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Abstract   Modified polyimides (MPIs) possess excellent thermal stability, chemical stability, and mechanical properties, and are considered to be

a kind of dielectric material for high-frequency communication. Enhancing the rigidity of the polymer chains and intermolecular interactions can

ensure low Dk/Df at high frequency, which is attributed to the effective restriction of dipole orientations. However, it is difficult to achieve tight

chain packing in an overly rigid polymer chain, whereas an overly flexible polymer chain might be insufficient to restrain small-scale molecular

motions below Tg. To balance the trade-off between the rigidity of the polymer chains and tight chain packing, MPI was developed with a rigid-

soft structure based on a naphthalene-alkyl-based diamine. On the one hand, incorporating the soft unit can enhance the movability of polymer

chains to achieve dense chain packing for polyimides (PIs). On the other hand, the presence of rigid aromatic units can enhance intermolecular in-

teractions and further restrict the motion of polar imide groups below Tg. As a result, the resultant MPI can prevent small-scale molecular motion

below Tg. In contrast to the reference PI-TFMB-6FDA, Dk/Df is significantly reduced from 2.72/0.0075 to 2.73/0.005 at a high frequency of 10 GHz.

Furthermore, the rigid-soft structure endows PIs with good thermoplasticity owing to the good chain flexibility above Tg. In addition, PIs based on

rigid-soft structures can preserve favorable thermal stability.
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INTRODUCTION

With the rapid development of high-frequency communication
technology, the demand for low-dielectric materials with a low
dielectric constant (Dk) and low dielectric loss tangent (Df) is in-
creasing.[1−4] Modified polyimides (MPIs) possess excellent ther-
mal  stability,  chemical  stability,  and mechanical  properties  and
have been consistently used as dielectric materials for antenna
materials.[5−8] As  for  MPIs,  effective  approaches  for  simultane-
ously  lowering Dk and Df include  introducing  porous
structure[9−14] or  fluoride  groups,[15−20] decreasing  the  polariz-
ability  of  polymers,[21−23] and increasing the rigidity of  polymer
chains[24−26] or  their  intermolecular  interactions.[22,27−33] Fluori-
nated MPIs are always confronted with issues such as the high
cost  of  fluorinated  raw  materials  and  the  high  complexity  of
their synthetic processes. Additionally, porous MPIs are likely to
exhibit  poor mechanical  properties.  Intrinsic MPIs with low po-

larizability are conducive to reducing Dk and Df.
[21−23] In general,

the incorporation of a large amount of alkane structure can lead
to  a  remarkable  reduction  in Dk and Df,  but  it  would  result  in
poor thermal resistance.

The enhancement of the rigidity of the polymer chains and
their  intermolecular  interactions  can  effectively  restrain
dipole  orientations,  thereby  ensuring  low Dk/Df at  high  fre-
quency, especially for Df.[34−36] To date, there are several effec-
tive approaches for optimizing chain rigidity and intermolec-
ular  interactions,  including  adding  additives[37−40] such  as
quasi-two-dimensional  materials,[37] enhancing  intermolecu-
lar  interactions  such  as  crosslinking[22,28,29,33,39] or  other
forces,[31,32] and introducing rigid units.[28,37] Li et al.[39] synthe-
sized  a  series  of  phenylethynyl-terminated  polyimide  resins
by  grafting  amine-functionalized  hyperbranched  polysilox-
ane (HBPSi). The incorporation of HBPSi led to a decreased di-
electric  constant,  which  was  attributed  to  the  increased  free
volume  and  low  dielectric  constant  of  silsesquioxane
(Si－O－Si).  Furthermore,  the  crosslinking  and  steric  hin-
drance of HBPSi can effectively restrict the segmental mobili-
ty of PI chains, leading to a decreased dielectric loss tangent.
Meng et al.[28] developed a new class of imide oligomers and
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thermosets  using  9,9-bis(3,4-dicarboxyphenyl)fluorene  dian-
hydride  (BPAF).  Through  the  cross-linking  of  phenyl-ethynyl
groups, the BPAF-derived thermosets exhibited low Df values
of 0.0037 at high frequency from 30 GHz to 45 GHz and a low
dielectric constant of 2.85,  resulting from the stereochemical
structure.  In  general,  an  overly  rigid  polymer  chain  is  detri-
mental  to  tight  chain  packing,  whereas  an  overly  flexible
polymer  chain  might  be  insufficient  to  restrain  small-scale
molecular  motion  below Tg.  Neither  of  these  issues  is  con-
ducive  to  the  dielectric  properties.  As  the  frequency  is  con-
stantly increased, it is essential to conduct further research on
dielectric materials,  particularly for low-dielectric-loss materi-
als,  to  meet  the  requirements  of  application  in  the  field  of
high-frequency communication.

