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ABSTRACT

A series of novel tetraamino phthalocyanine zinc (TAPcZn) micro-crosslinked

polyimide films were successfully synthesized by the copolymerization of

3,30,4,40-benzophenone tetracarboxylic dianhydride and 4,40-oxydianiline. The

UV–Vis, FTIR, NMR, MALDI-TOF-MS, and SEM–EDS technologies were used

to demonstrate the synthesis of TAPcZn. The copolyimide films were mainly

characterized via their morphologies, thermal stability, and mechanical prop-

erties. As expected, the copolyimide films inherited the optical properties of

phthalocyanine compounds and showed good mechanical properties, excellent

thermal stability, and flame retardancy with low content of TAPcZn (\ 5.0

wt%), regularly. Smooth, uniform, and defect-free copolyimide films all showed

good mechanical properties, and the tensile strength of PI with 1.52 wt% of

TAPcZn reached 116.9 MPa, which is 19.7% higher than that of pure PI. In

addition, as the amount of TAPcZn increases, both the residue char and the

initial decomposition temperature of the copolymer film improved significantly,

and the fire resistance of PI showed the same rules according to the limiting

oxygen index and UL-94 tests. Amazingly, the obtained copolyimides are p-
conjugate macrocycle homogeneous copolymers with excellent low dielectric

properties. In particular, the 4.49 wt% TAPcZn/PI film showed an ultra-low

dielectric constant of 2.326 (at 1 MHz) and a dielectric loss of less than 0.007.

Therefore, the copolyimide films containing TAPcZn are highly prospective

candidates as high-performance flexible substrates and dielectrics for electronics

devices.
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GRAPHICAL ABSTRACT

Introduction

Modified polymer films are composed of polymer

matrix and dispersed particles such as nanofillers,

metals, salts, and dyes [1–3]. Due to their combined

properties of the matrix and dispersed substances,

they are promising polymer candidates for optics,

electronics, and sensors. More recently, polyimide

(PI) films have been recognized as a class of mature

electronic insulation commercially available poly-

meric materials for electronic packaging in the elec-

tronics, 5G communication, and aerospace industries

[4–6]. PIs have many desirable characteristics such as

high-temperature durability (service temperature can

exceed 300 �C), excellent mechanical property, low

dielectric constant, low relative permittivity, high

breakdown voltage, inertness to solvent, and radia-

tion resistance [7]. It is one of the most promising

polymer candidates for the next generation of high-

performance interlayer dielectrics.

With the advent of the 5G era, large-scale antenna

arrays and highly integrated chips in aviation have

put forward higher requirements for the PI’s inherent

performance, such as low dielectric (\ 3.0), improved

thermooxidative stability, and higher fireproof per-

formance properties. To obtain higher thermal

stability and lower dielectric constants, various

physical and chemical methods have been tried to

alter the structure and properties of polyimide, such

as surface modification [8], sol–gel and electrospin-

ning techniques [9], and the introduction of func-

tional groups into the PI chains [10]. For the

molecular structure design of PI, the biggest chal-

lenge is to endow it with unique optical and electrical

properties while balancing the PI film’s thermal sta-

bility, and mechanical and dielectric properties.

Phthalocyanines, as a functional monomer of aro-

matic heterocyclic conjugated macrocycles with

delocalized 18-p electron [11, 12], have been used in

many application areas, such as organic thin-film

transistors [13], chemical sensors [14], liquid crystals

[15], photovoltaic cells [16], electrocatalysis [17], and

photosensitizers in photodynamic therapy of cancer

[18]. One of the most important assets of phthalo-

cyanine molecules is their capability to coordinate

with metal ions. Because the electron distribution in

the metal-free phthalocyanine macrocyclic system is

relatively uniform and the length of the C–N bond is

almost equal, the diameter of the central hole is

0.27 nm, which can coordinate with almost all ele-

ments on the periodic table. The other attractive

feature of phthalocyanine is its extremely high ther-

mal and thermo-oxidative stability of its aromatic
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character (15 times the benzene) [19]. It is well known

that the initial decomposition temperature of the

phthalocyanine ring is generally above 400 �C [20],

which is a kind of functional material with high

thermal stability. Recently, there has been a focus on

combustion suppression using metallophthalocya-

nine (MPcs) chemistry [12, 21–23] with unique

properties, particularly chemical and thermal stabil-

ity. In addition, phthalocyanine rings are used to

flame-retard thermoset resins, such as epoxy and

benzoxazine resin [24]. Therefore, effectively com-

bining phthalocyanine functional monomers with

polyimide film materials, giving the film new special

functions, and expanding the two application sce-

narios will certainly be a research work of potential

significance and application value.

