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Several aromatic polyimides containing phosphine oxide moiety and different flexible linkages were
synthesized and evaluated for their properties. The influence of flexible units on solubility, optical,
wetting, static contact angles, thermal, and dielectric properties, as well as flame retardant behaviour
were investigated. The results evidenced an improvement of the physical properties of the synthesized
polyimides as compared to the classical aromatic polyimides. Thus, high values of transmittance of 80—
88% at 450 nm were obtained, while the static contact angles of water and ethylene glycol were in the
range of 74-92° and 52-62°, respectively. The thermogravimetric analysis confirmed that the initial
decomposition temperature of these polyimides was in the range of 473-487 °C; they exhibited
a single-stage decomposition process in the domain of 492-511 °C and had a residual weight in the
range of 49-62% at 800 °C in nitrogen. Glass transition temperatures of the polyimides were in the

SlstS 20 domain of 216-271 °C strongly depending on the rigidity of the dianhydride segment. The dielectric
Received 21st September 2017 . . . - .
Accepted 24th October 2017 constant values of thin free-standing films made from these polyimides were in the range of 3.36-3.64,

close to those registered for commercially available polyimide (Kapton®). Flame retardant properties

DOI: 10.1039/c7ral0493f of the polyimides showed reduced values for peak heat release rate which were in the range of
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1. Introduction

Synthetic polymeric materials find wide scale applications and,
over the last decades, many conventional materials have been
replaced by polymers, due to their versatility, low density and
improved properties."”” The most important drawback of most
organic polymeric materials is their combustibility. During the
burning process, the decomposition of a polymer results not
only in the destruction of its properties, but also in the possible
release of heat, toxic gases and smoke. This has led to the
introduction of stricter legislation and safety standards con-
cerning flammability of materials and as a result led to exten-
sive research on development of flame retardant polymers.>~
A successful strategy to reduce the flammability of a poly-
meric material involves interrupting the complex combustion
process (in solid or in vapour phase) by reducing the rate and/or
by changing the burning mechanism. A flame retardant inter-
feres with one or more steps of the fire cycle, during heating of
the polymeric material, its subsequent degradation and
burning of the resulting volatiles. Although very successful, the
use of halogenated compounds usually results in an increase in
formation of smoke and toxic decomposition products during
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27-429 W g~! and for total heat release in the domain of 1.4-8.3 kJ g,

polymer combustion and thus poses health hazard. As a result
of these drawbacks, there has been increasing research to
develop new, environmentally friendly, halogen-free flame
retardants. Phosphorus-based flame retardants are both non-
toxic,’ very effective and act in solid phase during combustion of
polymers containing amino and hydroxyl functional groups.”®
In case when the phosphorus based flame retardants are
applied as non-reactive additives in polymers, they may leach
out and thus the materials lose their flame retardant efficacy. In
some case it may even create environmental issues. One way to
avoid such problems is to either use reactive flame retardant
additives or use polymers which are inherently flame retardant.
Some examples of such polymers are polyetheretherketon
(PEEK), polyethersulfon (PES), fully aromatic polyesters and
polyimides. Polyimides represent an important class of organic
polymers with outstanding properties; they have thermal and
thermo-oxidative stability, are inherently flame retardant,
exhibit high tensile strength and high modulus, excellent
electrical properties and superior chemical resistance. There-
fore, polyimides are used among others as matrix resins,
adhesives, coatings and films for printed circuit boards, insu-
lators for high performance applications in the aerospace,
automotive, electrical, electronics and packaging industries.>*
Despite their many attractive and desirable properties, the use
of aromatic polyimides is limited because they are usually
insoluble in common organic solvents and infusible under
conventional processing conditions. The rigid structural

This journal is © The Royal Society of Chemistry 2017
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components of polyimide determine its high glass transition
temperatures or high crystalline melting points and thus are
responsible for their poor solubility and processability. Strong
interactions arise from the intra- and interchain charge transfer
complex formation and electronic polarization, which also
determine the brown coloration of the polyimides. To overcome
these limitations continuous research on modifying their
structure so as to improve flow and moldability, while main-
taining the inherent attractive properties, has been performed
over the last decades. It has been demonstrated that by reducing
the stiffness of the polymer backbone or by lowering the inter-
chain interactions melt flow and solubility can be improved.**
The main approaches to achieve these results include the
incorporation of thermally stable and flexible or asymmetrical
linkages, introduction of large polar or non-polar pendant
substituents and/or interruption of the chain symmetry and of
molecular iteration by copolymerization reactions.>*>™**

One approach which is worth to investigate is the incorpo-
ration of phosphorus based moieties in the polyimide backbone
not only to improve the physical properties and its process-
ability but also to simultaneously enhance its flame resistance.
Moreover, chemically incorporated reactive phosphorus-
containing monomers into the polymer backbone can avoid
several problems, such as leaching over time. Reactive phos-
phorus moieties tend to stay in the condensed phase during the
burning process and increase the char formation which acts as
a thermal insulation for underlying layers.