In the context, we develop “rigid-soft” structure to balance
the  trade-off  between  the  rigidity  of  the  polymer  chain  and
tight  chain  packing  based  on  a  naphthalene-alkyl-based  di-
amine.  By regulating the ratio of soft  to rigid units,  the poly-
mer chain can be maintained in close packing without signifi-
cantly  reducing  the  chain  rigidity.  As  a  result,  the  resultant
structure  can  effectively  restrain  small-scale  molecular  mo-
tions  below Tg,  particularly  the  polar  imide  groups  in  PIs,
thereby achieving low Dk/Df. The relationship between “rigid-
soft” structure  and  dielectric  properties  is  studied  in  detail.
Furthermore,  it  is  found  that  MPIs  with “rigid-soft” structure
exhibit good chain flexibility above Tg and thereby good ther-
moplasticity.

EXPERIMENTAL

The materials sources and related characterizations are present-
ed in the electronic supplementary information (ESI).

Synthesis and Characterization of MPIs

Synthesis of 1,6-bis(4-bromophenoxy)hexane (Compound 1)
6-Bromonaphthalen-2-ol  (13.43  g,  60.21  mmol)  and  potassium
carbonate (16.68 g, 120.64 mmol) were added to N,N-dimethyl-
formamide (DMF) (100 mL) and the mixture was stirred at 85 °C
for  1  h.  Then  1,6-dibromohexane  (6.62  g,  27.13  mmol)  was
added and the mixture was stirred for another 12 h. After cool-
ing  to  room  temperature,  the  product  was  extracted  using
dichloromethane/deionized water. The product was further pu-
rified  by  column  chromatography  using  dichloromethane/
petroleum  ether  as  the  eluent  and  then  recrystallized  with
ethanol overnight. Yield: 8.46 g (53.2%). 1H-NMR (400 MHz, CD-
Cl3, δ):1.59–1.63 (m,  4H),  1.88–1.92 (m,  4H),  4.08 (t,  4H, J =  6.44
Hz), 7.09 (sd, 2H, J = 2.20 Hz), 7.17 (dd, 2H, J1 = 8.92, J2 = 2.44 Hz),
7.50 (dd, 2H, J1 = 8.72, J2 = 1.84 Hz), 7.58 (d, 2H, J = 8.76 Hz), 7.64
(d, 2H, J = 9.00 Hz), 7.90 (sd, 2H, J = 0.68 Hz).

Synthesis of 3,3'-((hexane-1,6-diylbis(oxy))bis(naphthalene-
6,2-diyl))dianiline (DiHe-NaDA)
Compound 1 (8.46 g, 16.08 mmol), 3-aminophenylboronic acid
(4.99 g, 36.47 mmol) and sodium carbonate (7.60 g, 71.70 mmol)
were  mixed  in  DMF  (80  mL).  Then,  Pd(dppf)Cl2 (0.38  g,  0.52
mmol)  was added,  and the reaction was stirred at  90 °C under
N2 for 12 h. After adding dichloromethane to extract the organ-
ic  layer,  the  product  was  purified  by  column  chromatography
with  dichloromethane/triethylamine  as  the  eluent  and  recrys-
tallized from ethyl acetate and alcohol, respectively. Yield: 5.23 g
(58.9%). 1H-NMR  (400  MHz,  DMSO-d6, δ):  1.57  (m,  4H),  1.85  (m,

