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Great attention is being increasingly paid to photothermal conversion in the near-infrared (NIR)-Il window
(1000-1350 nm), where deeper tissue penetration is favored. To date, only a limited number of organic
photothermal polymers and relevant theory have been exploited to direct the molecular design of
polymers with highly efficient photothermal conversion, specifically in the NIR-II window. This work
proposes a fused backbone structure locked via an intramolecular hydrogen bonding interaction and
double bond, which favors molecular planarity and rigidity in the ground state and molecular flexibility in
the excited state. Following this proposal, a particular class of NIR-II photothermal polymers are
prepared. Their remarkable photothermal conversion efficiency is in good agreement with our strategy
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Introduction

In terms of its low absorption by hemoglobin and water in tissue
environments, near-infrared light (NIR) between 1000 and
1350 nm, or NIR-II for short, is generally regarded as a more bio-
logical transparent window than other wavelengths." Besides this,
human tissues also exhibit a higher tolerance to NIR-II light in
contrast to light with a shorter wavelength. These attractive
advantages essentially satisfy the need for optically non-invasive
diagnosis and treatment in deep tissues.*” The past few years
have witnessed an explosive development in photothermal
conversion, which is considered to be an innovative way to use
NIR-II light with high quantum efficiency.**® Referring to the
principles of photothermal conversion, photothermal materials
with the ability to convert light energy to thermal energy are crit-
ically important. Benefiting from their easy modification, good
biocompatibility, and potential biodegradability, organic
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photothermal materials are attracting great interest in addition to
the investigation of inorganic nanoparticles.'*"® However, only
a limited number of organic NIR-II photothermal materials have
been exploited so far. The successful examples have mostly been
formulated using conjugated polymers, which possess a low
bandgap to meet the light absorption in the NIR window. Rarely
has attention been paid to theoretical ideas for directing the
molecular design of polymers that prefer to absorb NIR-II light,
and also exhibit highly efficient photothermal conversion.>"”**

In principle, the photothermal conversion process of NIR-II
molecules can be described using eqn (1),

0=1Iyx(1-10" x ¢ic (1)

where Q is the heating power based on the photothermal
conversion and I, is the light intensity. The photothermal
conversion consists of two processes, including light absorption
(4) and non-irradiative emission. Regardless of the concentration
and the optical path, the extinction coefficient (¢) of the mole-
cules is an intrinsic factor that affects the light absorption, which
is closely related to the electronic state of the molecule. The
efficiency of internal conversion (¢;¢) is a crucial factor by which
to determine the non-irradiative emission, which is generally
affected by the vibrational state of the molecule. Nevertheless, the
light absorbing process and internal conversion process are
competitive in terms of their molecular structure requirements.
In order to ensure light absorption in the NIR-II window, the
energy gap between the ground and excited states should be
below 1.24 eV, which relies on molecular planarity and rigidity,
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with better electron delocalization (Fig. 1a).>*>* However, the
dissipation of excited states via internal conversion is more
favored in the case of molecules with less rigidity, for example,
with rotatable or vibrational bonds (Fig. 1b).>* Therefore, organic
NIR-II photothermal materials with better photothermal
conversion efficiency may be exploited through the choice of
coupling the structural rigidity with flexibility.

Following the strategy of coupling rigidity and flexibility, we
successfully developed a type of polymers that have low energy
gaps and high photothermal conversion efficiency (Fig. 1c). As
illustrated in Fig. 1d-f, the three polymers are all composed of
a fused backbone structure in which the free rotation of molecular
fragments is extremely restricted by the interconnected double
bonds and intramolecular hydrogen bonding interaction,
ensuring higher molecular planarity and electron delocalization
along the polymer chain. However, the hydrogen bonding cannot
fully lock the molecular skeleton and the length of the double
bond becomes longer, with a certain degree of molecular torsion
occurring in the excited state. This unique characteristic is bene-
ficial for internal conversion by means of vibration relaxation.