In this research we have chosen phosphine oxide based
reactive moiety to construct the polyimides. Compared to other
phosphorus chemistries, the choice of phosphine oxide moiety
has obvious advantages. P-C bond (compared to P-O-C)** and
P=0 bond (compared to phosphine) offer hydrolytic and
oxidative stability, respectively. Polymers containing phosphine
oxide moieties typically display good flame resistance, high
thermal oxidative stability, enhanced solubility, and improved
miscibility and adhesion.’®'” On the other hand, the incorpo-
ration of short bridges such as -CO-, -CH,-, -C(CF;),- into the
polyimide chains has proven particularly beneficial to improve
the solubility. In general, such a structural modification results
in decrease in glass transition temperature and crystalline
melting temperature as well as significant improvement in
solubility and other processing characteristics of the polymers
without greatly compromising other useful properties.'®**° The
incorporation of hexafluoroisopropylidene (-C(CF;),-) groups
into polymer backbone also increases the glass transition
temperature and flame resistance with a concomitant decrease
of water absorption. The bulky -C(CF;),- groups also serve to
increase the free volume of the polymers, thus improving their
electrical insulating characteristics.”"*

Studies on polymers synthesized from bis(3-aminophenyl)
methyl phosphine oxide and two dianhydrides namely, benzo-
phenone-3,3',4,4'-tetracarboxylic dianhydride and 4,4'-(4,4’-iso-
propylidenediphenoxy) bis(phthalic anhydride) involve basic
characterization and thermal stability analyses.”*** We have
reported a characterization of polyimide fibers obtained by the
polycondensation reaction of bis(3-aminophenyl) methyl
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phosphine oxide and 4,4'-(4,4’-isopropylidenediphenoxy)
bis(phthalic anhydride).>

The present study aims to provide further detailed insight on
the influence of various flexible linkages on the properties of
four structurally analogues phosphine oxide containing
aromatic polyimides. Thus, the influence of ether, carbonyl,
hexafluoroisopropylidene and isopropylidene units on solu-
bility, optical, surface morphology, wettability, dielectric
constant, thermal and flammability properties of polyimides
were measured and correlated to their chemical structures. It
was expected that the combination of phosphine oxide moiety
with aromatic polyimide ring and flexible linkages should offer
polymers with enhanced solubility, film forming ability, good
dielectric properties and thermal stability together with an
increased flame retardant behaviour.

2. Experimental
2.1 Materials

N-Methyl pyrrolidone (NMP) (HPLC, 99.9% purity), N,N-dime-
thylformamide (DMF) (anhydrous, 99.8%), N,N-dimethylaceta-
mide (DMAc) (anhydrous, 99.8%), dimethyl sulfoxide (DMSO)
(anhydrous, =99.9%), 4,4’-oxydiphthalic anhydride (ODPA),
benzophenone-3,3',4,4-tetracarboxylic ~ dianhydride (BTDA)
4,4'-(hexafluoroisopropylidene) diphthalic anhydride (6FDA)
and 4,4'-(4,4'-isopropylidenediphenoxy) bis(phthalic anhydride)
(6HDA), were purchased from Aldrich and used without further
purification.

2.2 Monomers and polymers

Bis(3-aminophenyl) methyl phosphine oxide (BAMPO) was
prepared by the two-step reaction according to published
procedures.>**® Analysis of BAMPO: m.p. = 150.4 °C (DSC). 'H
NMR (DMSO-ds, 400 MHz, ppm): 1.76 (3H, d), 5.29 (4H, s), 6.65
(2H, d), 6.75 (2H, t), 6.83 (2H, d), 7.08 (2H, t). *'P NMR (DMSO-
de, 400 MHz, ppm): 28.7 (s).

Phosphorus containing polyimides PI1-PI4 were prepared by
a two-step polycondensation reaction of equimolar amounts of
aromatic diamine BAMPO with different aromatic dianhy-
drides, such as ODPA, BTDA, 6FDA and 6HDA, in NMP as
solvent (Scheme 1). The concentration of solids in the resulting
solutions was of 15%. Thus, the dianhydride was added to
a solution of diamine in NMP at room temperature and the
reaction was run for 24 h under nitrogen, giving the corre-
sponding poly (amidic acid)s. The cyclodehydration of the
intermediary compound was performed by heating the poly
(amidic acid) solution at 195-200 °C for 10 h, under a slow
stream of nitrogen. The final polyimide was isolated by
precipitation in ethanol. The solid product was filtered, washed
with ethanol and dried at 120 °C for 12 h.

Analyses for PI-1: FTIR (KBr, cm '). 3066 (aromatic C-H
stretching), 2916 (aliphatic C-H stretching), 1778 (asymmetric
C=0 stretching), 1720 (symmetric C=O0 stretching), 1425 (P-Ar
stretching), 1368 (C-N stretching), 1237 (Ar-O-Ar stretching),
1177 (P=O0 stretching), 743 (imide ring deformation). '"H NMR
(DMSO-dg, 400 MHz, ppm): 2.08 (3H, d), 7.55 (4H, d), 7.60 (4H,
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Scheme 1 Synthesis of polyimides PI1-PI4.

m), 7.75 (2H, t), 7.90 (2H, d), 7.97 (2H, d). *'P NMR (DMSO-ds,
400 MHz, ppm): 27.42 (s). N content: 5.08 + 0.01 wt%, P
content: 4.71 & 0.12 wt%.

Analyses for PI-2: FTIR (KBr, em ‘). 3066 (aromatic C-H
stretching), 2917 (aliphatic C-H stretching), 1779 (asymmetric
C=O0 stretching), 1719 (symmetric C=O stretching), 1668
(ketone C=O0 stretching), 1424 (P-Ar stretching), 1370 (C-N
stretching), 1164 (P=0 stretching), 714 (imide ring deforma-
tion). '"H NMR (DMSO-dg, 400 MHz, ppm): 2.10 (3H, d), 7.67
(4H, m), 7.87 (2H, t), 7.95 (2H, d), 8.11 (4H, m), 8.20 (2H, d). *'P
NMR (DMSO-de, 400 MHz, ppm): 27.41 (s). N content: 5.01 +
0.03 wt%, P content: 4.63 4 0.06 wt%.

