Tuning Light Absorption in Pyrene:
Synthesis and Substitution Effects
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ABSTRACT

Three isomeric donor—acceptor (DA) chromophores based on pyrene were synthesized to study the effects of substitution pattern on intra-
molecular charge-transfer absorption through pyrene. These chromophores are nonfluorescent and absorb light in the long-wavelength region
approaching 700 nm, making them promising light-harvesters. Their optical properties depend greatly on the substitution pattern of the donor, but

their electrochemical properties are relatively unaffected.

Pyrene is a well-known photochemist’s molecule, and
for many years it has been utilized in a variety of applica-
tions such as sensing and biological imaging.'~* Modern
synthetic methods now provide access to nonsymmetric
substitution patterns on pyrene that were previously diffi-
cult to achieve, thus enabling pyrene to be utilized as a
building block for organic electronic materials.*~’ The
optoelectronic properties of such materials are often tuned
using a combination of electron-rich (donor, D) and
electron-poor (acceptor, A) substituents. However, there
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are few examples® ' of this “push—pull” strategy em-
ployed on pyrene and none that investigate the effect of the
regiochemical relationship between donor and acceptor.
With this in mind, we have synthesized a series of three
isomeric pyrene-based “push—pull” chromophores in or-
der to study the regiochemical effects on their photo-
physical and electrochemical properties. An a-diketone serves
as the acceptor, fixed in the pyrene k-region, while the
positions of the donor substituents, N, N-didodecyl-4-ethy-
nylaniline, are varied.

N,N-Didodecyl-4-ethynylaniline and pyrene-4,5-dike-
tone 1 were synthesized according to known methods.''!?
In order to perform Sonogashira cross-coupling to attach
the donor aniline groups to the central diketone acceptor,
a series of dibrominated pyrene diketones were prepared
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divergently from pyrene-4,5-diketone 1; the diketone moi-
ety is reduced and protected to facilitate the Pd-catalyzed
coupling reactions, which are known to be hindered by
the presence of the a-diketone.'*!* As shown in Scheme 1,
the 4,5-dibromo-9,10-pyrene diketone 2 was produced by
regioselective bromination of 1 according to the procedure
by Mullen et al.* Reduction of 2 with zinc and in situ pro-
tection with the tertbutyldimethylsilyl (TBDMS) chloride
afforded the protected 4,5-dibromo isomer 3.'> Reversing
the order of reduction and bromination of 1 resulted in bis
silyl-protected 1,8-dibromo isomer 5.

Scheme 1. Synthesis of 4,5-Dibromo- and 1,8-Dibromo-
Protected Diketone Isomers for Cross-Coupling
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Synthesis of the more elusive 2,7-dibromo isomer began
by subjecting bis-silyl 4 to the iridium-catalyzed regiose-
lective borylation developed by Marder et al.'®!” resulting
in bis-pinacol borane 6, as shown in Scheme 2. To our
knowledge, this is the first report of this reaction on a
substituted pyrene, and it is important to note that the
regioselectivity is maintained at the 2,7 positions. How-
ever, continuing with Marder’s method failed to produce
the dibrominated compound and instead resulted in the
deprotection of the TBDMS groups.'® A second route was
attempted from bis-pinacol borane 6 to form the protected
2,7-dihydroxypyrene 7, which was subsequently triflated
to give 8. However, poor yields were obtained in the
Sonogashira cross-coupling reaction between bis-triflate
8 and N,N-didodecyl-4-ethynylaniline. We then surmised
that less steric bulk might aid the cross-coupling step and
the TBDMS ether protecting groups were replaced with
methyl ethers. The route began with 4,5-dimethoxypyrene
9 (produced according to the method of Bodwell et al.'®)
that was borylated to give 10 and finally brominated to
obtain the protected 2,7-dibromo isomer 11.