4H), 4.13 (t, 4H, J = 6.44 Hz), 5.25 (s, 4H), 6.59 (dd, 2H, J1 = 8.08,
J2 = 2.16 Hz), 6.91 (d, 2H, J = 8.20 Hz), 6.96 (s, 2H), 7.13 (t, 2H, J =
7.80 Hz), 7.19 (dd, 2H, J1 = 8.92, J2 = 2.48 Hz), 7.33 (sd, 2H, J = 2.52
Hz), 7.69 (dd, 2H, J1 = 8.48, J2 = 1.84 Hz), 7.85 (d, 2H, J = 8.64 Hz),
7.88 (d, 2H, J = 9.04 Hz), 8.00 (s, 2H). MS (electrospray ionization)
for [(M+H)+, C38H37N2O2]: Calcd., 553.28, Found, 553.24.

Preparation of PI films
TFMB (3.48 g, 10.85 mmol) and 6FDA (4.82 g, 10.85 mmol) were
added into DMAc (19.36 g), and stirred for 6 hours at room tem-
perature. After defoaming under vacuum, the film was uniform-
ly deposited on a clean glass substrate and heated at 200 °C for
30  min,  300  °C  for  10  min,  and  400  °C  for  10  min  for  thermal
imidization. After hot water immersion, the film was peeled off
from the glass substrate, and the resulting PI film was named PI-
TFMB-6FDA.

TFMB  (3.30  g,  10.31  mmol)  and  DiHe-NaDA  (0.30  g,  0.54
mmol)  and  6FDA  (4.82  g,  10.85  mmol)  were  added  to  DMAc
(19.66 g). The other synthesis process was performed accord-
ing to the above steps. This PI film was named as PI-DiHe-Na-
DA-5%.

TFMB  (3.13  g,  9.77  mmol),  DiHe-NaDA  (0.60  g,  1.08  mmol)
and 6FDA (4.82 g, 10.85 mmol) were added to DMAc (19.95 g).
The other synthesis  process was performed according to the
above steps. This PI film was named as PI-DiHe-NaDA-10%.

TFMB  (2.95  g,  9.23  mmol),  DiHe-NaDA  (0.90  g,  1.62  mmol)
and 6FDA (4.82 g, 10.85 mmol) were added into DMAc (20.25
g).  The  other  synthesis  process  was  performed  according  to
the  above  steps.  This  PI  film  was  named  as  PI-DiHe-NaDA-
15%.

RESULTS AND DISCUSSION

The  synthetic  route  to  naphthalene-alkyl-based  diamine
monomer  3,3'-((hexane-1,6-diylbis(oxy))bis(naphthalene-6,2-
diyl))dianiline  (DiHe-NaDA)  is  illustrated in Scheme 1.  DiHe-Na-
DA  was  incorporated  into  PI-TFMB-6FDA  to  regulate  the  chain
rigidity  and  packing  characteristics.  Copolymerized  PIs  were
prepared  with  various  ratios  of  DiHe-NaDA.  FTIR  spectroscopy
revealed that the PIs were fully imidized, in which the －NH2 de-
formation vibration at ca. 1623 cm−1 assigned to TFMB[36] disap-
peared,  and  the  C＝O  asymmetrical  stretching  vibration  at ca.
1786  cm−1,  symmetrical  stretching  vibration  at ca. 1728  cm−1

and C－N stretching vibration at ca. 1367 cm−1 that  belong to
the imide groups were observed (Fig. S3 in ESI). In our previous
work,  we  also  synthesized  the  diamine  monomer  3,3'-(butane-
1,4-diylbis(9H-carbazole-9,3-diyl))dianiline (DiBu-CzDA)[41] to en-
dow PI-TFMB-6FDA with a rigid-soft  structure.  Herein,  DiBu-Cz-
DA-based PI is employed for comparison in order to investigate
the  effect  of  the  rigid  unit  structure  on  the  trade-off  between
chain rigidity and tight chain packing, in addition to investigat-
ing the influence of the ratio of soft units to rigid units.

