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Single-Photon Near-Infrared-Responsiveness from the Molecular to
the Supramolecular Level via Platination of Pentacenes

Yifei Han, Yueru Yin, Fan Wang, and Feng Wang*

Abstract: Near-infrared (NIR) responsiveness is important for
various applications. Currently, single-photon NIR-responsive
systems are rare compared to systems that display two-photon
absorption and triplet-triplet annihilation processes. Supra-
molecular stacking of photo-responsive chromophores results
in decreased efficiency due to space-confinement effects.
Herein we show that o-platination of pentacenes is a feasible
protocol to build single-photon NIR-responsive systems, with
advantages including a low HOMO-LUMO energy gap, high
photochemical efficiency, and pathway specificity. The penta-
cene-to-endoperoxidation transformation is accompanied by
color and absorbance changes. The high photo-oxygenation
efficiency of o-platinated pentacenes facilitates NIR respon-
siveness in one-dimensional supramolecular polymers, result-
ing in the disappearance of supramolecular chirality signals
and disruption of self-assembled nanofibers. Overall, the o-
platination strategy opens up new avenues toward NIR photo-
responsive materials at the molecular and supramolecular
levels.

Introduction

Light-responsive systems have been constructed on the
basis of azobenzenes, coumarins, spiropyrans, cinnamates,
etc.!! However, these compounds are triggered by UV and
high energy visible lights, which inevitably bring photo-
damage issues. We sought to develop photo-responsive
systems by near-infrared (NIR) light. For UV/Vis photo-
responsive compounds, NIR photosensitization was achieved
by two-photon absorption (TPA), triplet-triplet annihila-
tion (TTA-UC),®™ or lanthanide-doped upconverting nano-
particles (UCNPs).¢l These approaches still suffer from
some problems: TPA needs high excitation power density
(typical pulse intensity for the ultrafast laser: >10° Wcem™),
while TTA-UC and UCNPs require the participation of NIR-
absorbing agents. It is intriguing to develop new photo-
sensitive chromophores, which respond to NIR light via
normal single-photon absorption.®] Another issue is the
decreased efficiency of photo-responsive compound upon
supramolecular stacking.""! Van Esch reported the blocking of
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photochemical trans-cis isomerization for azobenzene deriv-
atives in supramolecular gels due to a space confining
effect.”! Hence, effective single-photon NIR-responsive
systems achieved at molecular and supramolecular levels
remain challenging.

Pentacene has been extensively studied for its photo-
reactivity,”! yet rarely employed as a programmable photo-
responsive chromophore. The low solubility of pentacene
restricts photo-chemical operability in organic solvents.
Pathway complexity (photo-oxidation by singlet oxygen,
versus photo-dimerization)® brings poor structural specificity
for the photo-irradiated products. Linker’s and Thomas’s
groups have addressed these issues, by attaching bulky
alkylsilyl™ or phenyl® substituents on the zig-zag edges of
pentacenes (compound 3, Scheme 1). Nevertheless, these
pentacenes exhibit visible light rather than NIR responsive-
ness. Self-assembly of such pentacenes into ordered supra-
molecular nanostructures has been rarely explored, due to the
difficulty for further chemical derivatization.

Here, effective NIR photo-responsive systems have been
constructed at molecular and supramolecular levels, by
coordinating pentacenes to form o-platinated complexes.”
For compound 1 (Scheme 1), o-platination reduces the
HOMO-LUMO gap through interplay between Pt" 5d-
orbitals and dialkynylpentacene ligand orbitals. It guarantees
red-shifting of the absorption and tails in the NIR region. The
Pt"(PBu;), units prevent packing of pentacenes, which
improves solubility of 1 and favors photo-oxygenation over
photo-dimerization. NIR irradiation of 1 transforms penta-
cene into its endoperoxide with color changes (Scheme 1).
The architectural template effect!!”) of Pt ions facilitates the
design of supramolecular monomer 2 via the acetylene
linkage (Scheme 1). One-dimensional supramolecular poly-
merization takes place for 2 in apolar media, due to
intermolecular hydrogen bonds of the amide units
(Scheme 1).""" Photo-oxygenation proceeds in the supra-
molecular stacks of 2, which disrupts self-assembled nano-
fibers and decreases supramolecular chirality signals upon
NIR irradiation.

