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Abstract: Doping perylene diimide (PDI) into a polymer matrix is a simple strategy to prepare near-infrared (NIR )
reflective materials, but the mechanical properties and NIR reflectance properties are significantly compromised due
to macro-phase separation. In this study, a novel polymer(denoted as PU-PDI) with intrinsic NIR reflective proper-
ties was synthesized by covalent incorporation of PDI units into polyurethane chains. Its photophysical characteris-
tics, mechanical property and NIR reflectance property are investigated in detail. The results show that covalent in-
corporation reduces the severe aggregation of PDI units, thereby endows PU-PDI with excellent mechanical property.
The elongation at break of PU-PDI can reach more than 700%, and the breaking strength is 34. 11 MPa. Moreover,
compared to the blending system, PU-PDI possesses enhanced NIR reflection ability due to the better dispersion of
PDI units.
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1 Introduction

Near-infrared (NIR) radiation (700-2 500 nm)

constitutes 52% of solar radiation™.

However, most
materials are unable to effectively reflect the radia-
tion in the NIR region. This leads to an increase in
the internal energy of materials and environmental
heat accumulation, accelerating material loss and in-
creasing energy consumption for processes such as
refrigeration”™. Therefore, the development of mate-
rials with high NIR reflectivity has become a re-
search hotspot. In recent years, the NIR reflective
pigments reported in the literature are mainly con-
centrated in inorganic pigments and metal oxide pig-
ments, such as titanium dioxide, zincoxide and chro-

b7 However, with the development of

mium oxide
green chemistry, low-toxicity, low-cost and high-
performance organic pigments have gradually be-
come the focus of attention.

Perylene diimide (PDI) derivatives exhibit ex-
cellent chemical stability, high colorability and opti-
cal properties”'”, making them widely employed in

11]
, lu-

high-performance dyes, photoelectric devices'
minous solar concentrators'” and other fields. Re-
search has shown that some PDI derivatives have
high transparency in the NIR region, providing great
potential for the development of NIR reflective mate-

[13-14]

rials However, the large conjugated plane and

rigid structure of PDI molecules promote strong -
stacking, which adversely affects their optical prop-

U317 Tn order to address this

erties and processability
issue, PDI units were induced into the polymer ma-
trix to regulate the intermolecular interaction, there-
by optimizing material properties. The incorporation
of PDI molecules and polymer not only guarantees
photoactive molecules have sufficient dispersion

[18-19]

space ', but also provides excellent stability and

mechanical properties, bringing remarkable advan-

tages for the practical application™.

Currently, introducing PDI into polymer system
via physical blending has emerged as a highly prom-
ising strategy for developing high-performance NIR
reflective films. The physical blending method is
relatively easy to operate and cost-effective, which is
beneficial for industrial production and large-scale

. . 2122
application®””

. However, the implementation of this
strategy still encounters a series of challenges.
Among them, achieving uniform dispersion of PDI in

[23-24]

the polymer matrix is a primary issue . The aggre-
gation of PDI molecules not only diminishes its re-
flection capabilities but may also cause internal
stress concentration in the material, adversely affect-

25-26
220 Fyurthermore,

ing the overall film performance
the processing stability of the system cannot be over-
looked. During the polymer processing, factors such
as high temperature and shear forces can result in
PDI degradation or migration, thereby compromising
the NIR reflective properties and long-term stability

of the material®*"

Therefore, although introducing
PDI into the polymer system through physical blend-
ing shows great potential in enhancing the perfor-
mance of NIR reflective films, the issues of uniform
dispersion of PDI, processing stability of the system,
and balanced optimization of comprehensive perfor-
mance remain critical scientific challenges in the re-
search of PDI-based NIR reflective films™.

In this study, a novel polymer (denoted as PU-
PDI) with NIR reflective property was synthesized
by bonding the PDI chromophores to the polyure-
thane (PU) matrix covalently. Experiments demon-
strate that the covalent bond between the PDI seg-
ments and the polyurethane chains ensures better
dispersion of PDI within the polymer matrix. As a
result, compared with the physically blended system
PU/PDI, PU-PDI possesses enhanced tensile proper-
ty and NIR reflection ability in the range of 700 nm
to 2 500 nm.
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2 Experiment

2.1 Materials

1,6,7, 12-Tetrachloro-3, 4, 9, 10-tetracarboxylic
dianhydride, 1-aminooctane, 6-amino-1-hexanol, 2-n-
octyl-1-dodecylamine, poly (tetrahydrofuran) (PTMG,
M,=1 000 g/mol), polycaprolactone diol(PCDL, M,=
2 000 g/mol) and terephthalohydrazide (TD, 95%)
were purchased from Tianjin Xi’ ensiaopude Tech-
nology Co., Ltd. Isophorone diisocyanate (IPDI,
99%) was purchased from Shanghai Aladdin Bio-
chemical Technology Co., Ltd. Dibutyltin dilaurate