The  dielectric  properties  at  a  high  frequency  of  10  GHz
were characterized first,  as shown in Figs.1(a),  1(b) and Table
1.  The  reference  PI-TFMB-6FDA  showed Dk/Df ratio  of
2.72/0.0075. In contrast, the rigid-soft structure is effective for
reducing Dk and Df at  high  frequencies,  especially  for Df.  At
the ratio of 5%, the incorporation of DiHe-NaDA led to a slight
reduction in Dk/Df to 2.68/0.007. By further increasing the Di-
He-NaDA  ratio  to  15%,  a  low Dk/Df of  2.73/0.005  was
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achieved. For DiBu-CzDA-based PIs, Dk was all  approximately
2.74 at a ratio of 5%–15%. Df is slightly decreased, but all val-
ues  are  approximately  0.007,  regardless  of  the  ratio  of  DiBu-
CzDA.[41] In general, the introduction of an alkyl chain is con-
ducive  to  lowering  the  polarizability,  which  is  beneficial  for
achieving  a  low Dk/Df.  An  increase  in  the  number  of  alkyl
chains  should  lead  to  a  decrease  in  the  polarizability;  thus,
Dk/Df should be further reduced. However,  DiBu-CzDA-based
PIs preserve Dk/Df of ca. 2.74/0.007,  regardless of the ratio of
DiBu-CzDA.  Thus,  DiHe-NaDA-based  PIs  can  achieve  a  low
Dk/Df at a high ratio of DiHe-NaDA, probably because of oth-
er factors such as chain rigidity and packing characteristics.

To gain in-depth insight into these issues, a computer sim-
ulation  was  conducted,  as  shown  in Figs.  1(c)‒1(g).  Because
the  low Dk/Df values  of  PIs  with  rigid-soft  structures  are  not

entirely  related  to  the  introduction  of  alkyl  chains,  the  chain
rigidity and packing characteristics were further studied.  The
potential  energy  for  the  C－N  bond  adjacent  to  the  imide
group was first estimated using the conformers module with
a universal force field (Fig. 1f). The larger potential energy dif-
ference, which implies a higher energy barrier versus the rota-
tional angle, indicates a higher rigidity of the polymer chains
or segments (Fig. 1g). It is found that DiHe-NaDA-TFMB-6FDA
possesses higher energy barrier of 172.19 kJ·mol–1 than DiBu-
CzDA-TFMB-6FDA with energy barrier of 92.22 kJ·mol–1. Obvi-
ously,  as  for  the  diamines  with  rigid-soft  structure,  the  rigid
unit naphthalene in diamines DiHe-NaDA is able to further re-
strict  the motion of  polar  imide groups in the glassy state of
MPIs, as compared to that of DiBu-CzDA. TFMB-6FDA showed
the highest energy barrier of 269.54 kJ·mol–1, probably due to
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the presence of the trifluoromethyl side groups.

X-ray  diffraction  (XRD)  measurements  were  then  carried

out  to  investigate  the  packing  nature  of  polyimides.  It  was
found  that  the  diffraction  peak  of  the  resultant  poly(amic
acid)s at ca. 16° was weakened at a low DiHe-NaDA content of
5%–10%,  as  compared  to  the  reference  poly(amic  acid)  (Fig.
2a). In general, introducing a third monomer can disrupt sym-
metry, which is not conducive to tight chain packing. Howev-
er, such a small amount of DiHe-NaDA was insufficient to reg-
ulate the packing characteristics of the polymer chains. As the
DiHe-NaDA ratio increased to 15%, the packing nature of the
resultant poly(amic acid) was similar to that of PI-TFMB-6FDA,
indicating  that  packing  characteristics  can  be  regulated  by
modulating the rigid-soft structure. As a result, PI-DiHe-NaDA-
5%  and  PI-DiHe-NaDA-10%  exhibited  weakened  diffraction
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Table 1    Dielectric properties of MPIs at a frequency of 10 GHz.
 