Results and Discussion

Spectroscopy of o-platinated pentacene 1. Compound
1 exhibited four absorption bands in CHCI; (Figure S1b):
a very strong absorption at 286-333 nm, a shoulder band at
335-402 nm, a narrow band at 427-450 nm, and low-energy
vibronic bands reaching into NIR region [A,,,: 686 nm (e =
3.28x10* Lmol 'em™), 630 nm (e=1.79 x 10 Lmol 'cm™),
583 nm (¢=5.80x10° Lmol'cm™), Figure 1a]. The low-
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Scheme 1. Schematic representation for NIR photo-responsiveness of pentacene derivatives 1-2 at both molecular and supramolecular levels.

energy bands were ~ 40 nm red-shifted compared to those of
TIPS-substituted pentacene 3 (4,,,,: 642 nm, 591 nm, 549 nm,
TIPS = triisopropylsilyl, Figure 1a). According to DFT cal-
culations,'?! the HOMO energy was —4.165 eV for 1 (Fig-
ure 1b), destabilized than that of 3 (HOMO: —4.610¢V,
Figure 1b). Meanwhile, the LUMO energy levels were
—2316¢eV for 1 and —2.710eV for 3 (Figure 1b). [Pt-
(PBuy),I]" perturbs the HOMOs than the LUMOs, due to
higher energy matching between the HOMO of 6,13-dialky-
nylpentacene and the 5d orbital of Pt" centers.” The
calculated HOMO-LUMO gap decreased from 3 (1.90 eV,
652 nm) to 1 (1.85eV, 670 nm), consistent with the exper-
imental results.

According to the DFT calculations of 1, the electron
densities of HOMO and LUMO orbitals were primarily
distributed over the dialkynylpentacene unit, with minor
contribution from Pt" ions (Figure 1b). The NIR absorbance
of 1 belongs to the electronic transition of Pt"-perturbed
dialkynylpentacene. Time-dependent density functional theo-
ry (TDDFT)!"? (Figures $2-S3) indicated the broad absorp-
tion band of 1 centered at 791 nm to be the HOMO to LUMO
transitions (composition: 100%, Table S1 and Figure S2),
with an oscillator strength value (f) of 0.292. By contrast, for
the simulated UV/Vis spectrum of 3, the HOMO-LUMO
transition (composition: 100 %, Table S1 and Figure S3) was
located at 762 nm (f: 0.225). Evidently, o-platination gave rise
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to bathochromic HOMO-LUMO shifts of the pentacene
units.

Endoperoxidation of o-platinated pentacene via NIR
irradiation. The low-energy HOMO —-LUMO transition of
1 stimulated us to investigate its NIR-responsive behaviors.
Upon irradiation of 1 (¢ = 1.0 x 10> M in CHCl;) with 680 nm
light-emitting-diode (LED) lamp (intensity: 32.8 mWcm2),
the low-energy transitions within 500-740 nm declined for the
intensities (Figure 2a), accompanied by color change from
cyan to colorless (Figure 2a, inset). The results suggested
structural disruption of the 6,13-dialkynylpentacene moiety
on 1, as further evidenced by 'H NMR experiments [Fig-
ure 2¢, (i) and (ii)]. Upon 680 nm photo-irradiation, the
pentacene resonances vanished (6: 9.31 ppm for H,, 7.89 ppm
for Hy, and 7.31 ppm for H,), accompanied by the emergence
of a new set of resonances (6: 8.25 ppm for H,, 7.81 ppm for
H,, and 7.47 ppm for H,). In view of the symmetrical splitting
patterns of the final product, two possible photo-chemical
reactions might take place, namely [4+4] dimerization or
[44+2] endoperoxidation of the pentacene unit.