So far, rarely studies have explored the effects of

metal phthalocyanines on the properties of PI

copolymers. Among them, Achar et al. [19, 25, 26]

systematically prepared a series of metal (Co/Ni/Cu)

phthalocyanine polymerization and polyimide

copolymers and focused on their heat resistance. Jung

et al. [27] studied the application of PI film based on

4,40- (hexafluoroisopropylidene) diphthalic and 4,40-

diaminodiphenyl anhydride (6FDA/ODA) copoly-

merized copper phthalocyanine (CuPc) in organic

electroluminescent devices and found that the

copolyimides containing Co and Cu-phthalocyanine

exhibited better hole-transporting properties than

doped-free PI. Maya [28] and Chen [21] investigated

the optical and dielectric properties of high-content

(50 wt%) CuPc polyimide copolymers. It is found that

the CuPc-PI film shows good dielectric, thermal, and

mechanical properties, making it a promising candi-

date for flexible dielectrics in modern microelectron-

ics. However, previous studies mainly focused on the

effect of Cu-, Ni-, and Co-containing phthalocyanines

on the specific properties of copolymers, and the

experimental studies on Zn-containing aminoph-

thalocyanine and BTDA/ODA copolymerized PI

films have not been systematically explored. Fur-

thermore, all the above studies used high content of

phthalocyanine (10–50 wt%), which can produce

crystallization, phase separation or concentration

gradients, especially the transmittance and roughness

of thin-film samples limit its application to a certain

extent. Therefore, its application is limited to a certain

extent by a high concentration of insoluble phthalo-

cyanines. It was also found that phthalocyanines

exhibited remarkable dielectric properties [29, 30]

under aggregation and polymerization states due to

18 p-conjugated nitrogen heterocycles, mainly mani-

fested in extremely low dielectric loss and dielectric

response to maintaining good frequency stability. Of

course, all the electrical and optical parameters

depend on the central metal atom and the number,

position, and presence of substituents [31].

The current work introduced rigid phthalocyanine

zinc units into the molecular chains of BTDA/ODA

via a novel synthesis of tetraamino phthalocyanine

zinc (TAPcZn). To avoid extensive modification of

the copolyimide properties, a limited number of

phthalocyanine rings with low content of TAPcZn

(less than 5 wt%) were introduced into the copoly-

imide. The effects of thermal, dielectric, optical, and

flame retardant properties of micro-branched

phthalocyanine units crosslinked PI films were

investigated in detail.

Material and methods

Materials

4-Nitrophthalonitrile (NPA) was purchased from

Shanghai Macklin Biochemical Co., Ltd. 4,40-oxydi-

aniline (ODA,[ 98%) and 3,30,4,40-benzophenone

tetracarboxylic dianhydride (BTDA,[ 97%) were

purchased from Shanghai Aladdin Biochemical

Technology Co., Ltd. Zinc acetate dihydrate (C4H6-

O4Zn�2H2O, 99%), N-dimethylacetamide (DMAc,

99.8%, GC) and 1-pentanol (99.8%, GC) were pur-

chased from Shanghai Macklin Biochemical Co., Ltd.

BTDA was dried at 180 �C in vacuum for 24 h before

use. N, N-dimethylformamide (DMF, 99.8%, GC,

Aladdin) was purified by distillation under reduced

pressure over calcium hydride and stored over 4 Å

molecular sieves. Other solvents were obtained from

various commercial sources and used without further

purification.

Synthesis of tetraamino phthalocyanine zinc
(TAPcZn)

Tetranitro phthalocyanine zinc (TNPcZn) and

TAPcZn were synthesized in our laboratory from

NPA by a method detailed in a reported procedure

[32] shown in Scheme 1.