MPIs Dk Df

PI-TFMB-6FDA 2.72 0.0075
PI-DiHe-NaDA-5% 2.68 0.0070

PI-DiHe-NaDA-10% 2.63 0.0070
PI-DiHe-NaDA-15% 2.73 0.0050
PI-DiBu-CzDA-5% 2.74 0.0071

PI-DiBu-CzDA-10% 2.76 0.0071
PI-DiBu-CzDA-15% 2.74 0.0070
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peaks at approximately 15.43° and 15.55°,  respectively,  while
the reference PI-TFMB-6FDA showed a diffraction peak at ap-
proximately 16.35° (Fig. 2b). With an increase in the DiHe-Na-
DA ratio to 15%,  the diffraction peak was enhanced and fur-
ther  shifted to approximately 15.72°,  although it  was weaker
than that  of  the reference PI-TFMB-6FDA.  This  indicated that
the  incorporation  of  a  lower  ratio  of  DiHe-NaDA  resulted  in
loosened chain packing. However, improving the DiHe-NaDA
ratio  to  15% enabled the  regulation of  chain  packing,  there-
by  achieving  tight  chain  packing  similar  to  that  of  the  refer-
ence PI-TFMB-6FDA. Overall,  all  the PIs were still  amorphous.
To further study the packing characteristics of the PIs, UV-Vis
transmittance  spectra  were  obtained,  as  shown  in Figs.  2(c)
and 2(d). The reference PI-TFMB-6FDA showed an absorption
onset  of ca. 370  nm  and T400–800 of  93%  (normalized  trans-
parency based on is the same thickness of 25 μm). In contrast,
introducing DiHe-NaDA and DiBu-CzDA effectively enhanced
the charge transfer complex (CTC) effect. For instance, at a ra-
tio of 5%, DiHe-NaDA-based PIs exhibited a decreased T400–800

of 86%, together with an absorption onset of ca. 369 nm. Fur-
ther increase in the DiHe-NaDA content led to a stronger CTC
effect.  As  the  DiHe-NaDA  content  increased  to  15%,  the  ab-
sorption  onset  was  red-shifted  to  374  nm,  and T400–800 was
lowered to 80%. This is mainly attributed to the strengthened
π-conjugation  effect  resulting  from  the  naphthalene  groups,
which is more obvious in the case of DiBu-CzDA-based PIs. At
a ratio of 5%, DiBu-CzDA-based PI showed an absorption on-

set of approximately 374 nm and T400–800 of 83%[41]. When the
DiBu-CzDA  content  increased  to  15%,  the  absorption  onset
was ca. 373 nm and T400–800 decreased to 68%. Herein, it is al-
so associated with the donor effect of the carbazole moieties
in addition to π-π stacking, thereby leading to a stronger CTC
effect.  Then,  the  free  volume  of  the  PIs  is  estimated via the
Forcite  module  based  on  a  Connolly  radius  of  0.1  nm  (Figs.
3a–3c  and Table  2).[42] The  incorporation  of  diamines  DiHe-
NaDA and DiBu-CzDA yielded a  lower  fractional  free  volume
(FFV) of 19.69% and 19.56%, respectively, while the reference
PI-TFMB-6FDA showed an FFV of 21.06%. The results indicate
that  PI-DiHe-NaDA-15% and PI-DiBu-CzDA-15% can preserve
a higher packing density of the polymer chains than PI-TFMB-
6FDA. In addition, the smaller FFVs of PI-DiHe-NaDA-15% and
PI- DiBu-CzDA-15% result in a slightly higher Dk.