The photo-irradiated product was clarified. Upon purging
nitrogen into chloroform solution of 1, the absorbance hardly
changed upon light irradiation (Figure S4). DFT computa-
tions revealed nearly perpendicular arrangement between
Pt(PBu;), and pentacene units on 1, thus preventing orbital
overlapping between the neighboring molecules (Figure S5a).
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Figure 1. a) Absorption spectra of 1 and 3 (¢c=0.01 mM in chloroform)
in the visible/NIR region. b) FMO energy levels and the corresponding
electron densities (isovalue=0.02) of compounds 3, 1, and 1-O,. The
black lines and red lines mark the energy levels of HOMOs and
LUMOs, respectively.

Hence, it precluded the feasibility of [4+4] photo-dimeriza-
tion. For photo-irradiated endoperoxidation of 1 (Scheme 1),
the participation of O, was validated by using 9,10-dimethy-
lanthracene (DMA) as the singlet oxygen ('O,) capturer. For
the mixture of DMA and 1 in chloroform, the absorption
band of DMA (334-427 nm) declined upon 680 nm irradi-
ation (Figure S6a). The phenomenon was ascribed to energy
transfer between the excited state of 1 and O, to generate 'O,
(Figure Sé6c,d), which reacts with DMA to provide DMA-
0,.°! Upon heating the endoperoxide 1-O, at 60°C under
inert atmosphere for 18hours, the pentacene 'H NMR
resonances reappeared (Figure 2c, iii). Simultaneously, a m/
z signal at 1776.5554 was present in the MALDI-TOF
spectrum (Figure S11), indicating the reversible endoperox-
ide-to-pentacene transition upon thermolysis.

Mechanism for the [4+2] endoperoxidation reaction of
1 was elucidated via theoretical calculations. The Gibbs free
energies (G) of 1, 1-O, and 'O, were calculated to be
—4517.293325 a.u., —4667.611739 a.u. and —150.272626 a.u.,
respectively. The Gibbs free energy change (AG) value for
photo-oxygenation was calculated to be —0.0458 a.u. (corre-
sponding to —120.2kJmol™'), higher than that of 3
(—0.0362 a.u., corresponding to —95.1 kJmol™"). The results
demonstrated thermodynamically favorable photo-oxygen-
ation of pentacenes upon o-platination. DFT calculations also
explained the vanishing of NIR absorbance upon [4+2]
photo-oxygenation: 1-O, displayed higher HOMO-LUMO
gap than that of 1 (4.10eV versus 1.85¢V, Figure 1b). It
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Figure 2. a) Time-dependent absorbance decay of 1 (¢=1.0x107° M)
in CHCl; upon photo-irradiation at 680 nm (intensity: 32.8 mWcm ™).
b) Kinetics for the [442] photo-oxygenation of 1 and 3 in chloroform
under photo-irradiation at 680 nm and 730 nm (intensity:

30.4 mWcm™?). c) Pentacene-to-endoperoxide conversion of 1 charac-
terized by 'H NMR experiments (c=4.0 mM in CDCly): (i) prior to
photo-irradiation; (i) after photo-irradiation at 680 nm, and (iii) after
deoxygenation upon heating at 60°C in nitrogen atmosphere for 18
hours.

originated from the discrepancies of transition compositions
for the two compounds. In detail, HOMO-LUMO of 1-O,
arose from the admixtures of LLCT (from I~ and C=C units to
endoperoxidized pentacene) and MLCT (from Pt** to
endoperoxidized pentacene) transitions (Figure 1b), which
were different form metal-perturbed m—m* transitions of 1.