In a 250-ml flask, NPA (5.19 g, 30 mmol), zinc (II)

acetate (2.20 g, 10 mmol), and DBU (6.08 g, 40 mmol)
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were stirred in dried n-pentanol at 142 �C for 24 h

under argon. After cooling to room temperature, the

mixture was filtered and washed with methanol and

ethanol. The dark green solid product TNPcZn was

obtained with a yield of 80.2%. Then, TNPcZn

(1.514 g, 2 mmol) and Na2S�9H2O (5.76 g, 24 mmol)

were stirred in dried DMF at 65 �C for 4 h under

argon. After cooling to room temperature, the mix-

ture was filtered and washed with methanol, ethanol,

and deionized water. TNPcZn was obtained in a

50.7% yield. An isomeric mixture of the desired

TAPcZn was synthesized as expected. Anal. calcd for

TAPcZn: C, 50.0; H, 4.16; N, 9.71. Found: C, 48.9; H,

4.38; N, 9.31. HRMALDI-TOF MS for C32H16N12O8Zn

(calcd. 636.1225): m/z = 636.2150.

Preparation of PI/TAPcZn copolyimide films

The compositions of the PI/TAPcZn copolymer

samples are listed in Table 1. In formulating PI/

TAPcZn copolyimides, the molar ratio of -NH2 in

TAPcZn and ODA was equal to the anhydride

groups in BTDA. The solid contents of all the solu-

tions in Table 1 were 10 wt%.

The PI/TAPcZn copolyimides were prepared by

the procedure depicted in Fig. 1. The specific prepa-

ration process is roughly described as follows: A

three-neck flask was first purged with nitrogen gas in

a cold-water bath to remove moisture. Then, DMAc

(50 mL) was added, and a gentle stream of nitrogen

was passed through the solution. ODA was intro-

duced into the flask under stirring. BTDA was then

added in five portions and then the TAPcZn. Until

dissolved completely, a clear BTDA/ODA/TAPcZn/

DMAc solution was obtained. The mixture was stir-

red under N2 at 10 �C for 24 h to form a viscous and

homogeneous polyamic acid (PAA) precursor solu-

tion. The PAA solution was then cast horizontally on

a clean glass substrate in a vacuum oven to remove

bubbles for 4 h at 60 �C. The xerogel film was heated

sequentially at 80 �C for 12 h, 120 �C for 4 h, 200 �C
for 1 h, 250 �C for 1 h, and 350 �C for 1 h with the

same heating rate of 2–3 �C min-1 in a drying oven.

After cooling to room temperature, a flexible PI/

TAPcZn composite film was self-stripped from the

Scheme 1 Synthetic routes of TNPcZn and TAPcZn.

Table 1 Compositions of PI/TAPCZN copolyimide films

Materials PI-Control PI-1 PI-2 PI-20a PI-3 PI-4

PI/TAPcZn/0 PI/TAPcZn/0.5 PI/TAPcZn/2.5 PI/PcZn/2.5 PI/TAPcZn/5.0 PI/TAPcZn/7.5

BTDA (g) 3.084 3.080 3.066 3.037 3.049 3.032

ODA (g) 1.916 1.905 1.858 1.887 1.800 1.743

TAPcZn (g) 0 0.015 0.076 0.076 0.150 0.224

n(-NH2in TAPcZn)/n(–NH2) 0 0.5% 2.5% 0 5.0% 7.5%

TAPcZnb (wt%) 0 0.30 1.52 1.52 3.01 4.49

DMAc (mL) 50 50 50 50 50 50

aNon-amino PcZn as a substituent of TAPcZn in PI-20 was mixed in PAA solution with the same solid content (2.5 wt%); bThe mass

fraction is calculated by the molar ratio of –NH2 in TAPcZn
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glass surface by soaking in deionized water. After

cleaning (ultrasonic cleaning with ethanol, acetone

and deionized water and blowing dry with nitrogen),

we obtained all the neat and lucent PI films with a

thickness of approximately 50 lm. The synthesis

route and suggested chemical structure of PI/

TAPcZn materials are shown in Fig. 2.

Characterization

FTIR spectra were recorded on a Nicolet 6700 IR

spectrometer at 4 cm-1 with a full reflectance mode

of 32 scans. 1H NMR was recorded on a Bruker

Avance 600 NMR spectrometer operating in Fourier

transform mode. Ultraviolet–visible (UV–Vis) spec-

troscopy was measured using a Mettler-Toledo UV7

spectrometer. Element analysis of C, O, and N was

carried out using a Vario EL Cube elemental ana-

lyzer. MALDI-TOF MS was performed with a Bruker

Autoflex III device. It was equipped with a pulsed

nitrogen laser (k = 337 nm, pulse width = 3 ns, and

average power = 5 mW at 20 Hz). The extraction

voltage in the TOF analyzer was 20 kV, and ions were

obtained by irradiation just above the threshold laser

power. Thermogravimetric analysis (TGA) was

performed using a thermal analyzer (Netzsch 209 F1)