The  mean  square  displacement  (MSD)  was  explored  to
study the movability  of  polymer chains based on the Forcite
module[43].  Both  DiHe-NaDA-based  PI  and  DiBu-CzDA-based
PI  exhibited  stronger  chain  mobility  than  the  reference  PI-
TFMB-6FDA,  especially  for  DiHe-NaDA-based  PI,  although
their  main  chains  incorporated alkyl  units  (Figs.  3d–3g).  As  a
result,  the  enhanced  mobility  of  the  polymer  chains  is  con-
ducive to achieving closed-chain packing. During the heating
process,  it  is  difficult  to  achieve  dense  chain  packing with  PI
with  a  more  rigid  polymer  chain  after  the  partial  imidization
of poly(amic acid).  Therefore,  DiHe-NaDA-based PI and DiBu-
CzDA-based PI with stronger chain mobility are conducive to
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Fig. 2    XRD patterns of (a) poly(amic acid)s and (b) PI films; (c) UV-Vis absorption spectra of PI films; (d) Transmittance spectra of PI films.
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forming  denser  chain  packing  than  the  reference  PI-TFMB-
6FDA,  which  is  mainly  attributed  to  the  presence  of  alkyl
chains.

Therefore,  dynamic  mechanical  analysis  (DMA)  characteri-
zation  revealed  that β-relaxation  behavior  was  effectively
confined  in  DiHe-NaDA-based  PIs  and  DiBu-CzDA-based  PIs
(Fig.  4b).  For  instance,  the reference PI-TFMB-6FDA shows Tβ
of ca. 270 °C, while the incorporation of DiHe-NaDA leads to a
significant decrease in the tanδ value, even at a low DiHe-Na-

DA content. DiBu-CzDA-based PIs exhibit less β-relaxation be-
havior only at high DiBu-CzDA contents of more than 10%[41].
In  contrast  to  the  reference  PI-TFMB-6FDA,  the  stronger  re-
striction  of  small-scale  molecular  motions  below Tg in  DiHe-
NaDA-based  PIs  and  DiBu-CzDA-based  PIs  is  conducive  to
achieving low Dk/Df at  high frequency.  This  result  is  attribut-
ed  to  the  denser  chain  packing  and  stronger  intermolecular
interactions originating from the rigid-soft structure. In partic-
ular, the rigid naphthalene unit in DiHe-NaDA-based PIs could
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Fig.  3    Simulated  free  volume  image  of  (a)  PI-TFMB-6FDA,  (b)  PI-DiHe-NaDA-15%  and  (c)  PI-DiBu-CzDA-15%  (gray
region represents van der Waals surface, and blue region represents Connolly surface). MSD curves of (d) C atom, (e) F
atom, (f) O atom and (g) polymer chain of different MPIs.

 

Table 2    Summary of free volume parameters of MPIs.
 

MPIs Total volume (V)
(Å3)

Free volume (Vf)
(Å3)

Fractional free volume (FFV) a
(%)

PI-TFMB-6FDA 15996.53 3368.7 21.06
PI-DiHe-NaDA-15% 17164.05 3379.17 19.69
PI-DiBu-CzDA-15% 17111.75 3347.32 19.56

a FFV is calculated based on the equation: FFV = Vf/V.
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further  restrict  the  motion  of  polar  imide  groups  as  com-
pared to DiHe-NaDA-based PIs, leading to lower Dk/Df at high
frequencies.

However,  DMA results revealed that the decline in storage
modulus around Tg for DiHe-NaDA-based PIs was significant-
ly more pronounced than that of the reference PI-TFMB-6FDA
(Fig.  4a and Table  3).  For  instance,  DiHe-NaDA-based  PIs
(5%–15%)  exhibit  increased  parameter  (−dE'/dT)max of  27.3,
35.3,  and  58.8  MPa/°C,  respectively,  while  the  reference  PI-
TFMB-6FDA  shows  parameter  (−dE'/dT)max of  18.5  MPa/°C.
This is because of the more flexible chains of the DiHe-NaDA-
based PIs. Therefore, the DiHe-NaDA-based PIs (5%–15%) ex-
hibited a lower Tg of 338–284 °C than the reference PI-TFMB-
6FDA with a Tg of 350 °C. However, Tg of DiHe-NaDA-based PIs
is  not  low,  which is  mainly  attributed to strong intermolecu-
lar  interactions  and  denser  chain  packing  resulting  from  the
rigid-soft structure. It should be noted that the significant de-
crease  in  storage  modulus  around Tg for  DiHe-NaDA-based

