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Adjustment and detection of the topology
freezing transition temperature of vitrimers based
on vitrimers doped with nanoparticles and
photonic crystals

*xab

Jie Miao,7® Wenxiao Long,1° Jiayi Yan® and Chengjia Xiong

The topology freezing transition temperature (T,) of vitrimers is an important indicator for their
applications. The T, of vitrimers could be changed by using chemical methods. Herein, a physical
method is proposed to adjust and detect the T, of vitrimers based on upper vitrimers doped with SiO,
nanoparticles and lower photonic crystals (PCs) from SiO, nanoparticles. When the photonic coatings
are heated, the upper vitrimers changed from a viscoelastic-solid state to a viscoelastic-liquid state, and
the reflection peak intensities of the PCs increased because light easily penetrated the coatings. The T,
of vitrimers could be determined according to changes in the peak intensities. When the photonic
coatings are synthesized at 140 °C for 6 h under 2.6 MPa, the lower PCs exhibited no change, and as
the doping amounts of SiO, nanoparticles in the upper vitrimers are increased, the T, of the photonic
coatings decreased from 90 °C to 72.5 °C. The photonic coatings have potential applications in
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Introduction

Vitrimers were first reported by Leibler et al' Vitrimers are
covalently crosslinked, and they have many advantages. For exam-
ple, vitrimers could be recycled upon heating at temperatures
higher than their topology freezing transition temperature (T,).
When the heating temperature is lower than the T, vitrimers are
similar to thermoset materials, and they will woke fine. Because
the T, of vitrimers is an important indicator for their applications,
its detection is extremely important. There are a few methods to
determine the T, of vitrimers. For example, Ji et al. developed a
method to detect T, by doping aggregation-induced-emission (AIE)
luminogens into vitrimers.” A rheology' or dynamic mechanical
analyzer’ is used for detecting the T, of vitrimers based on a
dilatometry or stress-relaxation test, respectively, but the vitrimers
are under the influence of external forces in these two methods,
which may affect the values of T..> Because photonic crystals (PCs)
are materials with photonic band gaps, they have been used in
many areas, such as environment-friendly photonic coatings
(or pigments),** color displays,®™ inkless rewritable papers,"**
cellular (or adhesive) force monitoring,">'® and chemical
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adjustment and detection of T, of other vitrimers, anti-counterfeiting and displays.

(or biological) detection.”” > The photonic coatings from lower
PCs and upper vitrimers were used to detect the T;, of vitrimers in
our previous study.”® The above-mentioned method is simple,
without using external forces and additional substances, but the
T, of vitrimers could not be changed by this method.

The T, of vitrimers could be changed by chemical methods.
For example, Ji et al. synthesized different chemicals (epoxy vitri-
mers, polyurethanes and polyimine) to adjust the T, of vitrimers.”

27,28

Poly(ethylene-o-octene) (POE) vitrimers were synthesized, and their
T, values were changed by introducing the dynamic dioxaborolane
cross-links into the commercial pure POE.?” Different kinds of
chemicals result in different T, values. Herein, a physical approach
is proposed to adjust and detect the T, of vitrimers based on upper
vitrimers doped with SiO, nanoparticles and lower PCs from SiO,
nanoparticles. Meanwhile, the detection of the T, of vitrimers is
achieved according to the intensity changes in the reflection peaks
of the photonic coatings when they are heated.

Experimental section
Materials

Ethanol, ammonia, triazobicyclodecene, diglycidyl ether of
bisphenol, dodecanedioic acid and tetraethoxysilane (TEOS)
are purchased from Shanghai Aladdin Corporation. All chemi-
cals are of analytical grade and wused without further
purification.
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Synthesis of SiO, spheres and fabrication of PCs

Monodispersed SiO, spheres are synthesized by the Stober
method.?® Typically, 42 mL of ethanol, 16 mL of deionized
water and 8 mL of aqueous ammonia are mixed and stirred for
30 min; then, 1.8 mL of TEOS is dripped into this mixture
solution. The solution is stirred at 25 °C for 16 h, and mono-
dispersed SiO, spheres are obtained. The PCs are fabricated
using an optimized vertical deposition method based on multi-
ple glass slides of a simple mould, as reported in our previous
study.®® Typically, 0.04 g of SiO, spheres is ultrasonically
dispersed in 15 mL of ethanol. A simple mould inserted with
multiple glass substrates is immersed in the SiO, dispersion
solution, and then, it is evaporated at a stable temperature of
64 °C for 18 h. Finally, uniform PC films on glass slide
substrates are obtained.