Analyses for PI-3: FTIR (KBr, cm ‘). 3070 (aromatic C-H
stretching), 2918 (aliphatic C-H stretching), 1785 (asymmetric
C=0 stretching), 1723 (symmetric C=0 stretching), 1426 (P-Ar
stretching), 1371 (C-N stretching), 1209 and 1191 (C-F
stretching), 1157 (P==0 stretching), 720 (imide ring deforma-
tion). '"H NMR (DMSO-dg, 400 MHz, ppm): 2.07 (3H, d), 7.63
(6H, m), 7.80 (2H, t), 7.92 (4H, d), 8.14 (2H, d). >'P NMR (DMSO-
de, 400 MHz, ppm): 27.40 (s). N content: 4.13 £ 0.04 wt%, P
content: 3.88 + 0.12 wt%.

Analyses for PI-4: FTIR (KBr, cm ‘). 3065 (aromatic C-H
stretching), 2967 and 2870 (aliphatic C-H stretching), 1778
(asymmetric C=0 stretching), 1722 (symmetric C=O stretch-
ing), 1424 (P-Ar stretching), 1366 (C-N stretching), 1239 (Ar-O-
Ar stretching), 1173 (P=O0 stretching), 742 (imide ring defor-
mation). "H NMR (DMSO-dg, 400 MHz, ppm): 1.67 (6H, s), 2.05
(3H, d), 7.06 (4H, d), 7.28 (8H, m), 7.58 (4H, t), 7.76 (2H, t), 7.88
(4H, d). *'P NMR (DMSO-dg, 400 MHz, ppm): 27.35 (s). N
content: 3.79 4 0.02 wt%, P content: 3.72 + 0.10 wt%.

2.3 Preparation of polyimide films

Free-standing thin films of polyimides PI1-PI4 were prepared
from polymer solutions of 10% concentration in NMP by
casting onto glass plates, followed by gradual heating from
room temperature up to 225 °C. The resulting films showed
a strong adhesion to the glass support and were stripped off the
plates by immersion in water, followed by drying in oven at
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110 °C. The obtained films had the thickness in the range of
tens of micrometers and were used afterwards for the study of
dielectric properties.

Very thin films having the thickness in the range of nano-
meters were prepared from polymer solutions in NMP with
concentrations of 1% by spin-coating onto silicon wafers at
a speed of 500 rpm. These films, as-deposited, were gradually
heated up to 225 °C in the same way as described earlier to
remove the solvent and they were used afterwards for atomic
force microscopy, optical and wetting measurements.

2.4 Measurements

Infrared spectra were recorded on FT-IR Bruker Vertex 70
analyzer, by using KBr pellets.

'H and *'P were recorded on Bruker Avance400 NMR spec-
trometer (frequencies of 400.13 and 100.61 MHz, respectively)
in DMSO-de at 25 °C. Chemical shifts are reported in ¢ units
(ppm) relative to the remaining resonances of the solvent at
2.49 ppm for '"H-NMR. The *'P-NMR spectra are externally
referenced to a sample of neat H;PO, at 0.0 ppm.

The phosphorus and nitrogen content of the polymers were
estimated using the inductively coupled plasma optical emis-
sion spectrometry method (ICP-OES), on Perkin Elmer Optima
3000 apparatus. Sample preparation for ICP-OES consists of
mixing 300 mg of polymer with 1 mL H,0, and 3 mL HNO;,
followed by etching in the microwave.

The molecular weight and their distribution were deter-
mined by GPC with a PLGPC 220 instrument with a 2x PL-Gel
Mix-B LS column set equipped with RI (refractive index),
viscosity and LS (light scattering with 15° and 90° angle)
detectors (DMF + 1 g L ™" LiBr as eluent at 80 °C). Universal
calibration was done using polystyrene standards of known
molecular weight.

The quality and morphology of very thin films as-deposited
on silicon wafers were investigated by using AFM with a Scan-
ning Probe Microscopy Solver PRO-M, NT-MDT equipment
(Russia), in semi-contact mode, semi-contact topography tech-
nique using a SEM with Quanta 200 ESEM equipment.

Wetting properties of polymer films on glass substrates were
studied by measuring the static contact angles of water and
ethylene glycol droplets deposited onto the polymer film
surface. Deionized water and ethylene glycol microdrops with
an average size of 1-2 pL were deposited on the sample surface
with a microliter syringe. Images of the drops on polymer films
were recorded with a video camera. The experiments were
carried out using a CAM 101 Optical Video Contact Angle
System from KSV Instruments Ltd, Finland, in open-air atmo-
sphere and at room temperature. Contact angles were calcu-
lated as average values over a large number of measurements
(typically 10). The measurements were repeated three times on
different parts of the film samples. Temperature and moisture
were constant during the experiment (23 °C and 68%, respec-
tively). Ethylene glycol and deionized water were used as
solvents for calculation of the surface free energy of the polymer
films. The surface free energy and its components were calcu-
lated using the following equations:

This journal is © The Royal Society of Chemistry 2017
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Young equation:
YLv €08 0 = Ysv — TsL, 1)
Dupré equation:
Wa=vLv + Ysv — YsL (2)
Young-Dupré equation:
Wa = vLv (1 + cos 0), 3)
Fowkes equation:
ysv = 78v + viv, (4)
Owen-Wendt equation:

yrv (1 + cos 0) = 2(v§vriv)®” + 2(v8vyEv)™’, (5)
Wenzel equation:
cos 0, = rcos 0, (6)

where 1y, vsv and vyg;, are the interfacial tensions at the liquid-
vapour, solid-vapour and solid-liquid interfaces, respectively, 6, is
the contact angle of a liquid at the three-phase boundary (solid—-
liquid-vapour) on rough surface, 6 is the contact angle on flat
surface, r is the roughness factor and W, is the adhesion work of
water on a horizontal surface of polymer film; v, and vBy repre-
sent the dispersive and polar components of the surface free
energy and they were calculated using the contact angle data with
the Owens-Wendt equation® which extends the Fowkes concept.”®

The dispersion (y{y) and the polar (yfy) force components of

the surface free energy of water are 21.8 and 51 mJ m 2

respectively, and those of ethylene glycol are 29 and 19 mJ m ™2,
respectively.” By introducing these values in the Owens-Wendt

equation, the following equations were obtained:
72.8(1 + cos Oy) = 2(21.8784)%° + 2(517Fy)"°

48(1 + co8 ) = 2(2971v)"” + 2(19vFy)"°

After the contact angles of the liquid drops on polymer films
were measured (f,, = water contact angle and 6., = ethylene
glycol contact angle), two equations with two unknowns
(v&)*® and (y{y)"® were obtained.