On this basis, the photo-oxygenation kinetics of 1 were
exploited, by monitoring the absorbance intensities at 680 nm
versus the irradiation time. As shown in Figure 2b, the
absorbance decay conformed to pseudo-first-order kinetics,
with an observed photo-oxygenation rate constant (k) of
0.114 min~' [photochemical quantum yield (®): 0.0173% at
the light intensity of 32.8 mWcem™, Figure S7a]. The kg,
value of 1 was 23-fold higher than that of 3 (0.005 min~!,
Figure 2b). In addition, 730 nm LED lamp was employed as
the NIR light source. The conversion from 1 to 1-O,
proceeded upon 730nm light irradiation (intensity:
30.4 mWcm2), with a much higher k., value than that of 3
(0.011 min~! versus 0.0002 min~!, Figure 2b). These results
were attributed to the lower HOMO-LUMO gap of 1 than 3,
leading to higher molar absorption coefficient in the NIR
region.

Effect of o-platination on photo-oxygenation regioselec-
tivity. Photo-irradiation of 1 displayed not only pathway
specificity, but high regioselectivity at the 6,13-positions (the
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alkynylated positions of pentacene). According to the frontier
molecular orbital (FMO) theory, the second-order perturba-
tion energy (AE) reflects orbital overlapping between the
“termini” of acene rings and '0,.”*! To achieve the highest
AE value [Eq. (S1)], 'O, adducted to aromatic rings with the
largest coefficients for the atom orbitals.F>4¢"! For 1, the
largest orbital coefficients located at the innermost ring (0.410
and —0.404 for 6,13-positions, Figure 3a), which were larger
those of 3 (0.397 and —0.397, Figure 3 a).
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Figure 3. Calculated atom orbital coefficients for the HOMOs (isoval-
ue=0.02) of a) pentacene-based compounds 1 and 3, together with

b) TIPS-substituted tetracene 4 and o-platinated tetracene 5. All hydro-
gen atoms in FMOs are omitted for clarity.

For tetracene derivatives, poor [4+2] photo-oxygenation
regioselectivity existed."! For example, two regioisomers
(5,12- and 6,11- positions) were obtained in 1:2 mole ratio
upon light irradiation of TIPS-substituted tetracene 4 (Fig-
ure 3b and Figure S9a). We sought to investigate o-platina-
tion effect on [442] endoperoxidation regioselectivity of
tetracenes. The o-platinated tetracene 5 (Figure 3b) favored
for the formation of 5,12-regioisomer (mole ratio of 5,12- and
6,11-regioisomers: 8.5:1, Figures $9,S10). The improved
[44+2] photo-oxygenation regioselectivity for 5 over 4 was
elucidated via the FMO theory (Figure 3b). For 4, the orbital
coefficients of 5,12-positions were 0.401 and —0.401, while
comparable values were obtained for the 6,11-positions (0.369
and —0.369, respectively). Upon o-platination, the orbital
coefficients for 5,12-positions displayed negligible changes
(0.409 and —0.403 for 5). In contrast, the 6,11-positions were
greatly perturbed, as manifested by the decrease of orbital
coefficients (0.310 and —0.313 for 5 versus 0.369 and —0.369
for 4). Both experimental and computational results demon-
strated the improvement of [4+2] photo-oxygenation regio-
selectivity via o-platination of high-order acenes.

Supramolecular polymerization of ¢-platinated pentacene
2. NIR photo-responsiveness was further amplified at the
supramolecular level, by incorporating o-platinated penta-
cene into the structure of 2. To ensure supramolecular
polymerization of 2, less bulky PEt; units (Figure S13) were
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introduced on the monomer structure instead of PBu; units in
1. Two amides were attached on both sides of o-platinated
pentacene, which reinforced packing capability via the
participation of intermolecular hydrogen bonds. In apolar
methylcyclohexane (MCH, ¢ =0.02 mM), the maximal T —*
absorbance of 2 located at 685 nm, with the presence of four
isosbestic points (588 nm, 636 nm, 656 nm, and 698 nm) upon
varying the temperature (Figure S14). The results indicated
the transition from monomeric to self-assembled states upon
lowering the temperature.

