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ABSTRACT: Stable redox-active conjugated molecules with exceptional electron donating
abilities are key components for the design and synthesis of ultralow band gap conjugated
polymers. While hallmark electron rich examples such as pentacene derivatives have been
thoroughly explored, their poor air stability has hampered their broad incorporation into
conjugated polymers for practical applications. Herein, we describe the synthesis of the
electron-rich, fused pentacyclic pyrazino[2,3-b:5,6-b"ldiindolizine (PDIz) motif, and detail its
optical and redox behavior. The PDIz ring system exhibits a lower oxidation potential and
reduced optical band gap than the isoelectronic pentacene while retaining greater air stability

in both solution and the solid state. The enhanced stability and electron density, together with
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readily installed solubilizing groups and polymerization handles, allow for the use of the PDIz
motif in the synthesis of a series of conjugated polymers with band gaps as small as 0.71 eV.
The tunable absorbance throughout the biologically-relevant near infrared I and II regions
enables the use of these PDIz-based polymers as efficient photothermal therapeutic reagents

for laser ablation of cancer cells.

INTRODUCTION
Small band gap conjugated polymers that absorb low-energy visible and near infrared (NIR)
light have attracted great attention for their applications in photovoltaics, photodetectors, light
emitting diodes and bioimaging.'” Recently, small band gap polymers have emerged as a
viable candidate for noninvasive photothermal therapy (PTT) due to their ability to induce cell
apoptosis or necrosis by converting absorbed photon energy in the biologically-relevant NIR
regions into heat.*” While early stage PTT research is mainly focused on using light sources
in the first NIR window (NIR-I, 750-1000 nm), significant emerging interest has been
devoted to the utilization of the so-called NIR-II region in the range of 1000—1700 nm, due to
its increased tissue penetration, less endogenous absorption and scattering, and higher
maximum permissible exposure.®!°

In addition to the absorption prerequisite, the polymers available for use as PTT active
agents are winnowed further by the requirement that they must efficiently convert light into
heat, which requires that they have few radiative relaxation pathways and thus are not highly
fluorescent.® Donor-acceptor polymers,'' which contain covalently-linked alternating electron
donating (donor) and electron withdrawing (acceptor) units in the polymer backbone, are
specifically suited for PTT on account of their modularly tunable optical properties and their
intrinsic non-radiative deexcitation through intramolecular charge-transfer. The optical
properties of these polymers are strongly related to the electronic band gap (E,), defined by
the highest occupied molecular orbital (HOMO) energy levels and the lowest unoccupied
molecular orbital (LUMO) energy levels,” which are dominated by the electronic properties of
the donor and acceptor repeat units, respectively, through frontier orbital hybridization.
Judiciously chosen electron donor and acceptor pairs are deterministic to the polymer’s
optical and electrical band gaps. In order to produce polymers with NIR absorbances—
especially NIR-II absorbances—very strong donor and acceptor monomeric building blocks

are desired.



In the effort to create tailor-made small band gap polymers, great strides have been
made, mostly through the development of potent electron acceptors, such as
benzobisthiadiazole (BBT)," diketopyrrolopyrrole (DPP),"*" and nathphalenediimide (NDI).
2026 Tn contrast, less attention has been paid to the development of practical strongly electron
rich donors with high lying HOMO levels. The majority of the electron donors employed in
low band polymers are thiophene derivatives, the electron affinity of which can be further
improved by cross conjugation® or more commonly, by extending the 7-system through
annulation.?®? Linear acenes are another representative class of non-thiophene-based
electron-donating systems with hallmark optoelectronic properties.”® As the number of
linearly fused rings increases in linear fused acenes, the HOMO level is raised significantly
together with a reduced HOMO-LUMO gap.’' However, this molecular orbital modulation
also leads to significantly decreased air and chemical stability, limiting the use of pentacene
and longer fused acenes as electron rich repeat units in conjugated polymers.**?*

