone group (in
12) vs that for maleimide (in 11)."% Finally, the red-shifts of
the CT bands going from X = I to X = C=CSiMe; is simply
due to extension of the conjugated 7-systems.

Electrochemistry. The cyclic voltammograms, CV, of M1,
M2, P1, P2, P3, and P4 are shown in Figure 2. Only chemically
irreversible reduction waves are noted in the ~—1.8 to 0 V vs
SCE range whereas the 0 to +1.3 V window is electrochemically
silent (i.e., no oxidation wave attributable to the C=C—[Zn]—
C=C unit was observed). On the basis of previous
electrochemical studies, the reduction signal is associated with
the reduction of the quinones and anthraquinones.”*> This
conclusion is supported by DFT calculations below. For
comparison purposes, the CV traces for P4 exhibits the same
peak potentials as for the polymer (C=C—[Pt]-C=C-AQ),
(AQ = 2,2'-anthraquinone),” suggesting that there is minimal
effect between [Zn] and [Pt], except for the irreversibility in
P4.The comparison with M2 is also useful. The CV for M2
(i.e, AQ—C=C—[Zn]-C=C—AQ) exhibits a reduction peak
at —1.55 V with a weak shoulder at ~—1.35 V meaning that
little modifications (nearly a shift of ~0.15 V) is observed. This
is also consistent with the similar observation made for AQ—
C=C—[Pt]-C=C-AQ).° In the case of M1 and P2, the
reduction peak positions are expectedly not the same as the
electron acceptors are different (quinone vs naphtha-quinone).
The acceptor with the least conjugated m-bonds is indeed
harder to reduce (i.e, quinone). Attempts to prepare the
corresponding model compounds with quinones failed
stubbornly as the unsubstituted side of the quinone proved
reactive during the synthesis. The key result is that the first
reduction waves are similar (ie, —1.31, —1.36, —1.24, and
—1.24 V vs SCE for P1, P2, P3, and P4, respectively) but
should not necessarily be reflected by the position of the CT
bands because of the irreversibility of the process.

Optical Properties. The characteristic absorption features
(Figure 3) associated with the [Zn] chromophore are noted in
the 400—500 nm range (Soret) and S00—650 nm for the Q-
region (usually two bands for metallopoprhyrins; see data in
Table 3). Above 700 nm, a feature associated with a CT process
is detected. This assignment is made based upon previous
findings for PSa and P5b (Chart 1)* and DFT computations
placed below. The exception in this list is P3, a polymer
composed of the weakly accepting quinone maleimide, for
which the spectral signature resembles more that of a metallo-
porphyrin alone™ (i.e., typical zz* signature at ~650 nm with
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Table 2. Dihedral Angles and CT Absorption Position of 10a and 10b, 11 and 12

x—@%/{

S

0 and ' (deg)
32.02 and 32.02
65.80 and 72.41
85.98 and 86.04”

A(CT) (nm) in 2MeTHF at 298 K*
386 (X = 1), 401 (X = C=CSiMe,)*
367 (X = 1), 370 (X = C=CSiMe;)"
351 (X =1)

o)
central plane N-R X
10a a,a-quinone N-H C=CSiMe,
12" a,a-quinone N—Me C=CSiMe;
10b a,a-quinone N-BOC I
1'% maleimide N—Me I

84.74 and 86.83"

55.48 and 64.55 382 (X =1)

“It is assumed that 0 and @’ are weakly affected by the nature of the group X. bThere are two crystallographically independent molecules in the unit
cell. “There is another feature in the S00—600 nm range but the maximum cannot be accurately extracted (see Supporting Information for the

spectra).
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Figure 2. Cyclic voltammetry of M1, M2 (blue), P1, P2, P3, and P4 (both 4.0 X 10~ M in THF with 0.1 M NBu,PF). Scan rate =50 mV/s.

no extra feature above 700 nm) suggesting that the porphyrine
chromphore does not seemingly interact strongly with this
quinone acceptor. Indeed, the DFT computations below
corroborate this observation.

DFT and TDDFT Computations. The geomerty of the M1
and M2 models were first optimized and the presentations of
selected frontier MOs and relative contributions of the donor
and acceptor fragments to these MOs are placed in Figure 5
and Table 4.