Results and discussion
Polymer synthesis

Three polymers with different heteroatoms were synthesized via
an acid-catalyzed aldol polymerization from different precursor
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monomers (Schemes 1, S1-S3 and Fig. S1-S5%), including
naphthalene bis-isatin,**** benzenedifurandione,” and benzo-
dithiophene-dione.”® As measured by high-temperature gel
permeation chromatography (GPC), the molecular weights (M,,)
of Y1, Y2, and Y3 are 67.3, 25.2, and 21.1 kDa, respectively.
These polymers are all soluble in halogenated solvents, for
example, chloroform, chlorobenzene (CB), and o-dichloroben-
zene (DCB). The decomposition temperatures with a 5.0%
weight loss are 377 °C for Y1, 345 °C for Y2, and 376 °C for Y3,
according to the thermogravimetric analysis (TGA) (see Fig. S6-
S8t1). The lower decomposition temperature of Y2 might be
attributed to the low stability of the thioester groups in the
structure of 3,7-bis((E)-2-oxoindolin-3-ylidene)-3,7-dihy-
drobenzo[1,2-b:4,5-b'|dithiophene-2,6-dione  (IBDT).>***  In
practice, these decomposition temperatures are high enough to
ensure desirable thermal stability in the particular cases of
biologically photothermal applications.

Light absorption and electron excitation

The light absorption properties of the three polymers were
evaluated within a range from 400 to 1600 nm (Fig. S9 and
S101). As shown in Fig. 2 and S9,f the vis-NIR absorption
spectra of Y1, Y2, and Y3 dissolved in chlorobenzene were
investigated upon changing the polymer concentration as well
as the temperature. The three polymers all exhibit remarkable
absorption in the NIR-II window. As theoretically predicted in

Flexibility
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Ideal molecular design of organic NIR-1I photothermal materials, which require (a) molecular rigidity and planarity in the ground state and

(b) molecular flexibility and rotatability in the excited state. (c) Design of NIR-Il photothermal polymers and schematic illustration of the related
photothermal process. Images of the three polymer solutions (50 pg ml~ in chlorobenzene) and their specific molecular structures, from left to

right, (d) Y1, (e) Y2, and (f) Y3, respectively.
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Scheme 1 Synthetic route for the Y2 and Y3 polymers.
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Fig. 2 Absorption spectra of Y1, Y2, and Y3 (from top to bottom) in
chlorobenzene solutions. The absorption curves of each polymer at
different concentrations and temperatures are provided in the boxes,
respectively. The curves of the same color, from top to bottom for
each polymer, represent the absorption spectra of samples with
a concentration of 400 ug ml™* (Y1-1, Y2-1, and Y3-1), 200 pg ml™
(Y1-2,¥2-2, and Y3-2), 100 pg ml~* (Y1-3, Y2-3, and Y3-3), 50 ug ml~*
(Y1-4, Y2-4, and Y3-4), and 25 pg ml™! (Y1-5, Y2-5, and Y3-5). The
black curve is the background absorption of the pure chlorobenzene
solution. The different colors of the curves represent different
temperatures, ranging from 20 to 70 °C at intervals of 10 °C.

Fig. S11-S13, the experimental spectra closely overlap with the
calculated spectra of the dimers and trimers, suggesting that
the effective conjugation lengths of these polymers are likely to
fall between two and three repeating units. The ion potentials
(IPs) of Y1, Y2, and Y3, as measured by X-ray photoelectron
spectroscopy (XPS) in air, are 5.20, 5.36, and 5.71 eV, which are
basically consistent with the estimation of the highest occupied
molecular orbital (HOMO) (Fig. S147). Referring to the theo-
retical light absorption spectra of the trimers (Fig. S15%), the
three polymers are more likely to accept aromatic configuration
rather than quinoid configuration.® It is worth noting that the
temperature has little influence on the absorption spectra of the
three polymers at the given polymer concentrations. There is no
blue shift when the temperature is increased, suggesting that

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the light absorption in the NIR-II window is not a result of J-
aggregation.**> The linear correlation of the absorbance with
the polymer concentration, which is entirely consistent with the
Lambert-Beer law (Fig. S167), also supports the assumption of
negligible molecular aggregation in chlorobenzene.