UV-visible absorption spectra of the polymers were recorded
with Specord M42 apparatus using very dilute polymer solu-
tions (cca 10~° mol L),

Thermogravimetric analysis (TGA) of the polyimides was
carried out by using NETZSCH TG209 F1 Iris instrument. The
sample, weighing approx. 3 mg, was heated from 25 to 800 °C at
a heating rate of 10 °C min~'. The measurements were per-
formed two times under nitrogen atmosphere with a total gas
flow of 50 mL min .

Differential scanning calorimetry (DSC) measurements were
carried out with Mettler T28E calorimeter. Samples (3-5 mg)

This journal is © The Royal Society of Chemistry 2017
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were heated from 25 to 250C with a heating rate of 20 °C min "
under nitrogen atmosphere.

Broad dielectric spectroscopy (BDS) measurements of the
polymer films at various temperatures in the range of —150 to
270 °C and in the frequency range of 10~ " to 10° Hz were per-
formed by using Novocontrol Dielectric Spectrometer (GmbH
Germany), CONCEPT 40. Polymer films were placed in a flat
parallel plate capacitor arrangement having gold plated elec-
trodes with 20 mm diameter. The thickness of the films was in
the range of 0.04-0.07 mm. The amplitude of AC applied voltage
was 1 V.

The combustibility of polyimides was determined by pyrol-
ysis combustion flow calorimetry (PCFC) by using FTT PCFC
instrument. The samples weighing 1-3 mg were pyrolysed by
heating up to 750 °C, at a heating rate of 1 °C s~ '. The
combustor of the PCFC instrument was maintained at 900 °C.
The specific principle of the PCFC analysis is well described in
the literature.*®

3. Results and discussion

To make a correlation between chemical structure and proper-
ties of phosphorous containing polyimides (PIs) a series of
polymers resulting from the reaction of an aromatic diamine
containing phosphine oxide moiety with different aromatic
dianhydrides incorporating various flexible linkages were
synthesized.

3.1 Basic characterization of polyimides

The confirmation of the chemical structure of polyimides was
made by elemental analysis (measuring N and P content), FTIR,
'H and *'P NMR spectroscopy. Infrared spectra of the polymers
evidenced the formation of imide ring, the incorporation of
phosphine oxide unit and of flexible linkages: ether, carbonyl,
hexafluoroisopropylidene or isopropylidene. Thus, strong
bands of absorption were observed in the FTIR spectra at about
1780 and 1720 cm™ ' which were assigned to the stretching of
asymmetric and symmetric C=O unit, at about 1370 cm ™" due
to the vibration of C-N stretching and at approximately
740 cm ™" due to the imide ring deformation. The absorption
band for aromatic C-H linkage appeared at about 3070 cm ™,
while the band characteristic for aliphatic C-H unit was evi-
denced at about 2916 cm'. The successful incorporation of
phosphine oxide moiety was evidenced by the absorption bands
which appeared at about 1170 cm ™" which were ascribed to
P=O0 unit stretching and at 1420 cm™" characteristic for P-Ar
linkage. Also, sharp absorption bands characteristic of aromatic
ether linkage were evidenced for polymers PI-1 and PI-4 at
approximately 1240 cm™', the ketone unit appeared at
1668 cm ™' in the spectrum of polyimide PI-2, the hexa-
fluoroisopropylidene group appeared at 1209 and 1191 cm ™' in
the FTIR spectrum of polyimide PI-3, while the isopropylidene
group was evidenced at 2967 and 2870 cm ™ in polymer PI-4.
'"H NMR spectra of polyimides evidenced the complete
imidization process, no traces of the intermediary polyamidic
acids were detected. The aromatic protons appeared in the 7.0-
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8.20 ppm region in all polyimide NMR spectra. The presence of
methyl protons from phosphine oxide unit were identified at
about 2.1 ppm, while the protons from isopropylidene group in
polyimide PI-4 appeared at 1.67 ppm. *'P NMR spectra evi-
denced a single peak at about 27.4 ppm which demonstrates the
existence of a single P species and the successful incorporation
of phosphine oxide unit in the PIs backbone.

3.2 Solubility and film forming ability

All polyimides were soluble at room temperature in polar
organic solvents such as NMP, DMF, DMAc, DMSO, and PI-4
was soluble in less polar solvents such as chloroform. The good
solubility is also due to the structural modifications made by the
incorporation of flexible linkages such as ether, carbonyl, hex-
afluoroisopropylidene or isopropylidene units in the main
chain which disturb the packing of PIs. As a consequence, the
shape of the respective macromolecules is not a linear rigid rod
like the one characteristic to conventional fully aromatic poly-
imides. Thus, the interchain interactions are diminished and
the packing of the macromolecules is prevented facilitating the
diffusion of small molecules of solvents between the polymer
chains leading to a better solubility. Due to this good solubility
the present polyimides were processed into thin free-standing
films and into very thin coatings on silicon wafers.

The GPC data of these polyimides showed relatively high
molecular weight values similar to those reported in the litera-
ture.® In summary, the number-average molecular weight (M)
values are in the range of 8700-24 000 Da and the weight-average
molecular weight (M,,) values are in the domain of 18 000-
52 000 Da. At the same time, the polymers show a relatively
narrow distribution of molecular weight as indicated by the value
of M,,/My,, ranging between 1.67 and 2.18 (Table 1), being similar
to those reported previously by other authors.* Such values of
molecular weight enabled the formation of flexible thin films
which were prepared afterwards from these polymers.