Fabrication of PCVD coatings

Epoxy vitrimers are prepared according to previous reports,*' and

photonic coatings are fabricated following the method in our
previous work.>® The detailed fabrication procedure of PCVD
coatings (PCs and vitrimers doped with SiO, nanoparticles) is as
follows: typically, triazobicyclodecene (0.01 g, 0.07 mmol) is put on
the margin of a glass sheet with PCs. Next, 5 x 10™* g of SiO,
nanoparticles (moderate amounts) is ultrasonically dispersed in
2 mL of ethanol; SiO, dispersion, diglycidyl ether of bisphenol A
(0.25 g, 0.73 mmol) and dodecanedioic acid (0.18 g, 0.78 mmol) are
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ultrasonically dispersed and heated at 155 °C for 30 min. 15 drops
of the mixture are added onto the surface of triazobicyclodecene.
The side with the mixture of glass sheets is inclined upward at an
angle of 4° and heated at 155 °C for 20 min, which made the
mixture overspread on the PCs. After that, the margin of the glass
sheet is put downwards, the other end of the glass sheet is inclined
upward at an angle of 11°, and the coating is heated at 155 °C for
20 min. An appropriate thickness of photonic coatings is achieved
by this method. Then, the film is heated at 140 °C for 8 h. Finally,
the film is put in a high-pressure kettle that is filled with N,; the
PCVD coating is obtained when the heating temperature is 140 °C
for 6 h and the pressure of the kettle is 2.6 MPa.

Detection of the T, of PCVD coatings

The schematic and real-time detection of the T, of the PCVD
coatings were illustrated in our previous report.>® Typically, a
PCVD film is put on a big glass sheet (support function). The
temperature of the big glass sheet is controlled by an oil-bath
pan. The big glass sheet and PCVD film are heated, and the
temperatures are kept constant for 10 min to ensure full heat
exchange. Then, in situ reflection spectra of the PCVD coatings
are obtained by an optical spectrometer at normal incidence.

Material characterizations

Reflection spectra of the PCs and photonic coatings are
obtained using an optical spectrometer (QEPRO, Ocean Optics,
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(a) Schematic of the two kinds of photonic coatings: (i) photonic coating made from the upper vitrimers doped with nanoparticles and lower PCs

from nanoparticles and (ii) photonic coating made from vitrimers and amorphous PCs. (iii) and (iv) Photographs of the two kinds of coatings doped with
SiO,-1 nanoparticles after being loaded with different weights under 140 °C for 1 h. Scale bar: 1 mm. (b) and (c) Reflection spectra of the two kinds of
photonic coatings under different pressures. (d) Cross-sectional SEM image of the first kind of photonic coating from vitrimers and SiO,-2 nanoparticles.

Scale bar: 1 um.
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USA). Photographs are taken with a smartphone (iPhone 12,
USA). Scanning electron microscopy images are obtained using
TESCAN MIRA LMS (Czech Republic).

