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Yancheng Wu,* Shumei Liu, and Jianging Zhao
I: I Read Online

Article Recommendations |

Cite This: ACS Omega 2022, 7, 11939-11945

ACCESS |

ABSTRACT: Three fluorene-based polyimides with silyl ether

R
groups (Si—PIs) were successfully synthesized by a simple and Po);(:r“ o.lﬁ@;‘{o‘?‘ L L ‘}b@ Cﬁ'k
efficient silicon etherification reaction of hydroxyl-containing o CE?; Tmiduzole >§r° O'@ o
polyimides (OH—PIs) and tert-butylchlorodiphenylsilane *° 0.0 o DMEF,RT @ @ @ @
(TBDPSCI), and their structures were confirmed by 'H NMR omPr sie1
and IR spectra. The bulky nonpolar tert-butyldiphenylsilyl Mild modified reaction conditions 1009 conversion .

. . " L Increased optical transparency v'Regeneration of fluorescence characteristics
(TBDPS) Slde groups m the mOdlﬁed PI unit lnStead Of the v'Decreased dielectric constant and loss v Improved solubility in low- or non-polar solvents
strong electron donor —OH group is conducive to decreasing
electronic conjugation and charge transfer (CT) interaction along the PI chain. Accordingly, the optical, dielectric, and solubility
properties of the modified Si—PI films are simultaneously improved compared with the precursor OH—PI films. The modified Si—PI
films demonstrate a meaningful enhancement in the transmittances at a wavelength of 400 nm (T ) to 74—81% from 42 to 55% of
OH-PI films and the regeneration of fluorescence characteristics. The dielectric constant and loss of Si—PI films are also obviously
reduced to 2.63—2.75 and 0.0024—0.0091 at 1 kHz from 4.19 to 4.78 and 0.0173—0.0295 of OH—PI films, respectively, due to
substituted with the bulky nonpolar TBDPS groups to increase the free volume and hydrophobicity of Si—PI films. The solubility of
Si—PIs in low- or nonpolar solvents (such as CHCL;, CH,Cl,, acetone, and toluene) is significantly improved. Furthermore, Si—PI
films still maintain relatively good thermal properties with the 5% weight loss temperature (Tsg;) in the range 470—491 °C under a
nitrogen atmosphere and the glass transition temperature (Tg) in the range 245—308 °C.

[l Metrics & More | @ Supporting Information

1. INTRODUCTION

The rapid development of optical and microelectronic
technology has brought enormous demand for highly trans-
parent, light-emitting, and low-dielectric permittivity polymeric
materials.' > Among the polymeric materials, polyimides (PIs)
have attracted widely attention because of their outstanding
comprehensive properties, including remarkable thermal and
chemical stabilities and good mechanical strength.’”® Of
course, caused by the strong CT interaction in PI chains,
aromatic PI also has its defects, such as poor optical
transparency and fluorescence, relatively high dielectric
constant and loss value, and low solubility in organic solvents,
especially in low- or nonpolar organic solvents.” '” These
disadvantages limit the in-depth application of PI in modern
optical and microelectronic technology, which is urgent to
improve.

The preparation of PI/inorganic hybrid materials is
considered as a promising way to overcome some afore-
mentioned deficiencies of PI materials.">™"° For instance, the
PI—organosilicate hybrid is a competitive modifier to
simultaneously improve the dielectric and optical proper-
ties."®"*' However, PI—organosilicate hybrids still have some
disadvantages, such as the complex preparation process, the
low miscibility between the PI and silicate components, and
the poor solubility in organic solvents. In addition, the
preparation of PI backbone containing siloxane moieties is
another way to obtain the transparent or low-dielectric-
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constant PIs.”>">° Nevertheless, it is still a great challenge to
keep a suitable balance between optical/dielectric properties
and other desirable properties, especially heat resistance.