As widely documented, circular dichroism (CD) spectros-
copy is a powerful tool to study supramolecular polymeri-
zation properties, since supramolecular chirality signals are
present for long-range ordered chiral assemblies yet absent
for monomers and oligomers.!'"! To induce helical bias for 2,
optically active (§)-3,7-dimethyloctyl groups were introduced
to the peripheral side chains. At 60°C, no bisignate CD signal
was detected for 2 in MCH, indicating the dominance of
molecularly dissolved state (Figure 4a). In stark contrast,
strong bisignate Cotton effect existed at 5°C (Figure 4 a), with
the positive maximum at 320 nm (Ae =203 Lmol~'cm™) and
the negative one at 332nm (Ae=—112Lmol 'ecm™). It
demonstrated the formation of helical supramolecular poly-
mers at low temperature. Supramolecular chirality signals
also emerged in the NIR region (Ae=—18.2 Lmol 'cm™ at
705 nm, Figure 4 a, inset), ascribed to chirality transfer from
the peripheral alkyl chains to the inner o-platinated penta-
cene core. Such low-energy CD signals have been seldom
encountered in the previous helical supramolecular sys-
tems.["!

By monitoring CD intensities at 319 nm versus temper-
ature (melting rate: 60°Ch™"), a non-sigmoidal melting curve
was obtained for 2, with the critical temperature point (7;,) at
25°C (Figure 4b). Hence, 2 assembled into supramolecular
polymers in MCH via the cooperative nucleation-elongation
mechanism.'® The thermodynamic parameters for supra-
molecular polymerization processes were acquired via the
van’t Hoff plot (Figure 4c, and Figure S16). The enthalpy
(AH) and entropy (AS) values were determined to be
—62.8 kJmol™! and —121 Jmol 'K, respectively, suggesting
the enthalpy-driven process for supramolecular polymeri-
zation of 2.

The supramolecular polymerization mechanism was clari-
fied via DFT computations."? In the optimized geometry of
the dimeric stacks 2, (Figure 4 d), the dihedral angles between
PEt; ligands and pentacene unit are reduced (33.4-44.7°)
compared to those of 2 (dihedral angel: 92.4° and 105.0°,
Figure S5c). Pt(PEt;), moieties on the same side of 2, adopt
the identical twisting directions, giving rise to the rotation
angle of 4.4° for the neighbouring monomers. As a result,
steric hindrance is decreased for the dimeric stacked structure
2,. The N-H—O distances are 1.85 A and 191 A for the
neighbouring amides (Figure 4d), suggesting that intermo-
lecular hydrogen bonds constitute the primary driving forces
for supramolecular polymerization of 2. The conclusion is
demonstrated by 'HNMR measurements, with downfield
shifts of the amide resonances upon increasing the monomer
concentration (from 7.65 ppm at 2.00 mM to 7.81 ppm at
43.5mM in CDCl;, Figure S17). The pentacene-pentacene
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Figure 4. a) CD spectra of 2 (¢=0.02 mM in MCH) at two different temperatures (inset: magnified CD spectra for the NIR absorption region).
b) Non-sigmoidal melting curve of 2 (¢=0.02 mM) in MCH. c) Van't Hoff plot analysis for the supramolecular polymerization process.
d) Optimized geometries for 2,: top view (top, hydrogen atoms are omitted for clarity) and side view (bottom).

distance ranges from 3.46 A to 7.73 A in 2, (Figure 4d),
suggesting that m-; stacking interactions might also partic-
ipate in the supramolecular polymerization process.