PIs,  especially  at  a  ratio  of  15%,  indicates  better  thermoplas-
ticity,  which  is  conducive  to  ensuring  PI  with  favorable  pro-
cessability (Fig. 4a). The thermal mechanical analysis (TMA) re-
sults  reveal  that the incorporation of  5% DiHe-NaDA yields a
low coefficient of thermal expansion (CTE) of 50.3 ppm·K−1 in
the range of  100–250 °C,  which is  comparable  to  that  of  the
reference  PI-TFMB-6FDA  with  a  CTE  of  50.7  ppm·K−1 (Fig.  4c
and Table 3). As the DiHe-NaDA ratio increased to 10%–15%,
the  resultant  PIs  still  preserved  a  favorable  CTE  of  61.5–62.2
ppm·K−1.  In  addition,  all  the  DiHe-NaDA-based  PIs  exhibited
high  thermal  stability,  with  a  weight-loss  temperature  (Td5%)
above 501 °C (Fig. 4d and Table 3).

At  lower  DiHe-NaDA  ratios  of  5%–10%,  DiHe-NaDA-based
PIs  exhibit  slightly  inferior  mechanical  properties  owing  to
limited  intermolecular  interactions  and  looser  chain  packing
(Fig.  5).  However,  as  the  DiHe-NaDA  content  increased  to
15%,  which  is  attributed  to  strong  intermolecular  interac-
tions and denser chain packing, the DiHe-NaDA-based PI pre-
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Fig. 4    DMA curves of PI films: (a) storage modulus and loss modulus and (b) tanδ. (c) TMA and (d) TGA curves of MPIs.

 

Table 3    Summary of thermal characteristics, optical properties and mechanical performance of MPIs.
 

MPIs
Td5

(°C)
Tg

a

(°C)
Tg

b

(°C)
CTE

(ppm/K)
T400−800 nm

(%)
Tensile strength

(MPa)
Elongation
at break (%)

PI-TFMB-6FDA 528 354 350 50.7 93 115 6.0
PI-DiHe-NaDA-5% 520 338 338 50.3 86 102 4.8

PI-DiHe-NaDA-10% 503 324 289 61.5 80 96 4.7
PI-DiHe-NaDA-15% 501 310 284 62.2 80 105 5.2

a Tg was measured by dynamic mechanical analysis (DMA); b Tg was measured by thermal mechanical analysis (TMA).
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served a  high tensile  strength of  105 MPa and elongation at
break  of  5.2%,  comparable  to  the  reference  PI-TFMB-6FDA
with a tensile strength of 115 MPa and elongation at break of
6.0%.
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Fig. 5    Mechanical properties of MPIs.

 

CONCLUSIONS

In  conclusion,  we  developed  MPIs  with  rigid-soft  structures
based  on  naphthalene-alkyl-based  diamine  DiHe-NaDA.  This
strategy is manifested in two aspects:  (1)  the soft units can en-
hance  the  mobility  of  polymer  chains  to  endow  PI  with  dense
chain packing, and (2) the rigid aromatic units can enhance the
intermolecular interaction and further restrict the motion of po-
lar imide groups below Tg. As a result, the as-prepared MPIs can
effectively  inhibit  small-scale  molecular  motions  below Tg,  par-
ticularly  those  of  the  polar  imide  groups.  A  low Dk/Df ratio  of
2.73/0.005 was achieved at a high frequency of 10 GHz. In con-
trast,  the  reference  PI-TFMB-6FDA  exhibited Dk/Df of
2.72/0.0075.  Furthermore,  PIs  with  rigid-soft  structures  exhibit
good chain  flexibility  above Tg and thereby,  good thermoplas-
ticity.  Simultaneously,  the  DiHe-NaDA-based  PIs  were  able  to
preserve  favorable  thermal  stability.  This  strategy  provides  a
new  guide  for  the  development  of  MPIs  with  a  low Dk/Df for
high-frequency communication applications.
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