The atomic orbital contributions of the HOMO is mainly
composed of the C=C-[Zn]-C=C r-system for both
models with relative contributions of respectively 72 and
88%, the remainder being localized on the quinone z-systems.
Conversely, the LUMO exhibits atomic orbital contributions
located on the 7z-systems of the quinones (93 and 60% for M1
and M2, respectively). The remainder is located on the C=C—
[Zn]—-C=C 7z-system. The HOMO — LUMO transitions are
consistent with the expected CT processes C=C—[Zn]-C=
C — A. The 40/60% distribution for the C=C—[Zn]-C=C/
anthraquinone fragments makes this CT process rather
moderate compared to that for M1. TDDFT calculations
(Table 4) place the pure electronic transitions at 793.5 and
701.3 nm for M1 and M2, respectively, which compare

reasonably with the experimental data (735 and 674 nm Table
3). The trend of the calculated oscillator strength is f(M2) >
f(M1) and is also consistent with the observed absorptivity
values, ¢ (ie., (M2) > ¢(M1), Table 2). A bar graph reporting
fas a function of wavelength is shown in Figure 4 (bottom). By
applying an arbitrary thickness of 1000 cm™" to each transition,
a spectrum is generated. A qualitative resemblance between the
calculated and experimental spectra is noted. The calculated
upper energy transitions produced by HOMO and H — 1 - L
+ 2 and L + 3 are reminiscent with the expected 7,7* features
associated with the Q-bands placing these peaks in the region
normally expected. These transitions also exhibit some modest
mixing with CT contributions due to the presence of weak MO
contributions of the acceptor quinone (see L + 2 for M2 as an
example) or the presence of many individual transitions mixed
together in which one of them is a CT process (see entry at
612.6 nm for M2).

The representation of selected frontier MOs for A—-C=C-
[Zn]-C=C—A—C=C—[Zn]-C=C—A used as models for
P1—P4, their normalized distributions of the fragment orbital
contributions, selected calculated positions of the pure
electronic transitions, oscillator strengths (f), and their major
contributions are provided in Figure 5 and Table §,
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Figure 3. Absorption (black), excitation (blue) and fluorescence (red)
spectra of M1, M2, P1, P2, P3, and P4 in THF at 298 K.

Table 3. Absorption Data for [Zn],** M1, M2, P1, P2, P3,
and P4

Aaps (nm) (e (M™' em™)), THF (298 K)

[Zn] 434 (282000), 444 (252000), 574 (21400), 622 (26200)
M1 454 (299000), 661 (59000), 735 (10400)

M2 440 (147300), 461 (161000), 674 (65000)

P1 430 (126000), 486 (67000), 562 (16000), 750 (17500)
P2 454 (196000), 665 (33000), 738 (17500)

P3 452 (243700), 658 (30300)

P4 461 (126000), 690 (34800), 755 (27500)

respectively. The C4H,; groups have been replaced by CHj to
minimize computer time.

The results can be divided into two groups: (1) P1, P2, and
P4 and (2) P3. The former group exhibits obvious CT
processes in the same manner described for M1 and M2,
whereas the second one (P3) does not (see the top of Table $
for a clear trend). The lack of CT processes in P3 is fully
consistent with the experimental data (Figure 3) where no CT
feature normally detected >700 nm is noted. For the first group
(P1, P2, and P4), the CT processes are obvious, both
experimentally and computationally. Again, this list contains a
fully conjugated system (isoindigo; P1), an unconjugated
system but conjugated to the ketone (anthraquinone; P4), and
a formally unconjugated system between the porphyrin
chromophore and the quinone acceptor (a,a-quinone; P2).
These computations place the CT peaks A(P1) > A(P2) as
experimentally observed, whereas 4(P4) is calculated at a lower
position but is observed at a higher wavelength of A(P1) and
A(P2). As the position of the CT band is found sensitive to the
dihedral angle made by the average quinone plane vs that of the
flanking benzenes (up to 35 nm; Table 2), and it is not clear
whether this angle is the same for the experimental and the
computations (even in a THF solvent field). No reliable
explanation is available for this discrepancy. Nevertheless, the

calculations corroborate well the presence of low-lying CT
states.

Emission Properties. The M1, M2, P1, P2, P3, and P4 in
2MeTHF are emissive at 298 K (Figure 3; see Table 6 for the
photophysical parameters).