It was revealed that the noncoplanar fluorene-based Cardo
PIs show excellent combined properties with high optical
transparency and low-k value, without sacrificing the desired
thermal stabilities properties.”*™>* This work focuses on the
design and preparation of fluorene-based Cardo polyimides
with bulky fert-butyldiphenylsilyl (TBDPS) side groups (Si—
PIs). The incorporation of fluorene-based Cardo structure into
PI backbone gives them desired thermal stabilities, mechanical
and photoluminescence properties.”’>> And meanwhile,
introducing the bulky nonpolar TBDPS groups in fluorene-
based Pls side chain is able to simultaneously improve their
optical, dielectric and solubility properties.30
according to the traditional preparation method, the
preparation and purification of the bulky structure of diamine
monomer containing TBDPS groups is complicated and not
easy to achieve.”® In addition, the probably relatively low
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Scheme 1. Synthesis Routes of Three Si—PIs
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Figure 1. '"H NMR spectra of polyimides (a) OH—ODPA and (b) Si—ODPA.

polymerization reactivity of the bulky structure of diamine
monomer containing TBDPS groups is also not conducive to
prepare the corresponding PIs with high molecular weight. To
address this issue, a simple postmodification strategy is used to
prepare Si—PIs in this work (Scheme 1). The effect of
replacing electron-donating hydroxyl groups with bulky
nonpolar TBDPS groups in fluorene-based Pls side chain on
the optical, dielectric and solubility properties of the resulting
Si—PI films was studied.

2. RESULTS AND DISCUSSION

2.1. Preparation and Characterization of Si—Pls.
Three modified fluorene-based PIs with silyl ether groups
(Si—PIs) were prepared via a simple and efficient silicon
etherification reaction of hydroxyl-containing PIs (OH—PIs)
and TBDPSCI at room temperature to afford three modified
Si—PIs (Scheme 1). The OH—PIs show a weight-average
molecular weight (M,,) of 25.2 X 10* g-mol™" for OH—ODPA,
17.2 X 10* gmol ™" for OH—6FDA, and 14.0 X 10* g-mol ™" for
OH-BPADA with a polydispersity index of 2.46 for OH—
ODPA, 1.77 for OH—6FDA, and 1.52 for OH—BPADA
measured by GPC. All obtained Si—PIs exhibit a higher M,, of
26.3 X 10* g'mol™" for Si—ODPA, 25.6 X 10* g'mol™" for Si—
6FDA, and 18.0 X 10* gmol™' for Si—BPADA with a
polydispersity index of 2.82 for Si—ODPA, 3.12 for Si—6FDA,
and 2.13 for Si—BPADA. The correct structures of three
modified Si—PIs were proved by '"H NMR (Figure 1) and IR
spectra (Figure 2).

As shown in Figure 1, the '"H NMR spectra of polyimides
Si—ODPA and OH—ODPA for comparison was used as an
example to prove the correct structure of three modified Si—
PIs. Obviously, there is no apparent peak at around 9.45 ppm
attributed to hydroxyl groups (Figure 1a), while the character-
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Figure 2. IR spectra of three Si—PI films.

istic single peak of the Si—C(CHj;); (H,) at 1.05 ppm appears,
confirming the introduction of tert-butyldiphenylsilyl
(TBDPS) groups. At the same time, the ratio of integral
areas of the various proton signal peaks in the resulted Si—
ODPA chain is perfectly accurate, indicating that TBDPS
groups completely supplanted all hydroxyl groups in Si—
ODPA chain. Similarly, the correct structure of Si—6FDA
(Figure S1 in the Supporting Information) and Si—BPADA
(Figure S2 in the Supporting Information) was also
determined from their '"H NMR spectra.