One common approach to stabilize linear acenes is to incorporate heteroatoms like
nitrogen into the aromatic skeleton. Introducing pyridyl nitrogen atoms, however, leads to
decreased electron density and thus lowers HOMO level, such as those observed in
azaacenes.**® When nitrogen atoms are substituted at bridgehead positions, like those in
indolizine rings,” electron donating character can instead be engendered due to the full
participation of the nitrogen lone pair in the ring. Incorporating indolizines into extended
pentacyclic rt-systems such as benzodiindolizine (BDI, Scheme 1a) gives rise to a small band
gap, electron-rich chromophore that exhibits HOMO-LUMO characteristics comparable to the
structurally analogous TIPS-pentacene.* Nevertheless, the atmospheric stability of these
compounds in solution is less than satisfactory despite the installation of two silylethynyl
groups on the reactive central benzene ring, and the utility of such aromatic units in
conjugated polymers is lacking.

Herein, we devised a pyrazino[2,3-b:5,6-b"]diindolizine (PDIz) system where the most
reactive carbons of the BDI skeleton are replaced by pyrazyl nitrogen atoms, which
significantly improved the air stability despite an even higher-lying HOMO level and a further
decreased HOMO-LUMO gap. Through a unique rearrangement of an ionic para-
azaquinodimethane 1IAQM) ring system,” this class of redox-active pentacycles can be
generated with facile incorporation of solubilizing groups and reactive coupling groups for
polymerization. The redox-active PDIz motif displays both electron-rich character of its two

indolizine ring systems and the electron-deficiency of the central pyrazine ring, while
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retaining excellent stability. When copolymerized with electron acceptor building blocks, the
extraordinary electron donating character of the PDIz ring system imbues these conjugated
polymers with high lying HOMO levels and notably small optical band gaps as low as 0.7 eV.
Several of these polymers showed notable performance as active agents in both NIR-I and

NIR-II photothermal therapy.

RESULTS AND DISCUSSION

Materials Synthesis. The construction of the pentacyclic PDIz core was built atop the
unprecedented reactivity of the recently discovered quinoidal AQM unit.*** AQM ditriflates,
such as 3a, could be obtained in two steps from 1,4-diacetyl-2,5-diketopiperazine (1)
(Scheme 1b).* When those AQM ditriflates were heated in solution in the presence of
pyridine or one of its derivatives, nucleophilic displacement reactions were expected.*® In
contrast to the previously reported thiophenylidine-flanked AQM ditriflates, the bispyridinium
displacement products of diphenylidine AQM ditriflates were not isolated, instead a
spontaneous intramolecular cyclization occurred to produce substituted pyrazino[2,3-
blindolizines such as 4a in high yields. It was then postulated that the pentacyclic PDIz motif
would be accessible via a base-promoted intramolecular cyclization and subsequent
dehydrogenation on the remaining pyridinium unit (see Scheme S3 in SI). Indeed, under
appropriate basic reaction conditions, this cascade of reactions yields the symmetrical,
annulated, pentacyclic PDIz:0C6. Other PDIz derivatives could be obtained following
similar reaction protocols (Schemes 1c and S1). When both of the hexyloxy groups in
PDIz:0C6 were replaced with hydrogen, the corresponding PDIz:H could be obtained, which
showed appreciable but limited solubility in common organic solvents. It appears that the
appendage of two hexyloxy groups to the phenyl end groups increases both the solubility and
the yield of PDIz. Substituted pyridine precursors, such as 4-thienyl- and 4-(Bu);Sn-pyridine,
were also employed to give PDIz derivatives such as Th-PDIz:Cé6 and Sn-PDIz:C12
(Scheme 1c), respectively, which displayed substantial effects in their optical band gaps (see
discussions later). The successful incorporation of the stannyl end groups is essential for the
incorporation of the PDIz unit into the backbone of conjugated polymers. Other solubilizing
groups, such as dodecyloxy and tetraethylene glycol methyl ether were attached to the phenyl
side groups to engender high solubility and to affect different hydrophilicity in Sn-PDIz:C12

and Sn-PDIz:04EG, respectively (Scheme 1c). Polymerization of those PDIz monomers