Results and discussion

Two kinds of photonic coatings are fabricated. The first photo-
nic coating is made from the upper vitrimers doped with SiO,
nanoparticles and lower PCs from SiO, nanoparticles (Fig. 1a, i);
the second photonic coating consists of vitrimers and amor-
phous SiO, PCs (Fig. 14, ii), and it has no lower PCs. For the first
kind of photonic coating obtained from vitrimers and SiO,-1
nanoparticles, when the photonic coating is pressed by a 40 g
weight and heated at 140 °C for 1 h, its structural color changed
noticeably, and the structural color continues to change after-
weight is up to 100 g (Fig. 1a, iii). For the second photonic
coating synthesized from vitrimers and amorphous PCs,
although the photonic coatings have structural colors in their
original state, the changes in the structural colors are not
obvious after they are pressed (Fig. 1a, iv). The reflection position
of the first kind of photonic coating (iii) shifted from 711 nm to
702 nm and 691 nm after it is pressed (Fig. 1b). According to
Bragg’s law, A = 2d+/nes? —sin20, where A is the diffraction
wavelength, n.g is the effective refractive index, d is the inter-
particle distance, and 6 is the angle of measurement with respect
to the vector normal to the close-packed planes,*° the blue shifts
(4) are due to the decrease in the lattice spacing (d) of the
nanoparticles in the vertical direction.'>** Because the second
kind of photonic coating (iv) has no lower PCs, there are no
reflection peaks, and the changes in the reflection peaks are not
obvious after it is pressed (Fig. 1c). Thus, the first kind of
photonic coating is mainly investigated in this work. It is named
as PCVD coating. Fig. 1d shows the representative cross-sectional
SEM image of the first kind of photonic coating obtained from
the vitrimers and SiO,-2 nanoparticles. From the SEM image, the
nanoparticles are monodispersed, and their average diameter is
about 320 nm. These SiO, nanoparticles are completely
embedded into the vitrimers, and the order of the degree of
arrangement of SiO, nanoparticles in the vitrimers is high. A
small part of the vitrimers is not filled by the nanoparticles as
the doping amount of nanoparticles is very little.

The T, and glass transition temperature (T) are two impor-
tant parameters of vitrimers. The T, of vitrimers without PCs
was tested in a previous study, and it was about 45 °C.2The T,
of vitrimers is determined according to the changes in the
reflection peaks of PCVD coatings when they are heated. PCVD
coatings are synthesized at 140 °C for 6 h under 2.6 MPa; their
reflection spectra and the corresponding intensity plots of the
photonic coatings at different temperatures are shown in Fig. 2.
The lower PCs are fabricated with the same amount of SiO,
nanoparticles in the same beaker, and the upper vitrimers are
doped with different amounts of SiO, nanoparticles (Fig. 2a).
When excessive SiO, nanoparticles (1 x 10~ g) are doped into
the upper vitrimers, the color of the PCVD coatings inclined to
white, which is derived from the color of the SiO, nanoparticles