With the three isomers in hand, Sonogashira cross-
coupling reactions was carried out with N,N-didodecyl-4-
ethynylaniline 12 to obtain protected pyrene isomers
13—15, as shown in Scheme 3. The three protected pyrenes
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Scheme 2. Synthetic Strategies Used To Access the Protected
2,7-Dibromo Isomer (11)
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were subsequently deprotected and reoxidized to form the
final regioisomeric D—A—D chromophores 16 to 18.

Scheme 3. Cross-Coupling, Deprotection, and Oxidation To
Afford Regioisomeric Pyrene D—A Chromophores
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Figure 1 shows the absorption spectra of diketones 16 to
18 in chloroform at 10~¢ M concentrations. Diketone 16
shows absorptions starting at 500 nm, which is consistent
with a charge transfer (CT) band centered at 470 nm, as
was observed on similarly substituted pyrene D—A com-
pounds by Miillen et al.'" The CT absorption band of 17 is
of similar intensity as 16, but is strongly red-shifted with
a broad band centered at 570 nm and extending to over
700 nm. The CT band of 18 is the furthest red-shifted
(575 nm peak), but the least intense of the three isomers.
However, diketone 18 has an extremely strong m—s*
transition at 385 nm with a molar absorptivity nearing
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Table 1. Optical, Electrochemical, and Calculated Properties of Pyrene Chromophores 16—18

dap (m) eM rem ™) Aoneet® m)  Eopi’ (€V)  Eoxopv® V) Ereampvy V) Eox — Ered® (€V)  ERGMo_nomo” (€V)  uprr (D)

16 450 26600 500 2.3 0.29
17 570 23000 700 1.7 0.40
18 575 7400 700 1.6 0.33

-1.07 1.4 2.04 15
-1.11 1.5 2.34 16
-1.04 14 2.06 6

“Measured in CHCl;. ” Calculated from Aopser. € CV and DPV potentials are referenced to an internal ferrocene/ferricenium redox probe in CH,Cl,

containing 0.05 M (nBu)4PF¢ with a Pt button working electrode, a Ag wire quasi reference electrode, and a Pt wire counter electrode at 20 mV-s™ .

4B3LYP/6-31G-+(d) using Gaussian09.

1

10°M~!.ecm™!. Chloroform solutions of 16, 17, and 18 are
yellow, purple, and blue, as shown by the inset of Figure 1.
The absorption profile of diketones 16 to 18 did not change
between 10> and 10~° M chloroform solutions, indicating
little aggregation or dimerization effects that are com-
monly observed in pyrene.”’ None of the diketones dis-
played fluorescence, although their respective precursors
13—15 were highly fluorescent (see the Supporting Infor-
mation, Figure S1).

400 500 600 700 800
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Figure 1. UV/vis absorption spectra of diketones 16 (orange), 17
(purple), and 18 (blue) in CHCl;. (Inset: photo of 16—18 left to
right in CHCl3.).

Insight into the large variation in optical properties
between the isomers was gained by DFT calculations.
Optimized structures (B3LYP/6-31G+(d)) and MOs of
truncated models (dodecyl chains are replaced by Me
groups) of 16—18 are shown in Figure 2. Optimized model
diketone 16 shows the two anilines twisted out-of-plane
with respect to the pyrene core, whereas optimized model
diketones 17 and 18 show aniline rings that are coplanar
with the pyrene core. The HOMO of 16 is localized to the
ethynylaniline fragments, in contrast to the HOMOs of
17 and 18, which have MO coefficients that span both
donor and acceptor portions of the molecule. The LUMOs
of all three diketones have near-identical coefficients
and lie at similar energy, residing on the electron-poor,
acceptor pyrene core. The nonplanar anilines in 16 and
aniline-localized MOs supports a typical donor—acceptor
model of the intramolecular CT band.?'~** Conversely, the
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coplanarity of the anilines with pyrene in both 17 and 18
suggests a donor—acceptor system whereby the donor
component spans both the anilines and the pyrene, which
is consistent with the HOMO coefficients. Because of the
delocalized HOMOs in 17 and 18, the “donor” portion of
the molecules is enhanced leading to a large red-shift in the
CT band. The intensity of the CT bands of 16 and 17 are
comparable, but the CT band of pyrene 18 is much
attenuated. The CT band intensity is attributed to the
differences in transition dipole moments. Both diketones
16 and 17 possess calculated ground-state dipoles of 15 and
16 D, whereas pyrene 18 has a much smaller ground-state
dipole of 6 D, leading to a smaller transition dipole. As
shown in Table 1, the DFT-calculated values for the
HOMO-LUMO energy gaps of 16—18 are overestimated
and do not reflect the trend shown in the optical data.
However, for highly delocalized CT states such as these
and other organic dyes and light-harvesters, it is common
to observe this poor reproducibility between theoretical
and experimental values using DFT methods.** =%
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Figure 2. DFT-optimized structures and FMO plots of trun-
cated models of diketones 16—18 at the B3LYP/6-31G-+(d) level
using Gaussian09.