with properly chosen aryl dibromide co-monomers via Stille polycondensation would give
rise to novel conjugated polymers with desirable optoelectronic properties. A variety of aryl
dibromide co-monomers, including the electron accepting BBT, DPP and NDI derivatives,
were employed in the copolymerization of Sn-PDIz:C12 to give P1, P3, and P4, respectively.
The copolymerization of BBT as well as the electron rich thiophene dibromide, with Sn-
PDIz:04EG afforded P2 and PS5, respectively bearing the more hydrophilic tetraethylene
glycol methyl ether side chains (Schemes 2 and S2). Polymers P1-PS have number-averaged
molecular weights (Mn) in the range of ~ 0.5%10* to ~1.4x10* Daltons by size-exclusion
chromatography (SEC) (Figure S18). The successful synthesis of P1-PS demonstrated the
synthetic versality of a larger array of PDIz polymers with widely varying electronic

structures and side-chain polarities.
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Scheme 1. (a) Exemplary electron-rich pentacyclic conjugated ring systems. (b) The synthesis
of PDIz:OC4 (DMF: N,N-dimethylformamide, Tf,O: trifluoromethanesulfonic anhydride,
PhCl: chlorobenzene, 4A MS: 4A molecular sieves, DME: 1,2-dimethyoxyethane). (c) A

series of PDIz derivatives synthesized in an analogous fashion.






Scheme 2. The synthesis of low band gap polymers P1-P5 via the polymerization of PDIz-

based monomers with various aryl dibromides.

X-ray Crystallography. PDIz:H, PDIz:OC,, and Th-PDIz:OC¢ were characterized by
single crystal X-ray crystallography and the structures are summarized in Figures 1 and S9-
S11. In the solid state, all three PDIz compounds exhibit planar fused pentacyclic cores with
their two appended phenyl rings tilted out of plane by 35°—40°. PDIz:H and Th-PDIz:0C;
both pack in slip-stacked columns wherein there is significant r-overlap between adjacent
molecules without translation along the short-axis of each fused system and each pentacyclic
plane rests ~3.4 A from its neighbors (Figures 1d, 1f, S10, and S12). Additionally, in the
solid-state structure of Th-PDIz:OCg, the appended thiophene rings sit in plane with the PDIz
pentacycle. In contrast to the other two PDIz molecules, PDIz:OC¢ packs in trimeric stacks,
with the fused pentacyclic core on each molecule insulated from the cores of its neighbors by
their bis(hexyloxy)phenyl groups (Figures le and S11), indicating the high dependency of the
solid state packing behavior on the substituents. In addition, Sn-PDIz:O4EG was crystallized
in the presence of KPF. Despite the low-resolution of its X-ray structure, it was adequate to
confirm the integrity of the structure and coordination of potassium ions by the side-chains
(Figure S13). The single crystal structure of the monocyclized intermediate 4a as a PFg salt
was also obtained (Figure S4). Intriguingly, the solid-state packing of intermediate 4a is

highly anisotropic, forming trimeric aggregates which further assemble into helical columns.
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Figure 1. Single crystal X-ray structures of (a) PDIz:H, (b) PDIz:0C¢ and (c) Th-PDIz:OC,
(carbon = gray, hydrogen = white, oxygen = red, nitrogen = blue, sulfur = yellow). Solid-state
packing of (d) PDIz:H, (e) PDIz:0C4and (f) Th-PDIz:OC, (front = orange, middle = lime

green, back = forest green).

Optical and Redox Properties of PDIz Small Molecules and Polymers. PDIz:H displays
an intense blue color in both the solid state and in solution, hinting at its notably small optical
gap. Its UV-Vis spectrum shows an absorption maximum and edge at 650 nm and 674 nm
(Figure 2), respectively, which is shifted bathochromically compared to the isoelectronic
pentacene and benzoannulated BDI.*® The UV-Vis spectra of PDIz:H, PDIz:OC,, Th-
PDIz:0C;, Sn-PDIz:0C,, and Sn-PDIz:O4EG all show four sub-peaks, corresponding to
the so-called “p-bands” pattern* that is also observed in the spectra of BDI and pentacene
derivatives. The hexyloxyl substituents on the phenyl groups have a minimal impact on the
absorption properties of the PDIz core. On the other hand, the appendage of SnBu; and
thiophene groups on the PDIz skeleton induces significant red shifts (~20 nm and 50 nm,
respectively), suggesting a more effective electronic tuning in this conjugation pattern (Figure
2, Table 1).* PDIz:H has a low quantum yield of 1.6%. Other PDIz derivatives are also
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weakly fluorescent. The fluorescence spectroscopy of PDIz:H shows two peaks, with the
lower wavelength peak yielding a small Stokes shift of 30 nm (Figure S3), in accordance with

aromatic systems with rigid and planar structures.