No obvious aggregation phenomenon was depicted in the
107 to 1077 M concentration range used (see below). The
excitation spectra superpose well the absorption indicating that
the emitting species are the same as the absorbing ones (i.e, no
signal from possible impurities). The emission bands turned
out to be particularly large for P1, P2, and P4 at 298 K. One
reason stems from the presence of two emissions, a blue- and
red-shifted ones arising respectively from the terminal and
central units, commonly observed in oligomers.* This is
particularly evident when comparing the spectra of M1 with
that for P2 and M2 with P4 (Figure 3). Indeed, the emission of
the models M1 and M2 fall exactly at the same position of a
low intensity shoulder on the blue side of the main band (at
~650 and ~700 nm for both P2 and P4, respectively).

However, multiple emissions should not occur for mono-
meric models but it is seemingly the case for M2, which exhibits
a strong narrow emission signal placed at higher energy that the
low energy absorption. This observation is unusual but not
without precedent for this class of compounds. Indeed for PSa
and PSb, such a similar situation was observed where a
fluorescence from the Q- (weaker in this case) and CT bands
(stronger) were noted.* The new feature in M2 is that the high
energy emission is inexplicably more intense than that of the S,
CT luminescence. These two parameters, terminal and central
chromophores, and the possibility of two states emitting from a
same chromophore, indicate that these emissions are likely to
exhibit multiple components. This is indeed the case (Table 6).
In all cases, the lifetimes are in the ps or short ns time scales
indicating that the emissions are fluorescence. This observation
is also consistent with the strong spectral overlaps between the
emission and absorption (i.e, small Stoke shifts). Two
components are readily depicted in the time-resolved spectra
where the high and low energy bands are short- and long-lived,
respectively.

The M1 and M2 models bare only one C;H,C=C—[Zn]—
C=CC¢H, unit and their dual emissions are unambigeously
not related to terminal vs central units (Figure 6). For
comparison purposes, the reported absorption (669 nm) and
fluorescence (678 nm) 0—0 peaks and fluorescence lifetime, 7
(2.04 ns), for Me,NC¢H,C=C—[Zn]-C=CCsH,NMe,
(with di-ortho-substituted aryls at the meso-positions) in THF,
are considered.”” On this basis, the fluorescence position at 690
nm for M1 is strongly reminiscent of the S, mz* for this
chromophore and the longer wavelength band at 760 nm is an
emission arising from the CT state. Unsurprisingly, the ultrafast
7 for the high energy fluorescence (7.7 ps) is associated with a
very efficient nonradiative relaxation down to the S; CT state.
The latter state also emits with an ultrafast kinetic (~35 ps).

M2 exhibits two very closely located fluorescence bands (645
and 665 nm) and cannot be respectively attributed to S; zz*
and CT emissions as this was the case for M1. The lowest
energy excited state in M2 is a moderate CT state (significantly
mixed with zz* contribution of C=C—[Zn]—C=C unit; see
DFT results in Table 4). In fact, M2 can exist as cis- and trans-
isomers as previously demonstrated for an anthraquinone—
[Pt]—anthraquinone compound readily detected by *'P NMR
in this case.® Unfortunately, these isomers in M2 could not be
neither confirmed by 'H or *C NMR nor separated by colomn
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Table 4. (Top) Distributions of the Normalized Fragment O
the Major Contributions are in Bold, and (Bottom) Selected
Strengths (f), and Major Contributions.”

rbital Contributions of the Frontier MO’s for M1 and M2, Where
Calculated Positions of the Pure Electronic Transitions, Oscillator

M1 H-4 H-3 18l =2 18l = 1l H L L+1 L+2 L+3 L+4
C=C—[Zn]-C=C 1.00 0.39 0.19 1.00 0.72 0.07 0.01 0.80 1.00 0.52
benzene-N-naphtoquinone 0.00 0.61 0.81 0.00 0.28 0.93 0.99 0.20 0.00 0.48

M2 H-4 H-3 H-2 H-1 H L L+1 L+2 L+3 L+4
C=C-[Zn]-C=C 0.76 0.99 0.99 1.00 0.88 0.40 0.05 0.48 1.00 0.19
anthraquinone 0.24 0.01 0.01 ~ 0.0 0.12 0.60 0.95 0.52 ~ 0.0 0.81

A (nm) F major contributions (%) for M1

793.5 0.7098 HOMO — LUMO (97)

768.0 0.0000 HOMO — L + 1 (98)

638.1 0.8064 HOMO — L + 2 (90)

610.5 0.0053 H-1-LUMO (32), H—1— L +2 (18), HOMO — L + 3 (50)
S71.5 0.0000 H-1->L+1(99)