under a nitrogen flow rate, with a heating rate of

10 �C min-1 from 40 to 800 �C. Differential scanning

calorimetry (DSC) measurements were taken on a

Netzsch DSC 204 F1 instrument in the temperature

range of 30–350 �C with a heating rate of 10 �C/min

in a nitrogen flow of 20 mL min-1. Dynamic

mechanical analysis (DMA) of the films was per-

formed using a Mettler Instrument DMA/SDTA861e

at a heating rate of 2 K min-1 and a frequency of

2 Hz. The coefficient of thermal expansion (CTE) of

the PI films was measured by the dilatometer (DIL

402, Netzsch). The temperature range was 25–200 �C
with a rate of 5 �C min-1. Morphology characteriza-

tion of the phthalocyanine particles, char residue, and

film was performed with a Hitachi SU8020 scanning

electron microscope (SEM) sputtering the surface

with Au under a high vacuum with a voltage of

15 kV and a Hitachi HT7700 transmission electron

microscopy (TEM) via a 120 kV electronic source. The

C, O, N, and Zn elements in the residue were verified

by an energy-dispersive X-ray spectrometer (EDXS

EX-350) under SEM. Atomic force microscopy (AFM)

pictures of the specimens were collected via a Bruker

Dimension Icon SPM in the tapping mode in air,

Figure 1 The processing method of copolyimide films.
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ScanAsyst Air probe, k = 0.4 N m-1, and

f 0 = 70 kHz. X-ray diffraction (XRD) analysis was

achieved using an XPERTPRP diffractometer system;

Cu Ka radiation was used with a copper target over

the 2h range of 5–60�. The mechanical property was

tested using a universal machine (CMT-410 4, MTS

Systems (China) Co., Ltd.). The dimensions of the

samples were 150 9 10 mm2 according to ASTM

D882-91, and the results are the average of five

measurements. The dielectric properties of the PI

films sputtered the surface with Ag were evaluated

by an Agilent 4294A over the frequency range of

40–110 MHz and a TongHui TH2826 LCR Meter

High Frequency (at 10 GHz) with the same test fix-

ture (TongHui TH26008A). The limiting oxygen

index (LOI) was obtained by an oxygen index ana-

lyzer (TESTech Instrument Technologies Co., Ltd.

Suzhou, China) according to ASTM D2863 by mea-

suring the minimum oxygen concentration required

to support the candle-like combustion of films. The

rolled film was obtained by winding the film with the

dimensions of 160 9 20 mm2 at a 45� angle on a

diameter of 2 mm barrel. The UL-94 Vertical burning

tests were performed on a CZF-5A-type instrument

(Jiangning Analysis Instrument Company, China)

with specimen dimensions of 150 9 15 mm2 accord-

ing to the ASTM D3801.

Results and discussion

The characterization of synthesized TAPcZn

In addition, the chemical structure of the TAPcZn

elaborated by FTIR, 1HNMR, and UV–Vis spectra is

shown in Fig. 3a–d. The absorption peaks at 1132,

1076, 1045, 842, 755, and 725 cm-1 were assigned to

the phthalocyanine skeleton [32], and the band

around 3300 cm-1 corresponded to the –NH2 group.

To further confirm the structure of TAPcZn, 1H NMR

was employed to characterize the products displayed

in Fig. 3b. The peaks between 7.0 and 9.0 ppm were

assigned to the aromatic protons (labeled a, c and d)

for the benzene ring. In comparison, the peak area at

6.45 ppm assigned to the hydrogen on the benzene

amino group was twice the area of a, c, or d peaks.

The structures of TNPcZn and TAPcZn were fur-

ther confirmed by UV–Vis. The linear optical prop-

erties of PI films were studied in terms of absorption

measurements in the UV–Vis region (200–1000 nm).

Figure 2 Synthetic Scheme of copolyimide films.
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Absorption bands at wavelengths shorter than

270 nm were not considered because of the cutoff

point of the solvent (DMF 270 nm) [33]. In general,

there are two characteristic peaks in the phthalocya-

nines: one absorption peak in the UV region

(300–400 nm), which is known as the Soret (B) band,

and another broad absorption peak in the visible

region (650–750 nm), which is known as the Q band.