i '
1
(c) : $ :
Sn-PDIZ:04EG ' :

Sn-PDIz:0C12 P é
\
/

(

o
L

——Th-PDIz:0C6
—PDIz:0C6
——PDlIz:H

© Absorbance (Arbitrary Units)

350 400 450 500 550 600 650 700 750 800
Wavelength (nm) PZJ/

Sn-PDIz:04EG

\ Sn-PDIz:0C12

T T

1(A)

P2 " Th-PDIz:0C6s

/\\ ‘ 4 3 ‘—'5{;’ P P;I:cs ;:":ﬁk
J— PDIz:H \/\r)

300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 2100 -2.6 -2.4 -2.2-2.0-1.8-1.6 1.4 -1.2-1.0 0.8 0.6 0.4 -0.2 0.0 0.2 0.4 0.6 0.8
Wavelength (nm) E(V)

Absorbance (Arbitrary Units)

P4

P5

0

Figure 2. Optical and electrochemical properties of PDIz small molecules and polymers. (a)
UV-Vis-NIR spectra of PDIz small molecules (in CH,Cl, solution). The NIR-I window is
highlighted in orange. (b) UV-Vis-NIR spectra of polymers P1-PS5 (in CCl, solution), with the
NIR-I window highlighted in orange and the NIR-II window in red. Additionally, the
common laser wavelengths accessing these two windows that are used in PTT are shown as
black lines at 808 and 1064 nm. (c) CV traces of PDIz small molecules and polymers P1-P5
(CH,Cl,, 100 mM NBu,PF¢, 100 mV/s, vs. Fc/Fc*). Inset is the CV of Fc/Fc*, which was used
as the external standard. Note: CV of PDIz:H was acquired in two separate scans due to
deposition of redox product on electrodes. Currents are scaled arbitrarily to allow for

comparison between traces.

Cyclic voltammetry (CV) of PDIz:H and its derivatives each display two
electrochemically-reversible oxidation waves at remarkably low onset potentials, along with
one reversible reduction wave (Figure 2c). The E,, value for the first oxidation wave of
PDIz:H falls below that of the ferrocene/ferrocenium (Fc/Fc*) redox pair, a commonly used
electrochemical reference. An electrochemical Eyonmo level of -4.6 eV was derived from the

electrochemical responses of PDIz:H, indicating that the PDIz motif is highly electron rich.
9



The reversible reductive peak observed in the CV of PDIz:H corresponds to an E, ;" of
around -1.55 V and an electrochemical HOMO-LUMO gap of 1.90 eV (Figure 2c and Table
1). The electrochemical gaps of these PDIz derivatives are in good agreement with the
observed optical gaps (Table 1). Compared to the BDI pentacycle (Eyomo=-4.83 V), PDIz:H
is even more electron rich (Eyomo = -4.65 €V) and has narrower optical and electrochemical

gaps despite the incorporation of the electron-deficient Pyrazine unit (see discussions later).

Table 1. A summary of the frontier orbital energy levels and band gaps of the PDIz small
molecules and polymers obtained from optical, electrochemical, and computational
characterization. Lowest-energy transition wavelengths (1%%) and oscillator strengths (f) for
the S¢—>S, electronic transition calculated at the PBE0/6-31+G** level of theory (lanl2dz in

the case of Sn compound) in CH,Cl, solution.