This journal is © The Royal Society of Chemistry 2025
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(Fig. S1). When moderate amounts of SiO, nanoparticles (5 x
10~ * g) are doped into the upper vitrimers, the structural colors
of the PCVD coatings are almost unchanged compared with
those of the photonic coatings without nanoparticles. When the
doping amount of SiO, nanoparticles is 2.5 x 107* g, it is
considered as a small amount of SiO, nanoparticles. When
PCVD coatings are heated and the heating temperature is
higher than the T, of vitrimers, the chemical property of the
SiO, spheres remains stable, the vitrimers gradually transform
from a viscoelastic-solid state to a viscoelastic-liquid state, and
light easily penetrates the vitrimers and reflects off the PCs
under the viscoelastic-liquid state.>® Therefore, the intensities
of the reflection peaks of all the PCVD coatings would increase
sharply when the states of the vitrimers are changed. The
beginning temperature is the temperature at which the inten-
sity of the reflection peaks of the PCVD coatings begins to
increase, while the finishing temperature is that at which the
intensity of the reflection peaks remains almost unchanged.
The T, is the average temperature between the beginning and
finishing temperatures. The representative T, is marked in
Fig. 2b. PCs-1 and PCs-2 are obtained from SiO,-1 and SiO,-2
nanoparticles, and the reflection peaks of the two PCs are
located at 633 nm and 731 nm, respectively (Fig. S2). The
reflection peak intensities of the two PCs are higher than
50%, and according to our previous work, this indicates that
the SiO, spheres are monodispersed.>® This conclusion is in
agreement with the result shown in Fig. 1d. After vitrimers are
added to the surfaces of PCs-1 and PCs-2, the positions of the
reflection peaks of the PCVD coatings are 698 nm and 809 nm,
respectively. When the lower PCs-1 are the same and the upper
vitrimers are doped by small, moderate and excessive amounts
of SiO,-1 nanoparticles, respectively, the values of the T, of
PCVD coatings are 90 °C (Fig. 2b), 85 °C (Fig. 2¢) and 72.5 °C
(Fig. 2d), respectively. The T, values of the PCVD coatings
decrease as the doping amounts of SiO, nanoparticles increase.
In order to prove the reliability of the results, other batches of
PCVD coatings are synthesized at 140 °C for 6 h under 2.6 MPa
(named as PCVD-1-2, PCVD-1-3, etc.), and their T, values are
investigated. For result analysis, serial numbers of PCVD coat-
ings and their T, values are summarized in Table S1. The T,
values of PCVD-1-2, PCVD-2-2 and PCVD-3-2 are 90 °C (Fig. S3a),
80 °C (Fig. S3b) and 75 °C (Fig. S3c), respectively. The T, values
of PCVD-1-3, PCVD-2-3 and PCVD-3-3 are 90 °C (Fig. S4a), 85 °C
(Fig. S4b) and 80 °C (Fig. S4c), respectively. It is found that the
T, values of different batches of PCVD coatings also decrease as
the doping amounts of SiO, nanoparticles increase. Addition-
ally, the T, values of different batches of PCVD coatings
synthesized under same conditions are very close, which
indicates that the method is reliable. When PCVD coatings
are obtained from the other SiO, nanoparticles, the lower PCs-2
from SiO,-2 are the same and the upper vitrimers are doped by
small, moderate and excessive amounts of SiO,-2 nano-
particles, their values of T, are 80 °C (Fig. 2e), 75 °C (Fig. 2f)
and 65 °C (Fig. 2g), respectively. For different batches of the
PCVD coatings from the SiO,-2 nanoparticles, the T, of PCVD-4-2,
PCVD-5-2 and PCVD-6-2 are 75 °C (Fig. S3d), 62.5 °C (Fig. S3e) and

J. Mater. Chem. C, 2025, 13,19417-19424 | 19419
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Fig. 2 Reflection spectra and the corresponding intensity plots of the PCVD coatings at different temperatures when the PCVD coatings are synthesized
at 140 °C for 6 h under 2.6 MPa. (a) Schematic of the upper vitrimers doped with different amounts of SiO, nanoparticles and lower PCs from SiO,
nanoparticles. Reflection spectra and the corresponding intensity plots of the PCVD coatings at different temperatures: the lower PCs are from SiO,-1
nanoparticles, and the SiO,-1 doping amounts of the upper vitrimers are (b) small, (c) moderate, and (d) excessive. Reflection spectra and the

corresponding intensity plots of the PCVD coatings at different temperatures:

of the upper vitrimers are (e) small, (f) moderate, and (g) excessive.

60 °C (Fig. S3f), respectively. The T, values of PCVD-4-3, PCVD-5-
3 and PCVD-6-3 are 70 °C (Fig. S4d), 62.5 °C (Fig. Sde)
and 62.5 °C (Fig. S4f), respectively. For the PCVD coatings
from vitrimers and nanoparticles of different diameters, the
T, values decrease as the doping amounts of the nanoparticles
increase. However, the extent of decrease in the T, values
of PCVD coatings from nanoparticles of different sizes is
different. Reduction extent of the T, is more obvious for PCVD
coatings from smaller nanoparticles, while under the same

19420 | J Mater. Chem. C, 2025, 13,19417-19424

the lower PCs are from SiO,-2 nanoparticles, the SiO,-2 doping amounts

conditions, T, is smaller for PCVD coatings from SiO, nano-
particles with larger diameters. Therefore, the T, of vitrimers is
related to the doping amounts and diameters of the SiO,
nanoparticles.