NIR responsiveness of chiral supramolecular polymers.
Upon 680 nm or 730 nm photo-irradiation, the solution color
of 2 varied from green to pale yellow in MCH (Figure 5a,
inset). Simultaneously, the bisignate CD signals disappeared
(Figure 5a). The phenomena illustrated NIR responsiveness
of chiral supramolecular polymers derived from 2. We
rationalized that 2 underwent photo-oxygenation during
NIR irradiation, with large steric hindrance for the non-
planar endoperoxide 2-O, (Scheme 1). It failed to stack with
each other, and led to the breakup of one-dimensional self-
assembled polymers with the decrease of supramolecular
chirality signals. The conclusion was evidenced by atomic
force microscopy (AFM) characterizations. As shown in
Figure 5c, self-assembled helical nanofibers with micrometer
length formed for 2, which tended to intertwine with each
other. These nanofibers totally vanished upon NIR light
irradiation (Figure 5d). Small-angle X-ray scattering (SAXS)
of 2 exhibited the d-spacing values of 1:1/,/3.45:1/,/5.45. The
periodic ordering also disappeared upon NIR light irradiation
(Figure 5b). Hence, NIR-triggered disruption of long-range
ordered nanostructures occurred for 2.

Supramolecular polymers are described by dynamic
equilibria between monomeric and aggregated state.['”! Con-
sidering the strong supramolecular polymerization tendency
of 2, the amount of monomeric species was trivial in apolar
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media (for 0.02 mM of 2 in MCH at 10 °C, the free monomeric
species was calculated to be 9.48 x 10~ mol L™, Equations
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Figure 5. a) Changes in the CD spectra of supramolecular polymers
derived from 2 (¢=0.02 mM in MCH) upon 680 nm light irradiation
(intensity: 64.2 mWcm™2). b) SAXS spectra of supramolecular poly-
mers derived from 2 [c=25 mM in MCH/CHCl;=90/10 (v/v)] before
and after 680 nm light irradiation. AFM height images of 2 (5 uM of 2
in MCH drop-cast on mica) c) before and d) after 680 nm light
irradiation.
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S10-S16). It can be concluded that supramolecular polymers
participated in the photo-oxygenation process in MCH. The
ko»s values for pentacene-to-endoperoxide transition were
determined to be 0.056 min~' upon 680 nm irradiation (&:
0.0118 % for supramolecular polymeric state versus 0.0342 %
for monomeric state with the light intensity of 64.2 mW cm 2,
Figure S18), and 0.0126 min' upon 730 nm irradiation (Fig-
ures S19). Although the k,, values were lower than those
obtained in the monomeric states (ky,: 0.144 min~! upon
680 nm irradiation, and 0.0309 min~' upon 730 nm irradiation,
Figures S18,S19), the current system still represented a rare
example of NIR-responsive supramolecular polymeric sys-
tems.

As previously documented, photo-responsiveness was
inhibited when azobenzenes stacked with each other in
supramolecular assemblies.!! We envisaged that, unlike
photo-isomerization encountered in azobenzenes, small con-
formational change took place for o-platinated pentacene
during the photo-oxygenation process (the angle change
between Pt" ions and 6,13-positions of pentacene units was
calculated to be 12.0°, Figure S21). In addition, o-platination
prevented close m-it packing of pentacenes (DFT calculation:
3.46 A-7.73 A, Figure 4d), facilitating the diffusion of 'O,
into supramolecular polymers. Therefore, the space confining
effect exerted minor effect on photo-chemical transition,
which in turn enhanced photo-responsive efficiency at
supramolecular level.

Conclusion

In summary, o-platinated pentacenes 1 and 2 represent
novel single-photon NIR-responsive systems at molecular
and supramolecular levels. The platination strategy brings
a great number of advantages to the parent pentacenes,
including greater solubility, bathochromic shift to NIR
absorbance, high photochemical efficiency, and pathway
specificity. It facilitates the transformation from the cyan-
colored pentacene form to colorless [44+2] endoperoxide
upon NIR light irradiation. NIR responsiveness further takes
place for supramolecular polymers from 2, accompanied by
a decrease in supramolecular chirality signals and disruption
of self-assembled nanofibers. It overcomes the space-confine-
ment effects encountered in the conventional light-responsive
supramolecular stacks. Overall, the current study opens up
new avenues toward NIR photo-responsive materials with
tailored functionalities.
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Single-photon NIR-responsive systems
have been constructed on the basis of o-
platinated pentacenes, which display high
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endoperoxide
structures

photo-oxygenation efficiency from the
molecular to the supramolecular level.
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