Optical Electrochemical® Theoretical'®®
Compound Amax 3 Aonset  Eq®®  Ered Eox HOMO LUMO E; HOMO LUMO Eg@* ii:ﬁ; f
(nm[eVv]) (Lmol*cm (nm (V) (V) (eV) (eV) (eV) (eV) (eV) (eV)
1 ) (eV (nm[eV])
)

PDIz:H 651[1.90] 6501.7 674 1.8 - -0.15 -4.65 -2.75 1190 -5.09 -2.41  2.68 613[2.02] 0.16
4 2.05

PDIz:0C;¢ 652[1.90] 6022.2 674 1.8 - -0.20 -4.60 -2.73  1.87 -5.10 -2.41  2.69 613[2.02] 0.16
4 2.07

Th-PDIz:0Cs 704[1.76] 20110.9 741 1.6 - -0.04 -4.76 -3.10 | 1.66 -5.03 -2.62 241 677[1.83] 0.51
7 1.70

Sn-PDIz:0C,, 669[1.85] 12276.4 704 1.7 1 -0.08 -4.72 —1f -5.10 -2.42  2.68 604[2.05] 0.24

6

Sn-PDIz:0O4EG 668[1.86] —la 702 1.7 - -0.08 -4.72 -2.87 | 1.85 —ld —ld =@ —ld —ld
7 1.93

P1 1146[1.08 10358.6"! 174 0.7 - -0.08 -4.72 -3.94 0.78 —ld —ld 0.67! —ld —ld

1 0 1 0.86 il

P2 1140[1.09 23497.1® 179 0.6 - 0.08 -4.88 -3.99 | 0.89 —td —ta = —ld —ld
1 5 9 0.81

P3 772[1.61] 17129.3® 915 1.3 - 0.00 -4.80 -3.91 | 0.89 —ld —ld = —ld —ld
6 0.89

P4 813[1.53] 35624.6™ 109 1.1 - 0.00 -4.80 -3.96 | 0.84 —td —ta = —ld —ld
0 4 0.84

P5 856[1.45] 27259.7®" 105 1.1 - -0.12 -4.68 -3.78 0.9 —la —la =i —ld —ld
0 8 1.02

[a]lreferenced to Fc/Fc*. [b] polymer extinction coefficients are assuming infinite chains. [c] not calculated. [d]
side-chains truncated as methoxy groups where applicable. [e] PBE0/6-31+G** (lanl2dz in the case of Sn
compound). [f] not observed. [g] not measured. [h] PBEQ/6-31G*.
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Due to the exceptionally electron rich nature of the PDIz core, its stable oxidative
states can be readily reached by chemical oxidation. Mixing PDIz:H in stoichiometric
amounts with a number of chemical oxidants such as iron (III) chloride (FeCls), Tris(4-
bromophenyl)ammoniumyl hexachloroantimonate (magic blue), 2,3-dicyano-5,6-
dichloroquinone (DDQ) or 2,3,5,6-tetrafluoro-tetracyanoquinodimethane (F,TCNQ) produces
chartreuse solutions. UV-Vis-NIR spectroscopy revealed that the main absorption features of
the products are nearly identical to each other with multiple absorption features between 700
nm and 1400 nm, indicative of the formation of the radical cation PDIz:H™ (Figure 3b).
Infrared spectroscopy revealed spectroscopic changes that were consistent with the formation
of oxidated products (Figure S14). Spectroelectrochemical studies of PDIz:OC4 showed
electrochemical oxidation-induced spectroscopic changes throughout two potential windows,
corresponding to the stepwise 2-electron oxidation of the PDIz core. As shown in Figures 3c
and d, new absorption features in the 700-1000 nm window emerged as the oxidation
potential was raised from -0.45 V to 0.45 V (vs. Fc/Fc*), which were similar to the absorption
spectra of the chemically-oxidized PDIz:H™ and confirmed the formation of the radical cation
PDIz:0C¢™. Further increase in the potential led to the disappearance of the PDIz radical
cation absorption peaks, with the concomitant appearance of two broad peaks at 490 nm and
740 nm that were ascribed to the formation of PDIz:OC¢*. The spectroelectrochemical
process was fully reversible, evidenced by the full recovery of the absorption of the neutral
PDIz:OC4upon a reversed potential scan (Figure S15).