A high quality of thin film requires smooth surfaces, free of
pinholes in order to avoid leakage current of a device which could
cause short circuits. Therefore, atomic force microscopy was used
to analyse the surface of polyimide films. The results obtained
from the scanning over an area of 5 x 5 um” evidenced a low
value for average roughness in all PI films, in the range of 0.35-
0.74 nm (Table 2). The measurement showed that the surface of
the thin films was smooth, without cracks or pinholes. Fig. 1
presents typical AFM images of polyimide PI-3 containing phos-
phine oxide and hexafluoroisopropylidene groups.

The relationship between chemical structure and optical
properties in phosphine oxide containing polyimides was

Table 1 GPC data of the polyimides

sample (My) (Da) () (Da) (M) /M)
PI-1 9600 21 000 2.18
PI-2 8700 18 000 2.07
PI-3 15 600 26 000 1.67
PI-4 24 000 52 000 2.16
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Table 2 Optical and surface properties of polyimide films PI1-PI4¢

Acut—off
Sample R, [nm] Tas0 [%] [nm]
PI-1 0.40 86.0 317
PI-2 0.63 77.3 319
PI-3 0.35 88.2 299
PI-4 0.74 88.3 300

@ Ry-average roughness, measured by AFM; Tso-transmittance at
450 nM; Acyeoe-cut-off wavelength.

investigated. The PI films showed good optical transparency in
the ultraviolet-visible light region with cut-off wavelengths
lower than 319 nm and transmittances close or higher than 80%
at 450 nm (Table 2). The higher optical transparency registered
in the case of polyimides PI-3 and PI-4 (about 88%) may be
attributed to flexible hexafluoroisopropylidene and iso-
propylidene groups, respectively, present in the dianhydride
unit. This data may be explained by the inhibition of intra- and/
or intermolecular charge-transfer interactions. It has been
established that the charge transfer complex formation (CTC)
between the alternating electron-donor (diamine) and electron-
acceptor (dianhydride) units in all-aromatic PI chains is the
main reason for the coloration of the films.** The introduction
of flexible ether, hexafluoroisopropylidene or isopropylidene
groups reduced the formation of CTC, thus improving the
transparency of the polyimides. The lower value of T,5, obtained
for PI-2 film may be attributed to the incorporation of more
polar carbonyl unit (>C=0). The cut-off wavelengths registered
the lowest value for PI-3 (299 nm) and the highest value for PI-2
(319 nm), being comparable with the ones measured for clas-
sical aromatic polyimides.*

3.3 Wetting properties of polyimide films

In order to investigate the hydrophobic properties of these
polyimides static contact angles of water and ethylene glycol on
thin polymer film surface were measured. The obtained values

Fig.1 AFM images: 2D (top) and 3D (bottom) of polyimide PI-3.

This journal is © The Royal Society of Chemistry 2017
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Table 3 Wetting properties of polyimides films PI1-PI4¢
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Polymer b () feg (°) 7v8v (m] m~?) YSv (mJ m~?) Ysv (mJ m~?) vst (mJ m~?)
PI-1 74.28 £ 0.53 52.23 + 0.87 14.28 17.03 31.31 11.60
PI-2 79.52 % 0.51 55.12 + 0.75 9.41 20.44 29.86 16.16
PI-3 92.16 + 1.13 62.33 £ 0.20 1.84 29.47 31.31 34.05
PI-4 81.77 + 0.55 62.31 + 0.51 10.97 14.80 25.77 15.34

“ 8, — water contact angle, ., — ethylene glycol contact angle, y§y - polar part of surface free energy, & - dispersive part of surface free energy, ysy -
total interfacial tension at solid/vapor interface (total surface free energy), vs;, — interfacial tension at solid/liquid interfaces.

were in the range of 74.3-92.2° for water and 52.2-62.3° for
ethylene glycol (Table 3). As can be observed, polyimides PI-1,
PI-2 and PI-4 do not display significant variations in the values
of contact angle. The small differences are due to the structural
feature of the dianhydride segment in the repeating units of the
macromolecular chains and to polymer film topography. It is
known that the wettability behaviour of surfaces depends on
several parameters and, in particular, on the surface chemical
composition and topography (geometry and roughness).*
Polymer PI-1 has the lowest contact angle value (74.3°) due to
the presence in its structure of ether bridges which interact with
water or ethylene glycol molecules forming hydrogen bonds. As
expected PI-3, containing hexafluoroisopropylidene groups
shows the highest contact angle (92.2°), confirming the idea
that the incorporation of fluorine into polymers increases its
hydrophobicity. Polyimide PI-4 has a higher contact angle
(81.8°) than polymer PI-1 although it contains more ether
bridges in the molecule. This could be attributed to the surface
topography differences of the two polymer films. Polyimide film
PI-4 has rougher surface (R, = 0.74 nm) compared to PI-1 (R, =
0.40 nm), probably due to a higher degree of packing in the
solid state. The influence of the packing degree on the contact
angle value has a greater impact than the structural differences
between these polymers PI-1 and PI-4.

The surface free energy and its components were calculated
using the Young, Dupré, Young-Dupré, Fowkes, Owen-Wendt
and Wenzel equations. By solving the system of these equations
the values of the dispersive and polar parts of the surface free
energy were obtained.