(a) cicl

0
CH,  R-NH,

0+H2N C H

iy, Toluene

0 110 °C

(b)

PCDL

0

0 0 0
1l 1l 1l
OCN’b-IWH—C-O-(- LDCP-)-O‘C—HN/b"‘l’NH—!‘!-O-(-PTMC +0C—N NCO 4
x 7

PCDL-IPDI-PTMG

0
1
C=]

0
H

0
1 I
NH—C—N —N—L
H

H H
=N=N=

(DBTDL, 98%), N, N-Dimethylformamide (DMF,
99. 9%, chloride
(DCM ), methanol (MeOH), petroleum ether (PE)

molecular sieves), methylene
and toluene were purchased from Anhui Zesheng
Technology Co. , Ltd. And were used without further
purification unless otherwise specified.
2.2 Synthesis and Characterizations

The synthetic route of PDI, PU-PDI and PU/
PDI is illustrated in Fig. 1. Detailed procedures and
characterization data are provided in the Supplemen-
The PDI content in PU-PDI and

PU/PDI is the same, and the mass fraction is 1%.

tary Information.
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3 Results and Discussion

3.1 FT-IR Spectra Analysis of PU-PDI

The structure of the final compound PU-PDI
was confirmed by FT-IR spectra(Fig. 2) and 'H NMR
(Fig. S1). As shown in Fig. 2, there is no N=C=0

tensile vibration peak corresponding to IPDI monomer

Synthesis process of PDI (a),

ClLcl
PU-PDI

0 0 0 0
~NH -NH—C 0+LDCP+0 C—HN NH—C O4PTMG 30 C~Nil NCO
£4 x 97

65°C,3h
physical blending with PDI-C8

l

PU/PDI

PU-PDI (b) and PU/PDI (c¢)

near 2 250-2 275 em™'. The tensile vibration peaks
corresponding to N—H and C=0 of the carbamate
bond appear at 3 325 ¢cm™. The disappearance of iso-
cyanate bond and the appearance of carbamate bond
proved the successful synthesis of PU-PDI. The anti-
symmetric stretching vibration peaks corresponding

to methylene appear at 2 939 ¢m™ and 2 859 cm™,



7 SONG Yifan, et al. : Synthesis, Mechanical Characteristic and Near-infrared Reflective Property -+ 1329
() 12 1.2
I . .
e = 08 108 =
= 1161 ::: 0.4 loa 2
1 1 1 0 ) 3 ) ) 0
4000 3000 2000 1000 400 450 500 550 600 650 700
A/nm Anm
Fig.2 The FT-IR of PU-PDI (b) 12 "
D . .
and the stretching vibration peaks of ether bonds ap-
pear at 1 104 cm™. The stretching vibration peaks
corresponding to ester group C—O appear at 1 161 2 0.8 10.8 f
em™ and 1 236 cm™', which proves that PCDL has g Z
< g
been successfully introduced into PU-PDI. 2 &
0.4 104 =
: . . =
3.2 Photophysical Properties and Aggregation
Structure
To investigate the optical properties and aggre-

gation behavior of PU-PDI and PU/PDI, UV-Vis ab-
sorption and photoluminescence spectra were mea-
sured. As shown in Fig. 3, the absorption peaks of
PU-PDI and PU/PDI at 520 nm, 486 nm and 426
nm correspond to the vibrational structures of PDI
chromophores, which are attributed to the Sy-¢, Sy-i,
and Sy_, vibronic transitions, respectively. Notably,
the absorption ratio of the Sy_y to Sy_; transitions in
PU/PDI is reduced, indicating that the PU/PDI
forms more pronounced aggregation through stron-
ger -1 stacking interactions. Furthermore, com-
pared to that of PU-PDI, the photoluminescence
spectrum of PU/PDI reveals a pronounced bathochro-
mic shift, further confirming the presence of PDI ag-
gregation.

To further investigate the aggregation behavior
of the samples, X-ray diffraction (XRD) measure-
ments were conducted. As shown in Fig. 4, PU/PDI
exhibits strong diffraction peaks, suggesting a cer-
tain degree of aggregation and crystallinity of PDI
molecules and poor compatibility of PDI-C8 within
the PU matrix. In contrast, no obvious diffraction
peaks can be observed for PU-PDI, indicating the ho-
mogeneous distribution of PDI segments in the poly-

mer matrix. Furthermore, the SEM images of PU-PDI

0 1 1 1 1 1 0
400 450 500 550 600 650 700
A/nm

Fig.3 UV-Vis absorption spectra(black line) and photolumi-
nescence spectra(red line) of PU-PDI(a) and PU/PDI(h)

—PU-PDI
—— PU/PDI

Intensity/a. u.
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20/(°)
Fig. 4 XRD patterns of PU-PDI and PU/PDI
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o

and PU/PDI(Fig. 5) showed that the surface of PU-
PDI was relatively smooth, while the surface of PU/
PDI was rough with a large number of massive aggre-

gates, which is in accordance with XRD results.