The maximum absorption peaks (Ap) of Y1, Y2, and Y3 are
937, 1107, and 970 nm, respectively, obeying an order of Ap.y, >
Apys > Apyi. Whereas, the order of the molar extinction coeffi-
cient (en,) is the reverse, ém-y1 > €m-y3 > €m-y2- Both the maximum
absorption order and molar extinction order are also supported
by theoretical calculations (Fig. S12 and S137). In principle, Ap
and ¢, rely on the molecular rigidity and coplanar properties. In
general, better coplanar property leads to greater delocalization
of the electrons, thereby enabling intense light absorption at
a longer wavelength.**** To decide if the order of Ap and ¢, are
influenced by the coplanar properties, the trimers of the three
polymers were optimized in terms of their configurations via
density functional theory (DFT) calculations (Fig. S21t). These
trimers possess pronounced coplanarity, except for the dione
groups, where small torsion is observed, which probably
accounts for the indistinct molecular aggregation. The dihedral
angle of the three polymers is in the order of fso.yz < Og0-y1 <
0so-y2, unlike the orders of Ap or ¢y,. In this regard, the molecular
coplanarity alone could not be used to explain the absorption
difference of the three polymers directly.

In principle, the distinct light absorption is relevant to
electron transition from the ground state to the excited state
under light irradiation. So, understanding the process of elec-
tron transition is favorable for explaining the order of the
absorption wavelength as well as the molar extinction coeffi-
cient. As illustrated in Fig. 3a, the electron excitation generally
follows the rule of Franck-Condon transitions from S,V, to
S1Vm, in which the energy gap corresponds to the absorption
wavelength (1p). Because an excitation of electron transition
mostly involves a number of molecular orbitals, the total elec-
tron cloud either in the ground state or the excited state is
calculated by integrating all the molecular orbitals involved in
the transition process based on hole-electron analysis.*® As
summarized in Fig. 3c, the electron cloud in the ground state is
originally distributed on the bonding region within the benzene
ring, and then moves to individual atoms in the excited state.
Similar electron cloud changes were also observed for polymers
with different effective conjugation lengths (Fig. 3c and S17-
S20t). This electron transition can be classified as a m-m*
transition. Besides this, a distinct donor-acceptor electron

Chem. Sci., 2021, 12, 5177-5184 | 5179
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Fig.3 Structure—property analysis of light absorption. (a) Schematic energy diagram of the transition corresponding to the maximum absorption
peak. (b) Schematic illustration of electron changes in the transition, in which the structure of the light red box is where the hole of the ground

state is, and that of the light green box is where the electron excited state

is. During the transition, the electron goes from the light red box to the

light green box. The detailed changes are provided in (c), and the dark red and green parts indicate the hole and electron clouds of all of the
molecular orbitals in the ground and excited states related to the transition. The isovalue is 0.002.

transfer process from the donor segment, naphthalene, to the
electron-deficient dione groups was also observed (Fig. 3b). This
D-A electron transfer process reduces the energy gap, leading to
a significant redshift in the absorption wavelength.*® The larger
conjugation length is another factor that accounts for the
absorption at a longer wavelength (Fig. S11-S137).

Regardless of the influence of the dihedral angles within
a conjugated repeating unit, the main structural difference
among the three polymers lies in the heteroatoms near to the
carbonyl group, referring to N, S, and O for Y1, Y2, and Y3,
respectively. These three atoms all offer a positive conjugated
effect and act as electron donors in the conjugated system.
Concretely, the atomic radius of N is closer to C than O, and the
7 bonds between C and N, O are composed of their 2p orbitals. S
possesses a larger radius than C, and its 3p orbitals take part in
the formation of 7 bonds. The contribution of three atoms to
the conjugation effect follows the order of N > O > S. As for the
molecular structures in this work, the less conjugated the
heteroatom is, the more electron deficient the dione group,
corresponding to a lower lowest unoccupied molecular orbital
(LUMO) energy level, namely LUMOy; < LUMOy; < LUMOy,
(Fig. S141). In terms of the close HOMOs due to similar donor
segments, a lower LUMO energy level corresponds to a narrower
energy bandgap, which thus explains the order of Ap.y; >Ap.y3 >
Apyi.