The B band and Q band are attributed to the n–p*
transition and p–p* transition on phthalocyanine,

respectively [34, 35]. As shown in Fig. 3a, two typical

peaks of B and Q bands are observed in TNPcZn and

TAPcZn. Moreover, for TAPcZn, the redshift of the

Q band caused by the electron-donating ability of the

amino group is also confirmed. In addition, another

peak appears at 640–650 nm, which corresponds to

the absorption of TAPcZn vibronic dimer [36]. The

aggregation behavior of the TAPcZn at different

concentrations of DMF was studied (Fig. 3b). The

absorption of the Q band increased proportionally

with the concentration of the TAPcZn, and no new

bands that could be attributed to the aggregated

forms were found [37]. The UV–vis absorption

intensity and TAPcZn concentration obeyed Beer-

Lambert law at concentrations below 5 9 10–5 lM,

and their relationship was under a linear optical

property. From the above analysis, it could be con-

firmed that the target product TAPcZn was synthe-

sized successfully.

Figure 3 The characterization of synthesized TAPcZn. a FTIR and b1H NMR spectra of TAPcZn; UV–Vis spectra of c TAPcZn and

TNPcZn in DMF, and d TAPcZn at various concentrations (from 1.0 to 5.0 lM) in DMF.
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Morphology characterization
of the synthesized TAPcZn

Figure 4 shows the morphology characterization of

TAPcZn powders. The obtained dark green powders

(Fig. 4a) can be homogeneously dispersed in DMAc

(Fig. 4b). Figure 4c shows representational SEM

images of the TAPcZn powder. It can be seen that the

powder surface is rough and that the typical particle

size is less than 100 nm. The elemental mappings

show Zn elements homogeneously dispersing over

the whole particle (Fig. 4f). As shown in Fig. 4g, one

particle demonstrates that the few-stacked nanos-

tructure was obtained. Partial lattice fringes belong-

ing to TAPcZn were monitored by high-

magnification TEM (Fig. 4h), which can be specu-

lated that the powder is in the form of coexistence of

crystalline and amorphous states.

The FTIR Spectrum of PAAs and PI Films

The FTIR spectrum of PAAs showed bands at

1721 cm-1 (carboxyl) and 1660 cm-1 (imide) owing to

C=O stretching and at 1550 cm-1 owing to C–N

stretching (imide), suggesting the formation of PAA

[38] (Fig. 5c). According to Fig. 5d, all the character-

istic absorption peaks of PI incorporating TAPcZn

segments were well designated in the FTIR curves of

the PAAs and films. Strong bands at 1776 cm-1 (masym
C=O), 1708 cm-1 (msym C=O), 1363 cm-1 (mCN imide),

and 725 cm-1 (imide ring deformation vibrations)

belonged to imide rings of imide ring. In addition, no

absorption bands were observed for the anhydride

(1854 cm-1) and the free –NH2 (3300–3500 cm-1),

indicating that the monomer reaction is complete.

The C–N bending vibration peaks of TAPcZn over-

lapped with the characteristic peaks of PI/TAPcZn

films. Consequently, the PI film with TAPcZn seg-

ments was prepared successfully.

Morphological properties of polyimide films

AFM was used to observe the microscopic surface

morphology of copolyimide films. Generally, the

arithmetic means deviation Ra and the root mean

square roughness Rq are used to characterize the

roughness of the sample, and the larger the Ra, Rq,

the greater the roughness. The 3D image of the PI-

control, PI-1 and PI-2 (Fig. 6a) showed that the films

only have few protrusions, no noticeable depressions,

and the overall performance is flat. As shown in

Fig. 6b, the PI-control, PI-2, and PI-4 were found to

have image Rq values of 1.020 nm, 1.268 nm and

1.228 nm of and Ra values of 0,749 nm, 0.852 nm, and

0.816 nm, respectively, demonstrating the roughness

of copolyimide films are relatively low and overall

flat. Differently, the PI-20 film prepared by physical

mixing showed greater image roughness (Ra =

1.393 nm and Rq = 2.086). Furthermore, the surface

morphology of the PI/TAPcZn films was checked by

SEM as well, which is illustrated in Fig. 6c. It was

found that the surface of the PI control, PI-2, and PI-4

Figure 4 Morphology of the synthesized TAPcZn. Photographs of

the TAPcZn powders a and their dispersion in DMAc forming a

homogeneous suspension b, SEM image of the TAPcZn powders

c, and EDS elemental mapping images of C, N, and Zn d–f, high-

magnification TEM g, h images of TAPcZn powders.
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was flat, clean, and had no obvious defects under the

electron microscope at a magnification of 50 times.