The polar part of the surface free energy ranges from 1.84 to
14.28 mJ m™ 2. The lowest value was obtained for the highest
hydrophobic polymer film surface PI-3 incorporating non-polar
hexafluoroisopropylidene group, while the highest value of

Table 4 Thermal properties of polyimides PI1-P14“

vEy was calculated for PI-1 which contains polar ether groups.
The values achieved for the dispersive component of the surface
free energy were in the range of 14.80-29.47 mJ m™ 2, close to
those reported by other authors (yd, = 30 mJ m~2).*% The
increased values of the dispersive components of PI-2 and PI-3
compared with PI-1 and PI-4 can be explained by the increased
degree of molecular packing of the polyimides chains.

3.4 Thermal properties

The thermal stability of polyimides is a very important aspect
when the material has to resist high temperatures. The thermal
properties of the polyimides were evaluated using the ther-
mogravimetric analysis (TGA) and differential scanning calo-
rimetry (DSC). A series of parameters are crucial factors when
a material is analysed as possible thermally stable candidate for
high temperature applications: the initial decomposition
temperature (7Ts) taken in air, the value of maximum speed of
decomposition temperature (Tyax), the residue at 800 °C (Wggo)
under inert condition and the glass transition temperature (Ty).

According to the TGA measurements presented in Table 4,
all polyimides showed good thermal stability. The initial
decomposition temperature (taken as 75) measured in nitrogen
was in the range of 473-487 °C. The polymers exhibited single-
step decomposition process with a maximum rate of decom-
position in the domain of 492-511 °C which corresponds to the
scission of large segments of macromolecular chains. The
decomposition processes in air environment, as expected, was
different compared to in the nitrogen atmosphere. The T value
in air was slightly lower (467-487 °C) compared to those regis-
tered under inert atmosphere. Also, the decomposition behav-
iour in air evidenced a multi-step degradation process with
maxima which started in the range of 485-506 °C. The data
showed that the polyimides retained most of their weights up to

In N, In air
Sample Ts (°C) Timax (°C) Wsoo (%) Ts (°C) Timax (°C) Wsoo (%) Ty (°Q)
PI-1 473 + 0.0 492 + 0.1 62.3 + 0.0 472 + 1.4 489 + 0.0/541 + 3.5/775 + 4.9 21+ 1.8 269
PI-2 479 + 0.18 503 £+ 2.0 62.9 + 1.7 467 + 0.5 485 + 0.0/526 + 2.5/688 + 3.0 1.36 £ 0.6 270
PI-3 483 + 1.7 511 £ 1.4 49.5 + 0.1 480 + 1.3 506 + 1.4/584 + 1.7 3+04 271
PI-4 487 + 1.8 497 + 0.0 61.2 + 0.1 486 + 1.4 495 + 2.1/572 £ 7.0/790 + 8.0 33.3 £ 6.0 216

“ Ts-initial decomposition temperature taken as the 5% weight loss; Tyax-temperature of the maximum mass loss rate; Wgoo-char yield at 800 °C; T,

glass transition temperature.
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Fig. 2 TGA curves of polyimides PI1-PI4 in nitrogen.

467 °C and exhibited rapid weight loss after 485 °C in both
environments. The polymers registered a residual weight in
the range of 49-62% at 800 °C in nitrogen (Fig. 2) and of
about 1.36-33% in air environment. Their high thermal
stability could be attributed to the introduction of phosphine
oxide moiety between the imide rings. The difference in the
residue contents at 800 °C for various polymers may be
correlated to the relative weight percentage of P in
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polyimides. Thus, for polyimides PI-1 (4.71% P) and PI-2
(4.63% P) with identical phosphorus content the residue is
approximately the same (62%); for PI-3 with 3.88% P it
registered the lowest value for Wgo, of about 49%, while the
high value of char yield (about 61%) obtained in the case of
PI-4 with 3.72% P may be due to the increased aromatic
carbon content from the main chain. Compared to a related
polyimide structure based on 6HDA and 4,4"-oxydianiline the
thermal stability has a similar behaviour as PI-4 except the
value of residual weight at 800 °C in nitrogen: the first has
a value of 48% while in the case of polyimide PI-4 Wy, is
higher (61%).%® Thus, the introduction of phosphine oxide
moieties leads to an increase in char yield of the corre-
sponding polyimides while maintaining the high thermal
stability. Also, the introduction of flexible ether, carbonyl,
hexafluoroisopropylidene and isopropylidene units in the
main chain did not affect the thermal stability of the present
polyimides while the solubility and film forming ability were
improved.

The DSC study of polyimides confirmed the glass transition
temperatures of the polymers in the range of 216-271 °C (Table
4). The T, of the polymers strongly depends on the rigidity of the
dianhydride segment. Thus, the lowest value corresponds to the
polyimide PI-4 which incorporates a more flexible iso-
propylidene linkage, while PI-2 containing rigid carbonyl unit
exhibited the highest 7.
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Fig. 3 Dielectric constant at different temperatures for polyimides PI1-PI4.
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3.5 Dielectric properties

Electrical insulating properties of polymer films PI1-PI4 were
evaluated on the basis of dielectric constant and dielectric loss,
and their variation with frequency and temperature. The
dielectric permittivity of a material is a complex quantity, when
measured in the frequency domain. It is composed of two parts:
the real part (¢/), called the “dielectric constant” decreases with
the increase of frequency with characteristic steps. Its imagi-
nary part (¢”), usually called the “dielectric loss” may show two
or more maxima on the diagrams versus frequency, or versus
temperature. The “steps” on dielectric constant diagrams and
the maxima on dielectric loss curves correspond to different
molecular relaxation phenomena. The dielectric constant is
frequency dependent and it is composed of electronic, atomic,
and dipole orientational contributions. The dielectric constant
is associated to the polarizability of a material and is therefore
strongly dependent on its chemical structure. The dielectric loss
is a measure of the energy required for molecular motion, which
is the energy dissipated in this motion in the presence of an
electric field. It consists of two contributions: energy losses due
to the orientation of molecular dipoles, and energy losses due to
the conduction of ionic species.’’** Therefore, the dielectric
permittivity of polyimide films was analysed from 1 to 10° Hz
and in the domain of —150 to 250 °C.