Despite the low oxidation potential of PDIz:H and its derivatives, these compounds
displayed high stability towards atmospheric oxygen in both the solid state and solution, in
sharp contrast to most other pentacene derivatives. As shown in Figure S16, repeated sparging
of the solution of PDIz:H with compressed air over the course of months slowly resulted in
spectroscopic changes, indicating that there was a very slow oxidation reaction between the
solution of PDIz:H and atmospheric oxygen.

The PDIz-based polymers P1-PS show significantly reduced optical and
electrochemical band gaps with respect to their PDIz monomers, as revealed by UV-Vis-NIR
and CV studies (Figures 2b and 2c, Table 1). Among those polymers, the donor-donor
polymer PS5 has the largest optical band gap at 1.36 eV, while all the other donor-acceptor
polymers have an absorption edge beyond 1000 nm. Polymers P3 and P4 have substantial

absorptions in the NIR-I window, and, very notably, both P1 and P2 have a broad absorption
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across the NIR-II region. These absorption spectra correspond to optical band gaps as low as
0.71 eV and electrochemical band gaps around 0.78 eV (Figure 2b, Table 1). While the
HOMO levels of P1 and P2 are close to those observed in the PDIz small molecules, their
LUMO levels are significantly lowered due to the presence of the strongly electron-
withdrawing BBT unit. In addition, the polymers have shown excellent air stability, as
revealed by their solution UV-Vis-NIR spectra that remained nearly identical after 12 hrs
(Figure S17).
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Figure 3. (a) Schematics showing the stepwise oxidation reactions of PDIz:H. (b) UV-Vis-
NIR traces of the one-electron oxidation reaction between PDIz:H (sky blue) and various
electron acceptors (green) to produce PDIz:H™ (red). (c) Overlay of UV-Vis spectra of the

neutral PDIz:OC with its radical cation (top, obtained at +0.15 V vs. Fc/Fc*) and dication
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(bottom, obtained at +0.95 V vs. Fc/Fc*), respectively, according to (d) the

spectroelectrochemical traces within the potential windows between -0.45 V and 0.95 V.

Theoretical Modelling. The molecular structure and electronic properties of PDIz:H and its
derivatives PDIz:OCg, Th-PDIz:0C4 and Sn-PDIz:OC,, were computationally explored at
the PBE0/6-31+G** level in CH,Cl, solution (Figure 4). The geometric optimization of
PDIz:H mirrored its X-ray structure in producing a somewhat contorted central pyrazine ring,
with its ring nitrogen atoms adopting internal angles of 112° (the analogous angle is 111.16°
in the X-ray structure). The appended phenyl substituents are twisted (38°) with respect to the
plane of the pentacycle, in concordance with the X-ray structure. The phenyl substituents are
also twisted for PDIz:OCg, Th-PDIz:OC, and, to a lesser degree, for Sn-PDIz:OC,,. The
frontier molecular orbital (FMO) diagrams of PDIz:H show that electronic density is well
spread across the fused pentacycle core, in accordance with the high delocalization of 7t
electrons in extended conjugated systems (Figure S1a). The presence of pyrazine nitrogen
atoms in PDIz derivatives leads to a decrease of the HOMO energy and, in greater extent, of
the LUMO energy, resulting in a band gap narrowing relative to the pentacyclic benzo-analog
BDI (Figure S1b).*® The phenyl substituents also have a contribution to the band gap
narrowing as well as to the electron density of the HOMO. Thus, the presence of pyrazine
nitrogen atoms and phenyl rings lead to a narrower band gap for PDIz:H than for the BDI
derivative.”® In the HOMO orbital density diagram, there is a node on the 3- and 5- positions
of each phenyl group, indicating that substitution at these positions has little impact on the
electronics of the PDIz system.