A (nm) F major contributions (%) for M2

701.3 1.2960 HOMO — LUMO (96)

622.9 0.0000 HOMO — L + 1 (99)

612.6 0.0161 H -1 - LUMO (71), HOMO — L + 3 (27)

563.6 0.0257 H-1-L+3(12), HOMO — L + 2 (87)

538.5 0.0000 H-1-L+1(100)

S521.1 0.0812 H-1-LUMO (22), H— 1 —> L + 2 (46), HOMO — L + 3 (32)

“The 100th transitions are placed in the Supporting Information.
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Figure 4. Top: selected MOs for M1 and M2 (H = HOMO, L = LUMO; energy in eV; see Supporting Information for H — 4 to L + 4). Bottom: bar

graph (blue) reporting their electronic transition positions vs f (oscillator strength). The black line is a spectrum where 1000 cm™

transition. The CH; groups are used to minimize calculation times.

is applied to each

chromatography. The 7y, values of P4 (77 and 765 ps) are in the
same order of magnitude (109 and 708 ps) but could not be
specifically assigned. The time-resolved fluorescence spectra of
the polymers exhibit dual components as well (Figure 7), but
their origins differ from the models.

For the formally unconjugated P3 polymer, the nature of the
S, excited state is again a zz* state localized in the C=C—
[Zn]—C=C chromophore (Table 5). The time-resolved
spectra exhibit two species with narrow peaks at 640 (7 =
680 ps) and 645 nm (zz = 2.5 ns). These species are easily
identified as the less extended 7-conjugated terminal (C=C—
[Zn]—Br) and the more z-conjugated central (C=C—[Zn]-
C=C) groups, which stem from the reaction 6 + 7 — P3 in

1:1 stoichiometry (Scheme 1). The shorter 7 (680 ps) is most
likely due to the expected heavy atom effect (i.e., Br), although
the commonly encountered S; energy transfer (terminal* —
central)***® is strongly considered. In such a case, the rate for
energy transfer, k., is given by kyr = (1/75) — (1/75) where 7
and 7y are the fluorescence lifetime of the energy donor in the
presence (here terminal) and absence of an energy acceptor
(central unit is appropriate).*” Then, kg ~ 1.1 X 10° s™%. Such
a rate is typical for multiporphyrin assemblies.*’

The time-resolved fluorescence spectra for P1, P2, and P4
are expectedly broad as deduced from Figure 3, well extending
in the near-IR region. The 7 values vary from 77 to 765 ps, a
range similar to that found in the model compounds. Because
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Figure S. Selected MOs for A—-C=C—[Zn]-C=C-A-C=C-[Zn]-C=

C—A models for P1, P2, P3, and P4 (optimized geometry by DFT; H

= HOMO, L = LUMO; energy in eV; see Supporting Information for H — 4 to L + 4).

Table S. (Top) Normalized Distributions of the Fragment Orbital Contributions of the Frontier MO’s for P1, P2, P3 and P4,
Where the Major Contributions are in Bold, and (Bottom) Selected Calculated Positions of the Pure Electronic Transitions,

Oscillator Strengths (f), and Major Contributions.”

H-4 H-3 H-2 H-1
P1
C=C-[Zn]-C=C 021 1.00 1.00 0.77
isoindigo 0.79 0.00 0.00 0.23
P2
C=C-[Zn]-C=C 0.13 1.00 1.00 0.73
a,a-quinone 0.87 0.00 0.00 0.27
P3
C=C-[Zn]-C=C 0.23 1.00 1.00 0.83
maleimide 0.77 0.00 0.00 0.17
P4
C=C—[Zn]-C=C 1.00 1.00 1.00 0.89
anthraquinone 0.00 0.02 0.02 0.11
A (nm) F
P1 866.1 4.284
746.1 0.0095
P2 785.7 1.3331
773.6 0.0136
P3 644.1 2.3127
635.5 0.0901
P4 724.6 2.4902
706.2 0.0021

H L L+1 L+2 L+3 L+4
0.73 0.38 0.34 0.10 0.62 0.59
0.27 0.62 0.66 0.90 0.38 0.41
0.71 0.09 0.27 0.19 0.57 0.62
0.29 091 0.73 0.81 0.43 0.38
0.82 0.86 0.88 1.00 1.00 0.04
0.18 0.14 0.12 0.00 0.00 0.96
0.87 0.36 0.43 0.07 0.45 0.56
0.13 0.64 0.57 0.93 0.55 0.44

major contributions (%)°
HOMO — LUMO (93)
H -1 - LUMO (83), HOMO — L + 1 (14)
H — 1 - LUMO (85), HOMO — LUMO (10)