54800 3.0 kV X5.00k SE(U)

0.0 um WS4800 3.0 kV X5.00k SE(CUY " T 0.0 un

Fig.5 SEM images of PU-PDI(a) and PU/PDI(b)
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3.3 Thermal Stability and Mechanical Properties

The TGA and DMA curves of PU, PU-PDI and
PU/PDI are displayed in Fig. 6 and Fig. S2, respec-
tively. Fig. 6 indicates that the thermal decomposi-
tion degrees of these materials are very close, and
the corresponding decomposition temperature is
about 280 ‘C. Fig. S2 shows that the glass transition
temperatures of PU, PU-PDI and PU/PDI are
-30.74 °C, -30.74 °C, -32.63 °C, respectively.
The result indicates that the introduction of PDI has
no obvious impact on the thermal stability of polyure-
thane materials, and the good thermal stability of

polyurethane materials can be retained.

100
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80 —PU/PDI
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£
=
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Fig.6 TGA curves of PU, PU-PDI and PU/PDI

To determine how the two incorporation ap-
proaches affect the mechanical properties, the stress-
strain tests of PU, PU/PDI and PU-PDI were con-
ducted. As shown in Fig. 7, compared to pristine
PU, PU/PDI shows a significant decrease in both ten-
sile strength and elongation at break, likely due to
the excessive aggregation of PDI molecules within
the PU matrix, leading to material defects and se-

verely compromising the mechanical properties.

=—PU
—PU-PDI
= PU/PDI

30F

20

Stress/MPa

10

0 200 400 600 800 1000
Strain/%

Fig.7  Stress-strain curves of PU, PU-PDI and PU/PDI

However, PU-PDI exhibits a slight increase in break-
ing strength and a slight reduction in elongation at
break, indicating the retaining of PU’ s comprehen-
sive mechanical property. As shown in Fig. S2, the
energy storage modulus of the three materials exhib-
its minimal difference, but the tand of PU-PDI is sta-
bly higher than that of PU, indicating that PU-PDI
possesses better damping performance.
3.4 NIR Reflective Properties

In order to study the NIR reflective properties
of PU-PDI and PU/PDI, the UV-Vis-NIR reflectance
spectra were obtained by UV-Vis-NIR spectropho-
tometry on white substrate. As shown in Fig. 8, PU-
PDI and PU/PDI indicate obvious absorption in visi-
ble region due to the nature of PDI chromophore.
However, both PU-PDI and PU/PD show high reflec-
tance in NIR region. In particular, the reflectance
values progressively increased in the 700-1 750 nm
wavelength interval. This region (700-1 750 nm)
accounts for higher than 80% of the NIR solar energy,
and so it has important effect on cool activity of the
pigments. In detail, PU-PD exhibits better NIR re-
flectance, which should be related to the homoge-
neous distribution of PDI chromophores within the
polymer matrix through chemical grafting. The good
dispersibility results in a more homogeneous molecu-
lar network, preventing the light scattering of PDI ag-
gregations. In contrast, PU/PD shows a relatively
lower NIR reflectance due to the significant aggrega-
tion of PDI molecules, which disrupts the homogeni-
zation of the material and increases light scattering
and absorption. As shown in Tab. 1, the average

NIR reflectance of PU-PDI was higher than that of

100
80
S
3 60
< 40f
==}
50 —— PU-PDI
— PU/PDI
0 1 L 1 L
500 1000 1500 2000 2500

A/mm
Fig.8 UV-Vis-NIR reflectance spectra of PU-PDI and PU/PDI
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Tab.1 Average NIR reflectance values

Samples 700-1 750 nm 1 750-2 500 nm 700-2 500 nm
PU-PDI 95% 72% 85%

PU/PDI 82% 39% 61%

PU/PDI, and the NIR reflectance value of PU-PDI

can reach to 95%.

4  Conclusion

PU/PDI, the PDI units exhibit good dispersion with-
in the PU matrix. The stress-strain curve result
shows that the elongation at break of PU-PDI ex-
ceeds 700% and the tensile strength is 34. 11 MPa,
indicating PU-PDI retains the good mechanical prop-
erties of PU. The UV-Vis-NIR reflectance spectra
demonstrate that PU-PDI has excellent NIR reflec-

tance. Overall, these results provide a feasible de-

sign strategy for the fabrication of PDI-based poly-
In summary, we designed and synthesized a

PDI-based polyurethane( PU-PDI) by covalent incor-

urethane films with NIR reflective properties.

poration strategy. The UV-Vis absorption spectra, Supplementary Information and Response Letter are

photoluminescence spectra and XRD results indi- available for this paper at: http:/cjl.lightpublishing.cn/

cate that, compared to the physically blended system thesisDetails#10.37188/CJL.20250043
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