Fig. 3 presents the dependence of dielectric constant on
frequency at low, moderate and high temperatures for poly-
imides PI1-PI4. It can be observed that the dielectric constant of
polyimides increases with the increase of temperature and it
decreases with the raise of frequency, taking low values at high
frequencies for all analysed temperatures. This behaviour may
be attributed to the response of the electronic, atomic and
dipolar polarizable units which varies with frequency in the
specific domain. It is known that the magnitude of the dielectric
constant is dependent upon the ability of the polarizable units
to orient fast enough to keep up with the oscillation of the
alternating electric field. When frequency increases, the orien-
tational polarization decreases since the orientation of dipole
moments needs a longer time than electronic and ionic
polarizations.***°

Fig. 3 shows that the increasing rate of the dielectric
constant with decreasing frequency for polyimides at low,
moderate and high temperatures is comparable, demonstrating
a similar polarization capability of the polymers. A strong
increase of the dielectric constant can be observed at high
temperature (150 °C) due to the mobility of the charge carriers.
The dielectric constants of the PI films at 1 Hz, 1 kHz and

View Article Online
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100 kHz, at 20 °C, taken from the second heating cycle are
presented in Table 5. The dielectric constant values of these
polyimides are in the range 3.36-3.64, being comparable or
slightly higher than those of commercially available Kapton HN
polyimide film.** The relatively low dielectric constant value
(3.36) registered for PI-3 is due to the presence of flexible hex-
afluoroisopropylidene groups in the polymer chains, which
decreases the chain packing and increases the free volume of
the polymer.** A similar situation can be observed in PI-4 that
showed a lower value of dielectric constant (3.43) as compared
to PI-1 and PI-2, which can be attributed to the flexible iso-
propylidene units from the main chain. The incorporation of
flexible units determines a reduction of polarization by
decreasing the number of polarizable groups per volume unit
and thus lowering the dielectric constant.*® Higher dielectric
constant were obtained for polyimides PI-1 (3.53) and PI-2
(3.64), which contain more polar ether and carbonyl units in the
structure. This may increase the number of polar groups per
structural unit thus can explain the higher dielectric constant
obtained for PI-2 and PI-1.

Generally, polymers show relaxation processes that influence
the physical properties of materials made from them.** Typi-
cally, in polyimide films, three relaxation processes are
observed with increasing temperature, designated as vy, 8 and «,
respectively, the last corresponding to the glass-rubber
relaxation.*>*¢

Fig. 4 displays the dielectric loss versus temperature at
various frequencies, in the first heating and second heating
cycle. As can be observed in the first scan, in the negative
temperature region a relaxation peak appears in the ¢” curve,
which corresponds to y local relaxations. It seems that the
introduction of different flexible units in the dianhydride
segment does not have a significant influence on the tempera-
ture at which this relaxation is detected, at about —100 °C, in all
polyimide films. v transition can be associated with phenyl ring
oscillations and it is influenced by moisture absorption content,
aging history and morphology.*** On the medium temperature
region another sub-glass relaxation process g, at about 60 °C,
was detected. $ relaxation is related to the rotation of rigid
segments of phenylene or imide groups around flexible
hinges.*

In the second heating cycle, it can be observed that the v
relaxation disappears completely (for PI-3 and PI-4) or the
intensity is reduced (for PI-1 and PI-2). It is possible that some
polar molecules (e.g. water) adsorbed during storage are
removed from the polyimide films on heating. Similar processes

Table 5 Dielectric constant and dielectric loss of polyimide films PI1-Pl4 at 20 °C during the second scan

Dielectric constant

Dielectric loss

Polymer 1Hz 1 kHz 100 kHz 1 Hz 1 kHz 100 kHz

PI-1 3.53 3.47 3.43 2.11 x 1072 1.05 x 1072 2.01 x 1072
PI-2 3.64 3.61 3.58 3.33 x 1072 9.84 x 10 8.14 x 1073
PI-3 3.36 3.30 3.27 1.71 x 102 9.72 x 103 1.28 x 1072
PI-4 3.43 3.41 3.36 1.35 x 102 1.18 x 1072 1.08 x 1072

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Dielectric loss at 1 Hz at various temperatures for polyimides PI1-PI4.

have been observed in other aromatic polyimides.*® The curves
representing the dielectric loss in the frequency domain show
conductive contributions which hide the low-frequency side of
the @ relaxation. The broadening of 8 process may be deter-
mined by the intensity of the intramolecular charge transfer
between diamine and diimide segments.”” The local or
segmental chain mobility allows for the molecular dipoles to
respond to changes in frequency. With increasing temperature
there is an increase of permittivity that causes the material to
become less insulating.*” The values of dielectric loss registered
at 1 Hz for polyimides PI1-PI4 are in the range of 1.35 x 10> to
3.33 x 1072 being lower when compared with that of Kapton
HN (¢” = 6 x 107> at 1 Hz).**> Low values of dielectric loss are
indicative of minimal conversion of electrical energy into heat
in the dielectric material. It is advantageous to have low values
for both dielectric constant and dielectric loss because the
electrical signals loss will be lower in the dielectric medium.

3.6 Flame retardancy of polyimides

PCFC is a small-scale flammability testing technique which
enables fast screening of material at milligram scale. This
technique provides useful data regarding fire behaviour of
a material e.g. peak of heat release rate (pHRR), the temperature
at the maximum heat release rate (7y;) and total heat release
(THR) that reflects the combustion properties of materials. The
HRR plots for polyimides PI1-PI4 are shown in Fig. 5 and the
corresponding combustion data are presented in Table 6.