The different extinction coefficients of the three polymers are
also related to the factors of the donor-acceptor (D-A) structure
and conjugation effect. Theoretically, the extinction coefficient

5180 | Chem. Sci, 2021, 12, 5177-5184

(¢) is proportional to the overlap integral of the electron wave
functions of the ground state ¢s and the excited state ¢g , which
can be expressed using eqn (2),

(2)

where u is the electron transition dipole moment. The D-A and
conjugation effects have opposite influences on the overlap of
the electron wave functions. Improving the D-A effect generally
gives rise to a lower extinction coefficient as a result of there
being less overlap between the electron clouds of the ground
and excited states. On the contrary, prolonging the conjugation
length leads to a higher extinction coefficient owing to the
greater degree of the electron transition. In comparison, Y2 has
the strongest D-A effect because its dione groups are the most
electron deficient, while Y1 has the weakest DA effect. Mean-
while, Y1 consists of more naphthalene segments, which
accounts for its longer conjugation length (Fig. S17-S207).
Therefore, Y1 has a higher extinction coefficient than the other
two polymers. Incidentally, it should be noted that molecular
planarity is essential for the DA or conjugation effects, although
it is not responsible for the absorption difference among these
three polymers.

& x <¢SD|#\<PS,>2

Photothermal conversion and vibrational relaxation

The photothermal conversion properties of these three poly-
mers were investigated after the experimental and theoretical
evaluation of their light absorption properties. As shown in

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4, the three polymers dissolved in chlorobenzene with the
same absorbance via adjusting polymer concentrations were
compared and subjected to NIR-II light irradiation under
different power densities. As recorded using an infrared (IR)
camera, the temperature of each polymer solution rapidly rises
under NIR light irradiation. The temperature difference
compared to room temperature is positively related to the light
power (Fig. S221). For example, at a light power of 0.9 W, the
temperature increases by 20.8 °C relative to room temperature
for the Y3 solution, and 15.1 and 16.6 °C for the Y1 and Y2
solutions, respectively. Notably, the control group consisting of
only chlorobenzene exhibits a negligible response to NIR light
irradiation, as its temperature only increases by 0.5 °C, con-
firming that it is the polymers rather than chlorobenzene that
are responsible for the photothermal effect. Reversible cycles of
on-off NIR light irradiation under different light powers reveal
that the three polymers possess excellent photostability
(Fig. 4b). The completely reproducible temperature changes
suggest that the photothermal effect results from a photo-
physical process rather than chemical reactions. The photo-
thermal energy can be specified by summing the increased heat
in polymer solution and thermal dissipation, as shown in eqn

(3):
Q:ZmiCpiil—f+hA(T—To) (3)

where the mass and specific heat capacity of the heated material
in the process are m; and Cp;, respectively. T, is the room
temperature, which is 20 °C. T is the temperature of the system
after NIR light irradiation for a period of time (¢), and Q is the
generation rate of photothermal heat. # and A are the thermal
conductivity and heat dissipation area, respectively. The time-
dependent temperature change is in full agreement with this
equation, with an R-squared value of over 0.99, indicating that

View Article Online
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the equation is highly effective in evaluating the photothermal
production. According to the derived generation rate of photo-
thermal heat, the photothermal efficiencies of the Y1, Y2, and
Y3 polymer solutions under 0.5 W light irradiation are 67.9%,
69.5%, and 76.5%, respectively.