H - 1 —» LUMO (10), HOMO — LUMO (86)
H -1 - LUMO (51), HOMO — L + 1 (38)
H - 1 - LUMO (35), HOMO — L + 1 (51)

H - 1 - LUMO (82), HOMO — L + 1 (14)
HOMO — LUMO (91)

“The 100th transitions are placed in the Supporting Information. “The bar graph reporting the position of the electronic transitions vs the oscillator

strength (f) and line representing a spectrum where 1000 cm™" is applied

to each transition, are placed in the Supporting Information.

the fluorescence maxima of most components are >700 nm
(i.e., more red-shifted than the 0—0 peak of the Q-band), it is
easy to deduce that the nature of these emissive states is CT.
Consequently, their origin is again the shorter-lived terminal
unit, which is generally blue-shifted, and central units (generally
red-shifted), with P2 being the exception where both bands lye
nearly on top of each other. Using the same approach
mentioned above, the kg values extracted for P1, P2, and P4
are respectively ~7.1 X 10%, ~ 12 X 10%, and 4.5 X 10° s7*. The
overall fluorescence intensity is modest but typical for the [Zn]
chromophore (see [tetra(meso-aryl)porphyrinato]zinc(II),

ZnTPP, for example, @ = 0.03; 7 = 2.8 ns).17 However, no
phosphorescence was observed at all. The fs transient
absorption spectroscopy was used to shine light on this
phenomenon.

Femptosecond Transient Absorption Spectroscopy.
Prior to present the transient data, one comment is needed.
The use of quinone®' and anthraquinone®” covalently attached
to a porphyrin macrocycle is well documented in the literature
where photoinduced electron transfers are reported and
supported by various techniques. In all these literature cases,
the linkage between the electron donor and acceptor is clearly
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Table 6. Fluorescence Parameters and Closest Lifetime
Components in the Transient Absorption Spectra at 298 K

closest lifetime

component in the

transient
(o Amax (£10 nm) absorption spectra
(£10%)“  (Zexc = 400 nm) 75 (ps) (ps)
M1 0.013 690 7.7 + 0.1 7.85 + 0.02
760 353+ 0.2
M2 0.051 645 109 + 1
665 708 + 1 636 + 3
P1 0.014 755 (broad) 119 + 1
780 750 + 2 592 +5
P2 0.005 750 (very broad) 77 £ 1 47 £ 1
750 (very broad) 765 + 4
P3 0.033 640 680 + 20 366 + 2
645 2500 + 600
P4 0.012 740 166 + 1
765 688 + 2 474 + 6

“With respect to H,TPP (®f = 0.11) in ref 17.

Intensity (a.u)
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Figure 7. Left: Time-resolved fluorescence spectra of P1, P2, P3, and
P4 in THF at 298 K. Right: spectra of the different components with
their decay times (reported in Table 6) describing the spectra on the
left. Note, the fluorescence intensity is not corrected for the detector
response.
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Figure 6. Top: time-resolved fluorescence spectra of M1 and M2 in
THEF at 298 K. Bottom: spectra of the different components with their
lifetimes (Table 6) describing the spectral evolution. The component
in red for M1 is a component providing a better fit. Note, the
fluorescence intensity is not corrected for the detector response.

unconjugated or exhibits a drastic torsion angle preventing
efficient conjugation. More diagnostic, in these reported
spectra, no band exceeding 650 nm was observed (ie., no
CT band). On the basis of the DFT computations above, as the
CT excited state already exhibits significant electronic density
on the acceptor moieties (here quinone (P2) and anthraqui-
none (P4); see Table S), then photoinduced electron transfer
from the excited porphyrin to quinone and anthraquinone is
clearly unlikely. Furthermore, no oxidation wave attributable to
C=C—[Zn]—C=C within the 0 to +1.4 V SCE window was
detected. This observation suggests that oxidation of this unit
must occur at a more positive potential (i.e, >+1.4 V) and
consequently, the photoinduced electron transfer is indeed
likely to be thermodynamically unfavorable.