Figure 2 shows the IR spectra of three Si—PI films. The
absorption bands at around 1775 cm™' (asymmetrical C=0),
1720 cm™' (symmetrical C=0) and 1365 cm™" (C—N), as
well as the absence of hydroxyl absorption peak indicate the
successful introduction of TBDPS groups and not the
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Figure 3. (a) UV—visible transmission and (b) fluorescence spectra of Si—PI and OH—PI films.
Table 1. Optical and Dielectric Properties, Water Absorption, and Contact Angle of PI Films
PIs 2o (nm) T400 o™ (%) Aem (nm) D ” (%) T (ns) K tan 6¢ w4 (%) WCA? (deg)
OH-ODPA 360 42 e e e 4.78 0.0173 3.68 75.9
OH—-6FDA 343 49 e e e 4.19 0.0281 3.11 76.7
OH-BPADA 365 5§ e e e 4.52 0.0295 191 82.8
Si—ODPA 346 74 462 8.5 11.99 2.75 0.0061 0.45 101.0
Si—6FDA 337 79 517 5.2 15.57 2.63 0.0091 0.19 110.3
Si—BPADA 352 81 492 9.3 40.01 2.67 0.0024 0.15 106.4

“The thickness of PI films of about 25 ym. *®y; determined using a calibrated integrating sphere and BaSO, as a reference “Dielectric constant and
loss at 1 kHz. “W,: Water absorption. WCA: water contact angle “Not detected.
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Figure 4. Frequency dependence of the dielectric constant (a) and loss (b) of PI films.

destruction of PI backbone during the silicon etherification. In
addition, the absorption band of the symmetrical C=0 in the
precursor Pls move to a higher wavenumber in the resulted
PIs, which further signifies the introduction of TBDPS groups
(Figure S3 in the Supporting Information).*!

2.2. Optical Properties of Pl Films. The optical
properties of Si—PI films and OH—PI films for comparison
were studied by UV—visible and photoluminescence spectro-
scopic techniques (Figure 3 and Table 1). Apparently, Si—PI
films show meaningful enhancement in optical transparency
(Figure 3a). The cutoff wavelength (4,) is blue-shifted to 337—
352 nm for Si—Pls from 343 to 365 nm for OH—PI films
(Table 1), and T, of Si—P1I films is exceedingly improved to
74—81% from 42 to 55% of OH—PI films. The incorporation
of the bulky TBDPS groups instead of the strong electron
donor —OH group cut down the electronic conjugation, the
packing density and the interchain interactions. Therefore, the
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inter- and intrachain CT interaction in Si—Pls chain is
suppressed, which is beneficial to improve the optical
transparence of Si—PI films.

Despite possessing the fluorene-based fluorescent chromo-
phores in OH—PI chains, OH—PI films show nonfluorescence
characteristics. It is because the fluorescence is quenched by
the strong CT effect in OH—PI chains (Figure 3b).
Conversely, Si—PI films exhibit prominent fluorescent
performance with a maximum emission wavelength (4.,) at
462 nm for Si—ODPA, 517 nm for Si—6FDA, and 492 nm for
Si—BPADA (Figure 3b and Figure S4 in the Supporting
Information), an absolute fluorescence quantum yield (®@p; ) of
8.5% for Si—ODPA, 2.5% for Si—6FDA, and 9.3% for Si—
BPADA (Table 1) and a photoluminescence lifetime (z) of
12.0 ns for Si—ODPA, 15.6 ns for Si—6FDA and 40.0 ns for
Si—BPADA (Figure SS in the Supporting Information and
Table 1). The introduction of TBDPS groups in PI side chains
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Figure S. (a) TGA and (b) the loss tangent-temperature curves of PI-TBS films.

is especially important in the regeneration of fluorescent
performance in Si—PI films, because it changes the electronic
structure along the Si—PI backbone by turning an electron
donor (OH) into a bulky group (TBDPS).*” The significant
emission intensity of three modified Si—PIs makes them
suitable candidates for optical devices and film-based
fluorescent sensors for the selective detection of fluoride ion.””