It can be observed that the peak HRR (pHRR) values of PI-3
(~27 W g ") and PI-2 (~81 W g ') are much lower compared to
P-4 (~429 W g~ ') and PI-1 (~261 W g~ '). The pHRR values
correlate well with the calculated molar group contributions to the
heat capacity (¥;) of different flexible segments (Table 6) from
each polyimide structure. The data for the molar group contribu-
tions of each segment (R in Table 6) from the polyimide repeating
unit were obtained by summing the additive molar group contri-
butions of the comprising units, as previously reported by other
authors.® Knowing that heat release capacity is calculated by
dividing the maximum specific heat release rate (HRR) by the
actual heating rate used in the experiment, the chemical structure

50516 | RSC Adv., 2017, 7, 50508-50518

of R segment has a significant influence on the data obtained from
PCFC. Therefore, the lowest value of pHRR obtained for PI-2
may be correlated with a low value for ¥; (—12.6 kJ mol " K™ ),
while in the case of PI-3 the negative contribution to the heat
release capacity (¥; = —13.3 k] mol ' K™ ') may be due to the
strong synergistic interactions between phosphine oxide unit and
hexafluoroisopropylidene heteroatom group. Interestingly, in the
case of PI-3 there is another heat release peak of about 9.5 W g™ %,
which may indicate a secondary decomposition for char residue at
high temperature (~619 °C). This behaviour was also observed by
other authors in the case of fluorinated polymers.** Polyimide PI-4
has the highest value for pHRR which may be correlated with the
high value of molar group contribution to the heat of capacity of
isopropylidene group (Wi = 85.5 k] mol™ " K '). These results
suggest that polyimides PI-1 and PI-3 can provide higher flame
retardancy compared to many traditional polymers. Similar trend
was observed in the case of total heat release: the lowest value
was obtained for polymer PI-3 (THR = ~1.4 kJ g~ "), followed by
PI2 (THR = ~2.97 kJ g ") and PI-1 (THR = ~5.22 kJ g7 ),
while the highest value was registered for polyimide PI-4 (THR =
~8.3 k] g 1. Therefore, the flame retardance has been greatly
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Fig. 5 HRR curves of PI1-Pl4 from PCFC data.
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Table 6 PCFC data for polyimides PI1-PI4¢
Polymer R wi(kJmol 'K') Ty (°C) PHRR Wg ') THR(KIg ")  Wao (%)
PI-1 —0— 11.1 523.6 £3.5  260.9 + 19.9 5.22 + 0.2 63.7 + 6.1
O
PI-2 I —~12.6 526.5+2.8  80.42 + 8.8 2.97 + 0.3 67.7 + 3.2
CF 539.9+1.5  27.38+ 1.8
3 619 + 2.0 9.55 + 1.7
PI-3 /(|3\ -13.3 1.4 + 0.2 58.4 + 12.9
CF;
GHs
P-4 _04©794©70_ 85.5 520.6 £ 0.8  428.6 + 4.9 8.3 £ 0.3 65.4 £ 10
CHjy

¢ Wi-molar contribution of components to heat release capacity; Ty-the temperature at the maximum heat release rate; pHRR-peak of heat release

rate; THR-total heat release; Wyo,-char residue at 800 °C.

influenced by the variation of R segments in the polyimide chain,
leading to a beneficial reduction in the value of THR in the case of
PI-3 and PI-2. The temperature for maximum heat release rate are
in the range of 527-619 °C which are in the same domain as the
ones registered for other polyimide structures.**** The char
residue values (Table 6) obtained for the polyimides in the PCFC
experiments are comparable to the values obtained in TGA in
nitrogen (Table 4). Thus, the Wy, values are high, in the domain
of 58-68%, corresponding to the structural modification induced
by the flexible segments (R in Table 6).

These results indicate that the polyimides, depending on the
chemical structure, exhibit varying levels of flame retardancy.
PCFC being a small scale technique to investigate the
combustion behaviour, a more detailed fire evaluation in future
should involve larger scale fire tests, such as the cone calorim-
eter and UL94 tests.

4. Conclusions

Aromatic polyimides containing phosphine oxide moieties and
various flexible linkages were synthesized and the influence of
such flexible groups on the physical properties of the polymers
was investigated. The presence of ether, carbonyl, hexa-
fluoroisopropylidene and isopropylidene groups in the main
chain of the corresponding polyimides improved the solubility,
optical, wetting, thermal and dielectric properties, and produced
a higher flame retardant behaviour at the same time. Thus, the
highest values for optical transmittances (88% at 450 nm), the
largest static contact angles (92.16° and 81.77°) and the lowest
dielectric constants (3.36 and 3.43) were obtained for polymers
containing hexafluoroisopropylidene and isopropylidene units,
respectively. The thermal stability maintained high values for all
polymers up to 467 °C; the polymers lost 5% of their initial weight
rapidly after 485 °C in air and nitrogen environment. The poly-
imides registered a residual weight in the range of 49-62% at
800 °C in nitrogen and of about 1.36-33% in air environment.
The highest values of char residue were obtained, as expected, for

This journal is © The Royal Society of Chemistry 2017

the polymer containing isopropylidene unit. Glass transition
temperatures, strongly dependent on the rigidity of the flexible
unit from the dianhydride segment, were in the range of 216-
271 °C. The introduction of different flexible units has not
a significant influence on the temperature of sub-glass relaxation
processes at which y and (@ relaxations appear in dielectric
studies. Pyrolysis combustion flow calorimetry showed that the
peak heat release rate values correlate well with the calculated
molar group contributions to the heat capacity of different flex-
ible segment from each polyimide structure. The lowest
values were obtained for polyimide containing hexa-
fluoroisopropylidene (~27 W g ') and carbonyl units
(~81 W g™ '). The reduction of total heat release values indicate
a higher flame retardant behaviour for these polymers, which
correlates well with the data obtained from thermal analyses.
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