The fs transient absorption spectra are provided in Figures 8
(M1 and M2) and 9 (P1-P4). Using A, = 650 nm, the
position of the 0—0 Q-band, the S, 7z* porphyrin manifold is
populated allowing to monitor its relaxation kinetics along with
those of the states in the vicinity including the T, states, which
expected to be low-lying (see DFT computations below). The
positive and negative signals are respectively the bleach and the

550 600 450 500 550 600
A/AT;
; 0.02; M2 - 1.28+001ps
A 636 +3 ps
* 85+ 1fs 0.01 H * 68 +1ns
793+ 5fs
< 1.80£0.04 ps //\'L
2.32+0.06ns 0 —
\/ - 7.85£0.02ps
450 500 550 600 450 500 550 600

Wavelength (nm) Wavelength (nm)

Figure 8. Top: Time evolution of the transient absorption spectra of
M1 and M2 in 2MeTHF at 298 K, A, = 650 nm, pulse width =81 and
127 fs, respectively. Bottom: individual components describing the
time evolution. Note that the components >8.6 ns are not accurate
because of the limitation of the delay line.

transient bands. The evolution of the transient spectra was
monitored from ~0 fs to 8.6 ns (limit of the delay line). These
spectra were deconvoluted to extract each component along
with their relaxation lifetimes (Table 7). The results turned out
to be rather complex but particularly informative. The
complexity is amplified by the well-known solvent-induced
vibrational relaxation of the S, population containing the
ZnTPP chromophore which occurs in the picosecont to to tens
of picoseconds range.”” Such interactions lead to nonemitting
species, and an extra component is expected for S, species in
the transient spectra.

First, any species with lifetimes larger than their correspond-
ing fluorescence lifetimes extracted from the Streak camera data
are unquestionably T, species (T, ~ > S;). These lifetimes are
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Figure 9. Left: Time evolution of the transient absorption spectra of
P1-P4 in degassed solution of 2MeTHF at 298 K, 4,. = 650 nm, pulse
width =127, 153, 115, and 143 fs, respectively. Right: individual
components describing the time evolution. Note that the components
>8.6 ns are not accurate because of the limitation of the delay line.

Table 7. Transient Absorption Lifetimes (solvent =
2MeTHF)

ultrafast other closest
components  components components to triplet
(fs) ps) 7's (ps) components (ns)
M1 85=+1, 1.80 + 0.04 7.85 + 0.02 2.32 + 0.06
793 £ S
M2 1280 + 10 46.7 £ 0.5 636 + 3 68 + 1
P1 596 + S 489 + 0.7 592 £ 5 22.1 £ 02
P2 109 + 4 4.48 + 0.04 47 £ 1 8.0+ 0.2
P3 1290 + 10 24.9 = 0.01 366 + 2 87 £ 1
P4 568 +2 7.02 = 0.07 474 £ 6 34 +2
1.14 £ 0.01,
1.89 + 0.05

2.32 + 0.06 (M1), 68 + 1 (M2), 22.1 + 0.2 (P1), 8.0 + 0.2
(P2), 87 + 1 (P3) and 34 + 2 ns (and maybe 1.89 + 0.0S and
1.14 = 0.01 ns) (P4). Qualitatively based on data of Tables 6
and 7, the short triplet lifetimes are also often associated with
short 7y and vice versa. Noteworthy, these triplet lifetimes are
particularly fast in comparison with those reported for common
porphyrin free bases and metalloporphyrins (generally ms).>’
This result explains well why no phosphorescence has been
observed for all materials investigated. Although two
components were depicted in the fluorescence spectra
associated with terminal and central units, only one component

is noted for the triplet species (note that two other components
at 1.89 + 0.05 and 1.14 + 0.01 ns are observed but their
identity is uncertain). This result indicates that the nonradiative
relaxation T, 2 T, and T, 2 S, are also very fast.