2.3. Dielectric Properties of Pl Films. Dielectric constant
(k) and dielectric loss (tan &) are vital parameters for applying
polymer films in microelectronic devices. The frequency-
dependent dielectric properties of OH—PI and Si—P1I films are
studied at room temperature (Figure 4), and their k and
dielectric loss values at 1 kHz are outlined in Table 1. With the
introduction of TBDPS groups, the k values of the modified
Si—PIs are much reduce than those of the precursor OH—PIs.
The k values at 1 kHz of OH—ODPA, OH—6FDA and OH—
BPADA are 4.78, 4.19, and 4.52, respectively, while those of
Si—ODPA, Si—6FDA and Si—BPADA are as low as 2.75, 2.63,
and 2.67, respectively. Moreover, the tan 6 values of the
modified Si—PIs are also dramatically decreased to 0.0024—
0.0091 from 0.0173 to 0.0295 of the precursor OH—PIs. It can
be observed that the dielectric properties of Si—PI films show
higher frequency stability than those of OH—PI films, and their
dielectric constants and loss hardly change in the frequency
range. The increased free volume and lower polarizability of
the modified Si—PIs obtained by turning the polar OH groups
into the bulky nonpolar TBDPS groups might be the main
reason for the decrease in the dielectric constant and loss of
Si—PI films, respectively.’*** Besides, With the introduction of
TBDPS groups, the hydrophobicity of Si—PI films is much
higher than that of OH—PI films (Figure S6 in the Supporting
Information and Table 1), which is also conducive to
decreasing the dielectric constant.

2.4. Solubility Property. Due to the existence of rigid
nonplanar fluorene unit with two polar hydroxyl groups, the
precursor OH—PIs show high solubility in polar solvents such
as DMF, DMAc, NMP, m-cresol, dioxane, and THF. However,
the precursor OH—PIs show relatively poor solubility in low-
or nonpolar solvents, such as CHCl;, CH,Cl,, acetone, and
toluene (Table S1 in the Supporting Information). With the
introduction of bulky nonpolar TBDPS groups to lower the
interchain interactions, the modified Si—PIs not only maintain
a high solubility in polar solvents except for DMSO, but also
show an improved solubility in nonpolar solvents (Table S1 in
the Supporting Information). Among three modified SI-PIs,
the Si—6FDA shows the best solubility due to the

11942

incorporation of bulky —(CF;),— groups in the PI backbone,
which is able to dissolve in acetone at room temperature. Since
low- or nonpolar solvents have low boiling temperatures, the
good solubility of the modified SI-PIs in these solvents is
conducive to formation of PI films or coatings at room
temperature, which is very important in terms of material
processability.*®

2.5. Thermal Properties of Pl Films. The thermal
properties of Si—PI films are investigated by TGA measure-
ment (Figure Sa) and DMA (Figure Sb), and the results are
listed in Table 2. Three modified Si—PI films display good

Table 2. Thermal Properties of PI Films

Pls Tgs” (°C) Ta106° (°C) wa (%) Tgc (°C)
OH-ODPA? 527 559 67.1 444
OH-6FDA 516 537 66.0 441
OH-BPADA? 501 522 66.2 365
Si—ODPA 491 513 65.7 292
Si—6FDA 470 489 57.2 308
Si—BPADA 480 504 60.7 245

“The 5% and 10% weight loss temperatures measured by TGA.
PResidual weight percentages at 800 °C under nitrogen flow.
“Measured by DMA at 1 Hz and at a rate of 5 °C/min. “The data
of thermal properties of the precursor OH—PI films come from our
previous literatures."*”

thermal stability with a barely noticeable loss stage up to 400
°C (Figure Sa). The decomposition temperatures at 5% and
10% weight loss (Tyse and Ty, respectively) of Si—PI films
are in the ranges 470—491 and 489—513 °C, respectively
(Table 2). In addition, the char yield at 800 °C of Si—PI films
is more than 57.2% (Table 2).

The glass transition temperatures (Tg) of Si—PI films are
determined by the peaks at the loss tangent-temperature curves
(Figure Sb). After introducing TBDPS groups, the T, values
decrease as expected. However, three modified Si—PI films still
maintain relatively high T, values (245—308 °C, Table 2).
Among three modified Si—PI films, the T, value of Si—6FAD is
the highest (308 °C, Table 2), which is correlated to the
rigidity of the dianhydride moieties.