However, for PI-20, some white bumps appeared on

the surface, which was consistent with the test results

of AFM. It was speculated that it was caused by the

agglomeration of TAPc in the PI system. PI-20 sam-

ples will not be considered in the follow-up study.

Thermal properties

Good heat resistance is also one of the most impor-

tant property requirements for the applications of PI

Figure 5 The photograph of PAA a and PI film copolyimides b, and the FTIR spectra of PAA c and PI film copolyimides d.

Figure 6 Morphological properties of typical films, PI control, PI-2, and PI-4 films: a AFM 3D view, b AFM height images

(5 lm 9 5 lm) with roughness parameter (Ra and Rq), and c SEM images.
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films. Figure 7 shows the glass transition tempera-

tures (Tg) of the PI/TAPcZn films, which were char-

acterized using DSC and DMA. The DSC results

(Fig. 7d) revealed that PI films exhibited an extremely

higher Tg with the TAPcZn load, and the maximum

value was up to 322.5 �C (PI-4). DMA was also

adopted to evaluate the Tg, and the results are illus-

trated in Fig. 7c. As expected, the variation in Tg

measured by DMA showed a similar trend compared

with the DSC results. The plots of loss factor tan d
(Fig. 7c) display only one relaxation process, corre-

sponding to the glass transitions of the copolyimides

with different TAPcZn loadings, which further

demonstrates the homogeneous dispersion of the

TAPcZn additive in the PI matrix. The loss factor tan

d of PI/TAPcZn films showed higher values than that

of the PI control film in the temperature range from

40 to 380 �C, attributed to the crosslinking effect on

the matrix. The width of the tand curve at Tg indi-

cated the synergistic effect of polymer molecular

chains during material relaxation, which was related

to the relaxation of polymer molecular chains that

usually caused the broadening tand peak due to the

restricted chain movement [5]. All the PI films

maintained good heat resistance, with the Tg values

of the PI films increasing in the order of PI con-

trol\PI-1\PI-2\PI-3\PI-4. The introduction of

phthalocyanine rings increased the heat resistance of

the PI/TAPcZn films. These results also indicated

that the p-conjugate macrocycle of TAPcZn limits the

mobility of the PI chains in the crosslinking network.

Moreover, none of the films showed clear melting

endothermic peaks up to the decomposition tem-

peratures on their DSC thermograms, which

demonstrated the amorphous nature of these PI films

based on the rigid coplanar conjugated phthalocya-

nine ring. The thermal stabilities of the PI/TAPcZn

films were evaluated by TGA, as shown in Fig. 7a, b.

The relevant thermal decomposition data, including

the Tonset, defined as the temperature at 5% weight

loss, the Tmax, defined as the temperature at the

Figure 7 a TG, b DTG, c DSC, and d DMA curves of TAPcZn, PI control, and PI/TAPcZn films.
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maximum weight loss rate, and the char residues at

800 �C, are given in Table 2.

According to Fig. 7b, pure nano-grade TAPcZn

powders show excellent thermal stability (no obvious

decomposition) and a high char residue (84.3%) at

800 �C under N2 atmosphere. All the PI films exhib-

ited good thermal stability before 500 �C in nitrogen.

Moreover, TAPcZn loading did not change the PI

degradation path, and the thermogravimetric

behaviors of the PI/TAPcZn films were similar to

that of the PI control. Compared to the PI control, the

PI/TAPcZn exhibited slightly higher residue that

increased with the TAPcZn load. It has been reported

that the presence of some TAPcZn as a synergist

could increase char yields [39]. These results indicate

that the interaction between TAPcZn and PI produces

a high char yield.

As shown in Table 2, the CTE of PI control

decreased from 54.9 to 49.12 ppm/K after adding

0.30 wt% TAPcZn (PI-1). It decreased from 49.12 to

40.10 ppm/K as the concentration of TAPcZn. It is

well known that the chemical structure, morphology,

and orientation of the molecular chain determine the

CTE of the polymer. In general, introducing a rigid

structure into the main chain to inhibit the orientation

of the chain can often reduce the CTE value. In this

work, the decrease of the CTE could be attributed to

the expansion or contraction of the PI matrix

restrained effectively by the 3D crosslinked network

structures between TAPcZn containing rigid

phthalocyanine rings and PI [40].