The best fits provide four to six components (P4 has six).
After identifying the triplet species, the remainders are the
singlet ones, which relax from 85 fs to several hundreds of ps.
In many cases, it was possible to “match” the closest transient
lifetime component with a fluorescence one (Table 6), hence
helping the identification. The nonexact “match” stems from
the large number of components needed to describe the
transient data, and the lower intensity and the biexponential
nature of the fluorescence. The shortest components range
from ~0.09 to 1.29 ps (M1, 0.09 and 0.79; M2, 1.28; P1, 0.60;
P2, 0.11, P3, 1.29; P4, 0.57 ps) and are reasonably assigned to
S, (most likely S, in this work) species (excited in the 0—0 peak
of the Q-band), which rapidly relax to S; (S, ~ > S;(CT)) or
T, (T, ~ > T,(CT), where this latter assignment for T,(CT) is
based on DFT computations provided below). Figure 10

Sp(n*) 109 < 1 < 596 fs
n

S1(CT) —:EI\ T (o)

8<1t<34ns

47 <1 <592 ps

So

Figure 10. Energy diagram for P1, P2, and P4 along with their
deactivation time scales. In this diagram, the manifold associated with
terminal and central units are neglected for sake of simplicity. Note
that the position of the T, manifold is not known and that the straight
arrow is fluorescence and the wave arrows indicate nonradiative
processes.

summarizes the energy diagram and the transient lifetimes
applied to the push—pull polymers P1, P2 and P3. Finally, the
last components, listed as M1, 1.8; M2, 46.7; P1, 48.9; P2, 4.5;
P3, 24.9; and P4, 7.0 ps, are likely solvent-induced vibrational
relaxation of the S, population containing the C=C—[Zn]—
C=C chromophore as the time scale is consistent with those
reported for ZnTTP.>

The key conclusion of the fs transient absorption measure-
ments is that the low fluorescence intensity and absence of
phosphorescence are mostly due to the particularly fast
nonradiative deactivation kinetics (mostly ~100 fs to several
hundred of ps). The relaxation of the triplet species (T; ~ > S;
2 < T, < 87 ns) is a clear evidence for this phenomenon.

Aggregation of the Polymers and Solid State. The
absorption and emission spectra of P2 and P4 were investigated
in the solid state (Figure 11) and both series exhibit broad and
significantly red-shifted signals with respect to solution. In
order to shine light on this phenomenon, the polymers were
investigated in solution at 298 and 77 K for three
concentrations (107, 10™° and 107° M, in 2MeTHEF; for
comparison of all materials see Supporting Information).

At lower concentrations, the fluorescence bands are blue-
shifted and of medium intensity. This lower intensity is
expected from the lower optical density. Upon increasing the
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Figure 11. Fluorescence spectra of P2 and P4 in 2MeTHF at 298
(top) and 77 K (middle) as a function of concentration. Bottom;
absorption (black) at 298 K and emission (various colors) spectra as a
function of temperature of P2 and P4 in the solid state. The emission
intensity has been normalized for convenience.

concentration (107 M), the intensity increases but new
features start appearing on the red side of the spectrum (see P2
and P4 for a notable examples). Upon further increase of the
concentration (10™* M), the shifting of the fluorescence band
to the red side continues but the intensity decreases also. This
decrease is due a combination of an optical density issue (too
opaque for the incident and emitted light to go through the
sample) and lower quantum efficiencies in the high
concentration state. The second effect is easily verified from
the expected decrease in emission lifetimes (as demonstrated
below for P1-P4). The red-shifting upon cooling and
increasing the concentration is typical for an aggregation
phenomenon.”* In the solid state, both P2 and P4 exhibit
maxima around 980 nm and the total intensity increases upon
cooling from 298 to 80 K. The normalization of the spectra
allows for the detection of a small variation of the intensity at
900 nm. The polymers have been investigated at 77 K where
aggregation takes place (Figure 12 and Table 8). Again, the
maxima have shifted to the red and the time-resolved spectra
also indicate shorter multiple components (at least 2 or 3).

For the polymers, the 7 data are systematically shorter,
which is consistent with the observed decrease in fluorescence
intensity upon aggregation. For comparison purposes the
model compounds M1 and M2 were investigated as well. The
concentration and temperature effects on the spectra (band
shapes and positions) are more modest (see Supporting
Information). The 7y data for M1 increase drastically whereas
those for M2 remains within the same order of magnitude. It is
concluded that aggregation is possible for these monoporphyrin
units but the larger size of the polymers in comparison with the
model compounds leads to more nonradiative deactivation
pathways.

Triplet state. The measurements of the fluorescence
lifetimes of all materials in solution provided no evidence for
long components suggesting the presence of phosphorescence.
DFT was used to predict their positions by calculating the
difference between the total energy of the ground and lowest
energy triplet excited states (Table 9). Moreover the nature of
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Figure 12. Absorption (black), excitation (blue), and fluorescence
(red) spectra of M1, M2, and P1-P4 in 2MeTHF at 77 K.