Despite the drastic difference in optical properties be-
tween the three isomers, they are electrochemically very
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similar. The cyclic voltammograms (CVs) and differential
pulse voltammograms (DPVs) are shown in Figure S2
(Supporting Information), and the redox potentials, refer-
enced to ferrocene, are listed in Table 1. In the oxidation
region, diketones 16— 18 show a typical irreversible aniline-
type oxidation® between 0.3 and 0.4 V, and application of
higher oxidation potentials did not result in electrochemi-
cal peaks, but rather broad featureless decomposition. For
comparison, the N,N-didodecyl-4-ethynylaniline precur-
sor has an oxidation potential of 0.42 V (vs Fc/Fc™) under
identical electrochemical conditions. Diketones 16 and 18
are slightly more difficult to oxidize than pyrene 17 because
pyrene 17 has a stabilized HOMO energy level due to
enhanced conjugation relative to 16 and 18. The enhanced
conjugation of 17 is supported by FTIR measurements
that show both lower energy alkyne and carbonyl stretch-
ing frequencies. Diketones 16, 17, and 18 ecach show
reversible reduction reactions at approximately —1.1 V.
Pyrene diketone 1 has a similar reduction potential
of —1.15 V (vs Fc/Fc"t). Overall, the electrochemical
redox reactions are in general agreement with the redox
potentials of the isolated donor and acceptor compo-
nents, implying minimal electronic perturbation of
the ground-state molecules and electrochemically dike-
tones 16—18 behave as isolated electrophores. There
is a large discrepancy between the electrochemical
and optical HOMO—-LUMO energy gaps, which is
attributed to the difference between ground-state elec-
tron transfer reaction that occurs at a Pt surface and
photoexcitation.

Spectroelectrochemical (SEC) UV/vis absorption and
FTIR spectra of the reduced diketones are shown in Figure
3 and Figure S4 (see the Supporting Information), respec-
tively. Upon reduction, the pyrene diketones are reduced
to the pyrene dioxide dianions, which convert the DAD
system to a DDD system commensurate with a collapse of
the CT band, which is observed clearly in Figure 3. The
disappearance of the intense CT band in pyrene 17 is a
promising feature for electrochromic applications. The
SEC FTIR spectra of 17 and 18 show the decrease in the
intensity of the carbonyl and alkyne stretching frequencies,
consistent with the carbonyl reduction and aromatization
of pyrene.
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Figure 3. UV—vis absorption spectra of 17 as a function of
applied potential (—600 mV vs Ag wire quasi reference) taken at
1 min intervals. Initial spectra (0 V applied) are dotted black
lines, and final spectra are the solid black lines with blue lines
representing the spectral evolution.

In summary, we present a poly functionalization synthetic
strategy to access three regioisomers of a “push—pull” pyrene-
based chromophore. Despite the similar molecular makeup
of the three isomers, their optical absorption properties vastly
differ owing to the efficiency in absorbing photons through
the CT band. Electrochemically, the three compounds be-
have similarly, suggesting independence of the electrophoric
units in the ground state. DFT calculations support the
ground-state structure and provide insight into the observed
optical transitions. In addition to being light-harvesters, these
compounds also display electrochromic behavior.
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