Mechanical properties

The effects of TAPcZn content on the mechanical

properties of the PI/TAPcZn were studied. The ten-

sile strength, elongation at break, and Young’s mod-

ulus of the PI/TAPcZn are shown in Table 3. The

tensile strengths and tensile moduli of the films were

in the range of 94–116 MPa and 2.06–2.35 GPa,

respectively. Such improvement was possibly con-

tributed by the restriction and effect of the intro-

duction of rigid ring structures and the formation of

micro-crosslinked systems on the polymer chains.

When the amine group concentration of TAPcZn was

2.5% (PI-1), the tensile strength at break increased

from 97.7 to 116.9 MPa. However, the tensile strength

of PI films declined with increasing TAPcZn content.

For example, the tensile strength of PI-4 was only

94.4 MPa. Thus, a small amount (B 3.01 wt%) of the

crosslinked rigid structures of TAPcZn clusters could

enhance the tensile strength of PI films. Moreover, the

improvement in Young’s modulus and the decrease

in elongation at break could be possibly contributed

by the synergistic effects of rigid phthalocyanine ring

and inter-molecular connection due to TAPcZn

incorporation. Overall, the PI-2 sample film showed

optimal mechanical performance. A small amount of

TAPcZn can overcome the disadvantages of reduced

mechanical properties and high costs due to depen-

dence on large amounts of modified materials.

Table 2 Thermal data of PI/

TAPcZn films Samples CTE (ppm/K) Tonset (�C) Tmax (�C) Residue at 800 �C (%)

PI control 54.90 557.6 587.3 61.42

PI-1 49.12 565.8 589.5 63.70

PI-2 45.80 567.0 595.1 64.42

PI-3 42.64 569.5 597.7 64.94

PI-4 40.10 570.2 597.2 66.23

Table 3 mechanical

properties of PI/TAPcZn films Samples Tensile strength (MPa) Young’s modulus (GPa) Elongation at break (%)

PI control 97.7 ± 3.4 2.06 ± 0.09 7.1 ± 0.4

PI-1 98.2 ± 1.1 2.00 ± 0.07 7.2 ± 0.4

PI-2 116.9 ± 2.1 2.05 ± 0.08 8.5 ± 0.8

PI-3 105.5 ± 3.3 2.17 ± 0.08 6.2 ± 0.8

PI-4 94.4 ± 4.3 2.35 ± 0.03 4.7 ± 1.0
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Dielectric properties

As one kind of electrical insulating material, PIs are

widely used in the electronics industry and require a

low dielectric constant. Figure 8a, b shows the

dielectric and dielectric loss tangent-frequency curves

of pure PI films and PI films with different contents

of TAPcZn, respectively. The four PI/TAPcZn films

had good frequency stability, and their dielectric

constants hardly changed in the frequency range of

50–108 Hz.

The dielectric constants of all the films at 1 MHz are

summarized in Fig. 8c to reveal the influence of

TAPcZn content. Additionally, compared with the

commercial DuPont Kapton films (dielectric constant

of 3.489) and PI control film (dielectric constant of

3.211), the PI/TAPcZn films provided a substantially

lower dielectric constant and smaller dielectric loss

with the increasing TAPcZn. Consequently, the opti-

mumdielectric constant reached 2.326 (PI-4 at 1 MHz),

and the dielectric loss was still 0.007. Generally, the

reduction of the dielectric constant and dielectric loss

are usually achieved by polymer molecular structure

design. Low polarizability chemical bonds, asymmet-

ric, rigid non-planar conjugated structures or flexible

structures, and space-occupyinggroupswere added to

thedielectricmaterial to increase the free volume in the

polymer structure [41]. Thus, the actual dielectric

constant decline in PI/TAPcZn films was quite unu-

sual and unexpected. However, A small amount of

TAPcZn was introduced into the conjugated plane of

PI molecules as a crosslinking point to form micro-

branched crosslinked structures. The micro-cross-

linked structure firstly destroyed the original

arrangement of PI chains regionally, increased the
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Figure 8 Dielectric properties of the PI/TAPcZn films: dielectric constant a, dielectric loss b, dielectric constant, and dielectric loss at

1 MHz c, and dielectric constant and dielectric loss at 10 GHz d.
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spacing of somemolecular chains, destroyed the order

of molecular chains, inhibited the polarization and

relaxation of polar molecular groups, thus increasing

the FFV of the system. It is undeniable that this micro-

branched crosslinking also promotes tight packing of

molecular chains, but studies have shown that at low

content levels, the effect of this promotion is weaker

than the former [42], resulting in the lower dielectric

constant of PI films and stable dielectric loss.