Table 8. Emission Wavelength and Lifetimes at 77 K (i.e.
aggregation state)

Aps (nm), 2MeTHF Amax (£S5 nm)“ 7z (ps)
M1 452, 658, 744 785 114 + 1
830 S77 £ 1
M2 454, 584, 672 735 19.8 £ 0.3
755 101 + 1
770 647 =S
P1 430, 485, 755 810 (very broad) 139 + 04
860 74+ 1
P2 456, 668, 750 770 (broad) 154 + 04
840 674 + 09
P3 452, 664 690 181 +1
700 53.5+ 0.5
700 820 + 4
P4 454, 706, 786 820 10.5 + 0.4
860 479 £ 0.5
875 201 + 2

“The time-resolved fluorescence at 77 K spectra are placed in the
Supporting Information.

the lowest and highest semioccupied molecular orbitals
(LSOMO and HSOMO, respectively) has also been addressed
(Figure 13).

The description of the triplet state T can be reasonably
made on the basis of the atomic contributions of the LSOMO
and HSOMO. Assuming that the MOs generating the S, state,
which are mainly HOMO and LUMO based on the data in
Table 5, then it is reasonably expected a similarity between
LSOMO and HOMO and HSOMO and LUMO. Indeed, the
calculated LSOMO and HSOMO representations are reminis-
cent to those corresponding HOMO and LUMO, respectively.
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Table 9. Predicted Position (from DFT Computations) of
the Phosphorescence 0-0 Peaks

T,—S, energy gap

compound hartree eV calculated T, — S, wavelength (nm)
P1 model 0.033 13 0.90 1378
M1 0.044 10 1.20 1033
P2 model 0.03511 0.96 1292
P3 model 0.04595 1.2§ 992
M2 0.044 82 1.22 1016
P4 model 0.044 77 1.22 1016

Bl CONCLUSION

Four new push—pull polymers of the general formula (C=C—
[Zn]—C=C-A), all exhibiting a S; CT excited state at various
extents with very different structural features, notably a fully
conjugated polymer (P1), a formally nonconjugated but exhibit
strong electronic communication accross the chain (P2), a
formally nonconjugated material but local conjugation between
the donor and acceptor occurs (P4), and one bearing a weak
acceptor and used for comparison (P3), have been reported.
The three former polymers are near-IR emitters with 4, > 750
nm. Theses polymers appear as oligomers providing the
opportunity to investigate the photophysical properties of the
terminal unit as they act as antenna to the central core of the
polymer chain, thus exhibiting a dual fluorescence arising from
the terminal to the central units. Both, the emission intensities
and lifetimes are respectively weak and short-lived, smaller than
what is expected for the common ZnTPP. The fluorescence
and fs transient absorption spectra kinetics indicate that the
S,(CT) (from 77 to 765 ps; fluorescence decays and from 47 to
592 ps; transient absorption) and the nonemissive T,(CT)
(from 8 to 34 ns; transient absorption) states are very short-
lived for P1, P2 and P4. The same polymers excited within the
0—0 peak of the Q-band (650 nm) also relax nonradiatively
rather quickly (from 109 to 596 fs; ie., S,(#7*) ~ > S,(CT)
and S,(zz*) ~ > T,(an*), T;(CT)). When the concentration
is increased or the solution is cooled, new red-shifted bands
appear in the spectra, which witness the presence of an
aggregation phenomenon. The overall fluorescence intensity

decreases as well as the fluorescence lifetimes. In the solid state,
the emission maximum shift all the way to 980 nm,
representing a red-shift of more than 200 nm in comparison
with the maxima observed in solution at 298 K under dilute
conditions. Finally, DFT computations predict that the T,
manifold should be found between 1000 and 1400 nm.

All in all, the investigation of these push—pull polymers
indicates the presence of rather complex processes, which in
these cases, are ultrafast. The next question is within the bulk
heterojunction solar cells built upon push—pull conjugated
polymers such as those or others, are the rates for the migration
of the excitation energy (from the center of the bulk to the
interface with the electron acceptor; often PCBM, phenyl-Cq;-
butyric acid methyl ester) and the excited state lifetimes of the
electron donors within the polymers long enough to efficiently
inject electrons into the PCBM-containing phase? This work
indirectly demonstrates that these kinetic parameters must
clearly play in the magnitude of the solar cell efficiency.
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