When the PCVD coatings are synthesized at 180 °C for 4 h
under 3.0 MPa, their reflection spectra and the corresponding
intensity plots at different temperatures are shown in Fig. 3.
The lower PCs are fabricated with the same amounts of SiO,
nanoparticles in the same beaker, and the upper vitrimers are

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Reflection spectra and the corresponding intensity plots of the PCVD coatings at different temperatures when the PCVD coatings are synthesized
at 180 °C for 4 h under 3.0 MPa. Reflection spectra and the corresponding intensity plots of the PCVD coatings at different temperatures; the lower PCs
are from SiO,-1 nanoparticles, and the SiO,-1 doping amounts of the upper vitrimers are (a) small, (b) moderate, and (c) excessive. Reflection spectra and
the corresponding intensity plots of the PCVD coatings at different temperatures; the lower PCs are from SiO,-2 nanoparticles, and the SiO,-2 doping
amounts of the upper vitrimers are (d) small, (e) moderate, and (f) excessive.

doped with different amounts of SiO, nanoparticles. When
small, moderate, and excessive amounts of SiO,-1 nano-
particles are doped into the upper vitrimers, the T, values of
PCVD-7-1, PCVD-8-1 and PCVD-9-1 are 87.5 °C (Fig. 3a), 85 °C
(Fig. 3b) and 85 °C (Fig. 3c), respectively. Other batches of PCVD
coatings are synthesized at 180 °C for 4 h under 3.0 MPa, and
their 7, values are investigated. The T, values of PCVD-7-2,
PCVD-8-2 and PCVD-9-2 are 85 °C (Fig. S5a), 87.5 °C (Fig. S5b)
and 87.5 °C (Fig. S5c¢), respectively. The T, values of PCVD-7-3,
PCVD-8-3 and PCVD-9-3 are 85 °C (Fig. S6a), 85 °C (Fig. S6b) and
80 °C (Fig. Séc), respectively. For the PCVD coatings from the
Si0,-2 nanoparticles and vitrimers, the T, values of PCVD-10-1,
PCVD-11-1 and PCVD-12-1 are 70 °C (Fig. 3d), 70 °C (Fig. 3e) and
75 °C (Fig. 3f), respectively. Other batches of PCVD coatings
from the SiO,-2 nanoparticles and vitrimers are synthesized at
180 °C for 4 h under 3.0 MPa. The T, values of PCVD-10-2,
PCVD-11-2 and PCVD-12-2 are 82.5 °C (Fig. S5d), 67.5 °C

This journal is © The Royal Society of Chemistry 2025

(Fig. S5e) and 70 °C (Fig. S5f), respectively. The T, values of
PCVD-10-3, PCVD-11-3 and PCVD-12-3 are 72.5 °C (Fig. S6d),
65 °C (Fig. S6e) and 62.5 °C (Fig. S6f), respectively. The T, values
of the PCVD coatings from SiO, nanoparticles with larger
diameters are smaller than those from small-diameter nano-
particles under the same conditions, and the experimental
phenomenon is the same as that in Fig. 2. But the changes in
T, are very small as the doping amounts of SiO, are increased,
which is different from that of Fig. 2. The possible reason is
that the curing degree of vitrimers is higher under higher
pressure and temperature. Therefore, the T, values of vitrimers
are not easy to be adjusted by doping with SiO, nanoparticles.
The above-mentioned results indicate that the adjustment of T,
is also related with to the synthesis condition of the vitrimers.