The photothermal effect is a result of relaxation from the
excited to ground state. The pathways of intersystem crossing
and fluorescent emission were ruled out in terms of the absence
of singlet oxygen (Fig. S231) and the unobserved fluorescence
signal within the range of 1100-1800 nm under the excitation of
a 1064 nm laser (Fig. S24t). So, the internal conversion is
proposed to account for the electron relaxation along with non-
irradiative emission in the form of thermal heat. As illustrated
in Fig. 5a, the internal conversion process generally involves two
steps, from the high vibrational energy level S;V,, to the lowest
vibrational energy level SV, of the excited state, and then from
S1Vo to the ground state SyV,. The internal conversion rate
generally depends on the second step as the first step is much
faster.™ The transformation of the molecular conformation
between the ground and excited states is crucial to the internal
conversion because it is closely related to the molecular vibra-
tional energy level. As labeled in Fig. 5b, a dihedral angle,
denoted as 4, is a representative parameter used to illustrate the
primary conformation change between the ground and excited
states. This assumption was confirmed using DFT calculations,
as shown in Fig. 5d. The dihedral angles of the trimers of the
three polymers decrease to a similar extent when they evolve
from S;V, to SyVy, in the order of Y2 > Y1 > Y3. In principle, the
dihedral angle is a balanced result of two factors; one is the
spatial repulsion of the molecular segments as bridged by the
double bond, and the other is the hydrogen bond of the
carbonyl group with the hydrogen atom on the neighboring
benzene.
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Fig. 4 Photothermal performance of the NIR-Il photothermal polymers. (a) Temperature changes of their solutions irradiated using different
light powers for 2 min, in which the control group is pure chlorobenzene. The wavelength of the laser is 1064 nm, and the absorbance of the
polymer solutions is around 0.5, with an optical path length of 0.1 mm. (b) The on—off curve of the polymer solution irradiated using a 1064 nm
laser of different power, and AT is the difference between the average temperature of the irradiated area and the room temperature (20 °C). (c)
Temperature distributions of the polymer solution irradiated by a 0.9 W laser for 2 min.
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Fig. 5 Molecular vibration analysis of the NIR-1I photothermal polymers. (a) Schematic diagram of the photothermal polymers from the excited
state to the ground state via internal conversion. (b) Parameters included in the molecular vibration. The red numbers are used to specify atoms
involved in the theoretical calculation. (c) Differential curve from the relative energy—dihedral angle curve. The intersection of the curve and the
line dRE/dDA = 0 is the lowest energy point, and the corresponding relative energy is 0 eV. k is the slope of the linear variation region of the above
curve from the intersection point to the largest dihedral angle. k;, ko, and k3 correspond to the slopes of the curves of the Y1-trimer-B, Y2-trimer-
B and Y3-trimer-B, respectively. (d) The dihedral angles and the corresponding hydrogen and double bond lengths of the three trimers in their

optimal conformations in the ground and excited states.

To further understand the photothermal process, the Lap-
lacian bond orders (O) of the double bonds,* the bond length
(d), and atomic partial charges (Q) derived using the restrained
electrostatic potential (RESP) approach in S;V, (with a prime
symbol) and S,V, (without a prime symbol) were calculated
(Fig. 5, Tables 1 and S17). As shown in Fig. 5d, the length of the
double bonds is longer than that of ethylene (1.339 A) but
indeed shorter than the carbon-carbon single bond of ethane
(1.535 A). This order is also applicable to the Laplacian bond
orders of double bonds (Table 1). The weaker double bonds
allow a certain degree of molecular distortion and are beneficial
to the vibrational relaxation. It should be noted that these
double bonds become even weaker in the excited states, which
may be caused by the increase in the electron cloud on the two
carbon atoms. Besides this, the hydrogen bonds in these poly-
mers are assigned as being moderate in strength according to