The lowest-energy transition wavelengths (1°%) calculated for PDIz:H and its
derivatives in CH,Cl, solution match well with the absorption maxima collected in Table 1
(differences in energy < 0.20 eV). All of them correspond to Sy—>S, electronic transitions
involving HOMO and LUMO molecular orbitals with 99% contribution. The small band gap
polymer, P1, was also modeled using periodic boundary conditions (PBC) at the PBE0/6-
31G* level. A theoretical band gap of 0.67 eV was predicted for an infinite single chain of P1,
which closely matched the optical and electrochemical results described above. Non-
coplanarity arose from steric crowding between the BBT unit and the neighboring PDIz units
(Figure 4c and S4), as indicated by a tilt angle of 26°. The presence of such a twist may be

responsible for widening the band gap of the resulting polymer, without which an even
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smaller gap is expected based on the frontier molecular orbital levels of the chosen donor-

acceptor pair.
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Figure 4. (a) Molecular structures computed for PDIz:H, PDIz:OCg, Th-PDIz:OCg, Sn-
PDIz:0C,; at the PBE0/6-31+G** level of theory in CH,Cl, solution (a is the dihedral angle
between the side phenyl rings and the pentacyclic plane; alkyl side chains were truncated to
methoxy groups but the names PDIz:0Cg, Th-PDIz:0Cg, Sn-PDIz:OC,; have been
maintained to avoid confusion). (b) HOMO and LUMO orbital density diagrams of PDIz:H
(isocontour plots 0.02 a.u.). (c) The optimized geometry of an infinite chain of P1 at the
PBEO0/6-31G* level of theory using PBC. The upper view shows steric effects pushing the
PDIz and BBT monomers out of plane from each other (f is the dihedral angle between PDIz
and BBT moieties). (d) Electronic band structures calculated for an isolated
periodic chain of P1 at the PBE0/6-31G* level of theory. The high symmetry k-points are
I°(0.0, 0.0, 0.0) and X(0.5, 0.0, 0.0) in reciprocal space coordinates.

Photothermal Effects of PDIz Polymers. The remarkable NIR absorption properties of the
PDIz polymers prompted us to evaluate the potential of P3 and P4 as NIR-I PTT active
materials and P2 as a NIR-II PTT active material. When a THF solution of P2 (100 pg/mL)
was exposed to a 1064 nm laser under 1.5 W cm™?, a maximum temperature change (AT ,,) of
32.8 °C was observed after 5 min (Figure 5a). Likewise, both polymers P3 and P4 showed
AT, values of 36.7 °C under the same conditions after irradiation by an 808 nm laser. In
order to assist the dispersion of these relatively nonpolar polymers in water and facilitate their

interactions with biological targets, a nanoprecipitation method was adopted to process them
14



into self-assembled polymer nanoparticles (PNPs) in the presence of the surfactant DSPE-
mPEG2000.* The so-produced PNPs have hydrodynamic radii of 175.1 nm + 6.2 (P2), 95.7
nm = 1.0 (P3), and 149.9 nm * 1.6 (P4) as revealed by dynamic light scattering (DLS)
(Figure S19), which were also corroborated with scanning electron microscopic (SEM) results
(Figure 5c-e). The loading efficiency, defined by Equation S1, reached above 73%, as
revealed by UV-Vis studies (Table S1). Subsequent PTT studies revealed that the PNPs
retained the photothermal conversion abilities of their parent polymers. For aqueous
dispersions containing 100 pg/mL of the PNPs, AT, values of ~30 °C could be realized for
the P2-PNPs irradiated at 1064 nm and P3 and P4-PNPs irradiated at 808 nm at 1.5 W cm™
for 5 min (Figures 5f and 5g). The temperature increase is also dependent on laser intensity
(Figure S20). Photoconversion efficiencies (PCEs, ) of these PNPs were determined to be
28.3% (P2), 28.3% (P3), and 27.3% (P4), respectively (Figure S21 and Table S2), which is
on par with or better than the conventional inorganic nanomaterials such as Cu,_,S
nanocrystals (16.3%),*® gold nanoshells (13%) and nanorods (21%), Cu,..Se (22%)*" and
MoS, nanosheets (24.4%). The efficiencies are also comparable to existing semiconducting
PNPs, such as poly(cyclopentadithiophene-alt-diketopyrrolopyrrole) NPs (20%),*
heterocyclic conductive PPDS NPs (31.4%),* poly-2-phenyl-benzobisthiazole NPs (32.4%),*
poly(silolodithiophene-alt-diketopyrrolopyrrole NPs (35%),”" and amphiphilic hyperbranched
polyporphyrins vesicles (44.1%).> While our PTT agents did not show the highest PCEs, the
unoptimized results reported here have revealed the potential of this new class of polymers,
especially for use as NIR-II absorbers. Furthermore, the heating and cooling cycles have been
conducted consecutively 4 times in air for all the PNPs with no signs of efficiency
deterioration, indicating that these PNPs have high stability towards the air, heat and