The second and third thermal responsive experiments of the
same PCVD coatings are investigated. When moderate amounts
of SiO, nanoparticles are doped into the upper vitrimers, the

J. Mater. Chem. C, 2025,13,19417-19424 | 19421
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Fig. 4 Second and third thermal responsive results for different PCVD coatings when moderate amounts of nanoparticles are doped into the upper
vitrimers. The second thermal responsive results: intensity plots of the reflection peaks of the (a) PCVD-2-1, (b) PCVD-5-1, (c) PCVD-8-2 and (d) PCVD-

11-2 coatings at different temperatures. The third thermal responsive results:
PCVD-8-2 and (h) PCVD-11-2 coatings at different temperatures.

second determined T, values of the PCVD-2-1, PCVD-5-1, PCVD-
8-2 and PCVD-11-2 coatings are 85 °C (Fig. 4a and Fig. S7a),
77.5 °C (Fig. 4b and Fig. S7b), 92.5 °C (Fig. 4c and Fig. S7c) and
70 °C (Fig. 4d and Fig. S7d), respectively. The third determined
T, values of the PCVD-2-1, PCVD-5-1, PCVD-8-2 and PCVD-11-2
coatings are 70 °C (Fig. 4e and Fig. S7e), 75 °C (Fig. 4f and
Fig. S7f), 72.5 °C (Fig. 4g and Fig. S7g) and 72.5 °C (Fig. 4h and
Fig. S7h), respectively. When a small amount of SiO, nano-
particles is doped into the upper vitrimers, the second deter-
mined T, values of the PCVD-1-1, PCVD-4-1, PCVD-7-3 and
PCVD-10-3 coatings are 70 °C (Fig. S8a and Fig. S9a), 77.5 °C
(Fig. S8b and Fig. S9b), 85 °C (Fig. S8c and Fig. S9¢) and 75 °C
(Fig. S8d and Fig. S9d), respectively. The third determined T,
values of the PCVD-1-1, PCVD-4-1, PCVD-7-3 and PCVD-10-3
coatings are 85 °C (Fig. S8e and Fig. S9e), 75 °C (Fig. S8f and
Fig. S9f), 70 °C (Fig. S8g and Fig. S9g) and 70 °C (Fig. S8h and
Fig. S9h), respectively. When excessive nanoparticles are doped
into the upper vitrimers, the second determined T, values of the
PCVD-3-3, PCVD-6-3, PCVD-9-1 and PCVD-12-1 coatings are
65 °C (Fig. S10a and Fig. Si11a), 85 °C (Fig. S10b and
Fig. S11b), 85 °C (Fig. S10c and Fig. S1lc) and 70 °C
(Fig. s10d and Fig. S11d), respectively. The third determined
T, values of the PCVD-3-3, PCVD-6-3, PCVD-9-1 and PCVD-12-1

19422 | J Mater. Chem. C, 2025, 13,19417-19424

intensity plots of the reflection peaks of the (e) PCVD-2-1, (f) PCVD-5-1, (g)

coatings are 80 °C (Fig. S10e and Fig. S11e), 72.5 °C (Fig. S10f
and Fig. S11f), 72.5 °C (Fig. S10g and Fig. S11g) and 67.5 °C (Fig.
S10h and Fig. S11h), respectively. The second and third deter-
mined 7, values of the same PCVD coatings are high and low,
respectively, indicating that the vitrimers are different from
thermoplastic materials and are not completely reversible
materials. Thus, the T, values of vitrimers synthesized under
different conditions could be adjusted and detected by this
simple physical method based on PCVD coatings.

Conclusions

In summary, photonic coatings are fabricated in this work from
upper vitrimers doped with SiO, nanoparticles and lower PCs. A
physical method is proposed to adjust and detect the topology
freezing transition temperature of vitrimers based on the PCVD
coatings. The T, values of the vitrimers are related to doping
amounts of the SiO, nanoparticles, diameter of the SiO,
nanoparticles and synthesis conditions. For adjustments in
the T, of vitrimers, this physical method is more convenient
and simpler than chemical methods. Furthermore, the photo-
nic coatings have structural colors. Consequently, they can be
used for the adjustment of the T, of other vitrimers, with

This journal is © The Royal Society of Chemistry 2025
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potential applications in displays, anti-counterfeiting and auto-
motive coatings in the future.
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