In general, the dielectric constant of PI films is

known to decrease gradually with increasing fre-

quency [1, 43, 44]. However, at ultrahigh frequencies,

the dielectric constant of the actual test results for PI/

TAPcZn remained roughly constant. In contrast, the

dielectric loss gradually decreased at 10 GHz

(Fig. 8d). This is significant for the specific applica-

tion of low dielectric materials in microelectronics

and 5G communication [45].

Flame retardancy properties

As electronic packaging and insulation materials,

stable heat resistance and non-flammable PI films are

necessary. The LOI and vertical burning classifica-

tions (UL-94) are frequently used to characterize fire

retardancy. The LOI represents the minimum oxygen

level in the atmosphere to sustain flames on a poly-

mer material [46]. The higher the LOI value, the

higher the non-flammability. The LOI values of PI

films effectively increased with the increasing

TAPcZn (Fig. 9a). When 1.51wt% TAPcZn was

incorporated, the LOI value of PI-2 increased from

47.5% of PI control to 52.4%, and the LOI of PI-4 with

4.49wt% TAPcZn increased by 11.8% (LOI = 53.1%).

Furthermore, all the PI films were classified as UL-94

VTM-0 (Table 4). After flame times for all individual

PI films did not exceed 5 s, no dripping was

observed. Generally, the char residue is used to

analyze the solid phase flame retardancy mechanism

of combustion [47]. SEM images of the PI control and

PI-4 after combustion at oxygen concentrations of

47.5% and 53.1% are illustrated in Fig. 9c–f. The

surface morphology of the char could be significant

for solid-phase flame retardancy. Compared to the PI

control, the outer surface of PI/ZnTAPc formed a

dense layer of fish scale-like residue (Fig. 9d), pre-

venting heat flow and mass transport. The EDX

spectrum of PI-4’s exterior char residue showed the

C, O, and Zn elements of TAPcZn, indicating the

existence of TAPcZn in the matrix and Zn in pro-

moting char formation. The internal char layer

structure is smooth and flat (f) and is not decomposed

by flame erosion.

Figure 9 LOI test of PI films. a Histogram of LOI values, b sample photo of the LOI test, and c–f SEM images of the exterior and interior

char residues of PI control and PI-4 after combustion at oxygen concentrations of 47.5% and 53.1%, respectively.

Table 4 Flame retardant properties of PI films

Sample After flame times Dripping UL-94 VTM LOI

t1 (s) t2 (s)

PI control 4 2 No VTM-0 47.5

PI-1 4 1 No VTM-0 49.6

PI-2 3 1 No VTM-0 52.4

PI-3 3 1 No VTM-0 52.6

PI-4 2 1 No VTM-0 53.1
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Conclusions

In summary, a series of novel PI/TAPcZn films were

prepared via copolymerization and subsequent

thermal imidization. FTIR, 1H NMR, and UV–Vis

confirmed that the TAPcZn was successfully pre-

pared. The PI/TAPcZn films exhibited preferable

thermal stability, mechanical performance, dielectric

properties, and flame retardant, contributing to the

development of polymer substrates with low dielec-

tric constants, unique thermal requirements, and

excellent overall performance. According to the AFM

and SEM images, it could conclude that the TAPcZn

showed better nano-level dispersibility and compat-

ibility with the PI matrix than the TNPcZn, which

brought about better overall performance. Compared

with PI control, the Tg and char residue of the PI/

TAPcZn films increased while the CTE values

decreased with the increase of TAPcZn content,

resulting in excellent heat resistance. In addition, a

certain amount of Rigid TAPcZn can significantly

improve the mechanical strength and modulus.

Besides, we found that the dielectric loss and

dielectric constant of PI/TAPcZn films were signifi-

cantly reduced due to microbranching effect attrib-

uted to a stronger enlarging molecular interlayer and

enlarging system FFV than crosslinking-limited, and

the optimum dielectric constant reached 2.326 (at

1 MHz). Finally, while the UL-94 test maintained the

V-0 rating, the LOI of PI/TAPcZn was markedly

improved with increasing TAPcZn content, showing

outstanding flame retardant performance.

Therefore, this research indicated that the PI films

with TAPcZn had a broad prospect because of low

filler content while high performance. It is strongly

believed that the good comprehensive properties

make functional PI/TAPcZn films good candidates,

as flexible insulating layers can open up a vast array

of applications in the microelectronics, 5G commu-

nication, and aerospace industries.
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