Table 1 Parameters included in the molecular vibration

Y1-trimer-B Y2-trimer-B Y3-trimer-B
O34 1.491 1.458 1.491
0’y 1.371 1.350 1.394
Qs+ Qy —0.1600 —0.1564 —0.2041
05+0, —0.1798 —0.1685 —0.2171
0Os x O —0.04520 —0.03598 —0.04768
d56
0sx 0 —0.04446 —0.03530 —0.04703
d'se
Qs X Qg —0.09581 —0.07994 —0.1001
0'sx 0 —0.09740 —0.08099 —0.1012

5182 | Chem. Sci, 2021, 12, 5177-5184

their length,*® of which the interaction is generally electrostatic
and their strength should be proportional to the electrostatic
Qu X Qo

potential energy, namely g According to Table 1, the
OH

bond strengths in the excited states are weaker than those in the
ground states, while the Qy x Qo values are correspondingly
larger. This trend indicates that the hydrogen bond changes can
be mainly attributed to the difference in the oxygen-hydrogen
distances. However, since the oxygen-hydrogen distances are
dependent variables, the weakening of the hydrogen bonds are
actually due to the molecular conformation changes resulting
from the weaker double bonds. Once the molecular conforma-
tion changes, the polarized charges on the hydrogen and oxygen
atoms will be increased to counter the change.

The analysis stated above provides more detailed informa-
tion about the charge and conformation changes between the
excited and ground states. In principle, the difference in these
polymers in terms of their photothermal efficiency is a result of
the total energy change. So, we further analyzed the relative
energies of the molecules with different dihedral conforma-
tions. As shown in Fig. S26,T the dihedral angles corresponding
to the points with zero relative energy follow the order of Y3 <Y1
<Y2, which is consistent with the previous calculation of SyVj.
Increasing or decreasing the dihedral angle leads to a gradual
increase in free energy, which indicates that the molecular
distortion is restricted. However, since the hydrogen bond is
a relatively weak bond and the double bond is weaker than that
of ethylene, the rotation is not completely forbidden. There are
more than 20 degrees below the gray dashed-dots for all of the
polymers (Fig. S261), indicating that the rotation is allowed
within a certain range at room temperature. The high

© 2021 The Author(s). Published by the Royal Society of Chemistry
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photothermal efficiencies of these polymers can be mainly
attributed to the flexible hydrogen bonding, which allows the
excited molecules back to the ground state through the pathway
of vibrational relaxation. Furthermore, the curves in Fig. S26+
are differentiated by the dihedral angle. The slopes of the linear
regions that cover # and ¢ in Fig. 5¢ represent the rate of relative
energy change from S;V, to SyV,, which can be used to evaluate
the degree of difficulty of the molecular rotation. The slopes of
Y1, Y2, and Y3 are 0.00040, 0.00041, and 0.00036, respectively.
The smaller slope of Y3 represents easier molecular rotation
along the 3-4 double bond at the same angle. In this regard,
both the hydrogen and double bonds possess a certain flexi-
bility in the excited state, which also provides preconditions and
possibilities for the efficient photothermal conversion.

Conclusions

In conclusion, we have provided insights into three low
bandgap polymers to understand the influence that intra-
molecular hydrogen bonding has on the light absorption and
photothermal conversion properties. Following the rule of
coupling molecular rigidity and flexibility, the three polymers
all have remarkable absorption in the NIR-II window, and
meanwhile possess excellent photothermal conversion capa-
bility. However, in view of the lack of theoretical research on the
molecular design of NIR-II photothermal polymers and the
scarcity of related studies on the structure-activity relationship,
this work combines experiments with theoretical calculations to
provide insights into the structure-property relationship and
theoretical analysis of NIR-II photothermal molecular design,
which is hoped to reinforce the photothermal knowledge rele-
vant to conjugated polymers. Molecular structures in the
ground and excited states were thoroughly analysed, and some
new understanding in regard to the molecular structure has
also been provided. Furthermore, the differences in the energy
gap and dihedral angle are explained by the atomic conjugation
effect and induction effect, which we believe will enlighten the
design of functional photothermal polymers that exhibit higher
light absorption and photothermal efficiency.
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