photobleaching (Figure S22).
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Figure 5. (a) Temperature variations of P2—P4 solutions in THF (100 ug/mL) under 1064 nm
(P2) or 808 nm (P3 and P4) laser irradiation (1.5 W/cm?) and (b) the corresponding IR
images. SEM images of P2-PNPs (c), P3-PNPs (d) and P4-PNPs (e) (scale bar: 500 nm). ()
Temperature variations of aqueous P2-P4 PNPs (0.5 mg/mL) under 1064 nm (P2 PNPs) or
808 nm (P3 PNPs and P4 PNPs) laser irradiation (1.5 W/cm?), and (g) the corresponding IR

images.

Two cell lines—4T1 (mouse breast adenocarcinoma) and B16 (mouse melanoma cells) cells,
were employed for in vitro evaluation of the PTT effects of P2-P4 PNPs. As shown in Figures
6b-c and S20, both cell lines—after incubation with various amounts of P3 and P4 PNPs—
maintained over 74% viability at a loading of 250 pg/mL without laser irradiation. After 3
min irradiation using an 808 nm laser at 1.5 W/cm?, the cell viabilities dropped significantly,
with the P3-PNPs and P4-PNPs treated cells dropping to 10% and 17% for 4T1, and 16% and
13% for B16 cells, respectively. The P2-based PNPs exhibited a lower latent cytotoxicity,
giving cell viabilities of 94% and 90% at a loading of 250 pg/mL for 4T1 and B16 cells,
respectively (Figure 6a and S23). When irradiated using a 1064 nm laser at 1.5 W/cm? for 3
min, cell viability dropped to 33% and 36% for 4T1 and B16 cells, respectively (Figure 6a
and S23). The decreased cell viability corroborates well with the confocal laser scanning
microscopy images showing significantly reduced numbers of living cells after irradiation
(Figure 6d). Overall, the relatively low cytotoxicity and good photothermal performance of
these PNPs in two different NIR windows demonstrate the great potential of PDIz-based

narrow band gap polymers as a promising materials platform for photothermal therapy.

CONCLUSION

We have presented a facile synthetic method yielding the PDIz fused pentacyclic
aromatic ring system, composed of two strongly electron donating indolizines and an
electron-withdrawing pyrazine core. The PDIz motif behaves as an exceptionally electron rich
building block that features a low oxidation potential and a small HOMO-LUMO gap.
Additionally, it displays excellent air stability due to the presence of two pyrazine-type
nitrogen atoms that block the normally reactive sites on pentacene derivatives. The facile
synthesis of the PDIz motif can be readily used to introduce solubilizing groups and

polymerization handles onto the PDIz core, allowing for its use as a super electron-rich

17



monomer in the synthesis of narrow band gap polymers. Polymers with tunable absorbances
in the biologically relevant NIR-I and -II regions have been synthesized. As demonstrated in
this work, one of the PDIz-based polymers shows a band gap as narrow as 0.7 eV, smaller
than existing conjugated polymers with photothermal effects.” Such polymers have exhibited
great photothermal conversion efficiencies that are effective for laser ablation of cancer cells,
demonstrating their promise as photothermal therapeutic reagents. The PDIz system fills an
increasingly important void in the small group of narrow band gap organic redox-active
motifs. Its compatibility for incorporation into conjugated polymers opens the door to a wide

range of band gap tunable materials.
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Figure 6. Cell viabilities of 4T1 cell lines incubated with different concentrations of (a) P2-
PNPs, (b) P3-PNPs, and (c) P4-PNPs under 1064 nm or 808 nm irradiation at an output
power of 1.5 W/cm? for 3 min. The quantified data were obtained from MTT (MTT: 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assays. (d) Confocal laser scanning
microscopy images of living cells incubated with PNPs and stained with calcein-AM after

laser treatment. (scalebar: 250 pum for all images)
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