After the above discussion, it is evident that the modified
Si—PI films display lower thermal stability compared with
OH-PI films,*"*” which can be explained by the reduced
intermolecular attraction forces (e.g., hydrogen bonding) in
Si—PI chain and the increased free volume associated with the

https://doi.org/10.1021/acsomega.2c00069
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TBDPS groups. However, these modified Si—PI films still
possess comparatively high thermal stabilities, as well as high
transparency and fluorescence, low k, and high solubility in
both polar and nonpolar solvents, which are much better than
those of the aromatic PI containing bulky side groups reported
in the literature.”*™* The multifunctional Si—PI films with
excellent combined properties are suitable for wide applica-
tions in optical and microelectronic devices.

3. CONCLUSIONS

In summary, we have developed a convenient postmodification
strategy to synthesize the fluorene-based PIs with silyl ether
groups (Si—PIs) by the direct structural modification of the
precursor Pls with hydroxyl groups (OH—PIs). With the
introduction of TBDPS groups to decrease the interchain
interactions, the modified Si—PIs show the excellently
increased optical transparency (74—81% at 400 nm), the
regeneration of fluorescence characteristics, the decreased
dielectric constant and loss (2.63—2.75 and 0.0024—0.0091 at
1 kHz, respectively), and the improved solubility in low- or
nonpolar solvents. Meanwhile, the modified Si—PIs still
maintain comparatively high thermal stabilities (Ts, > 470
°C under a nitrogen atmosphere and Ts > 245 °C). This work
offers a simple method for preparing multifunctional PI films
with outstanding comprehensive properties, giving them
potential applications in the areas of optical and micro-
electronic devices, fluorescent film-based sensors, and so on.

4. EXPERIMENTAL SECTION

4.1. Materials and Methods. Three precursor fluorene-
based Cardo PIs with hydroxyl groups (namely OH—Pls)
were prepared according to our previous literatures.”"”” tert-
Butylchlorodiphenylsilane (TBDPSCI) and imidazole were
purchased from Energy Chemical Co., Ltd. All solvents were
purchased from Guangzhou Chemical Reagent Co., Ltd., and
used without purification.

Weight-average molecular weight (M,) and polydispersity
index (D) of OH—PIs and Si—Pls were estimated by GPC
(Waters 1515 pump, Torrance, CA) with DMF and chloro-
form as the solvent, respectively, and using polystyrene as the
reference. 'H NMR spectra were obtained on a DRX-400
spectrometer or a DRX-600 spectrometer in a solution of
DMSO-ds for OH—ODPA, and CDCl; for Si—PIs with TMS
as an internal standard. FT-IR spectra of the studied PI films
were performed on a Bruker Vector-22 spectrometer. UV—vis
transmission spectra of the studied PI films were performed on
an UV-3900 spectrometer (Hitachi, Japan). Fluorescence
spectra of the studied PI films were recorded using a Hitachi
F-4500 FL spectrophotometer. The fluorescence spectra were
obtained with excitation at the peak wavelength of the
corresponding excitation spectra. The fluorescence lifetime
(r) of the modified Si—PI films was measured using a
Hamamatsu C11367—11 Quantaurus-Tau time-resolved spec-
trometer. The fluorescence quantum yield (®p ) of the
modified Si—PI films was determined on a Hamamatsu
absolute PL quantum yield spectrometer C11347 Quantaur-
us_QY. Samples were excited at the wavelength of
corresponding excitation peak. The dielectric constant (k)
was calculated from the following equation: k = Cd/Sk,, where
C is the capacitance, d is the thickness of the film, S is the
effective area of the film coated by electrodes, and k, is the
vacuum permittivity (8.854 pF/m). An ALCR meter (4284A,
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Agilent) equipped with a dielectric kit (16451B, Agilent) was
used to measure the capacitance of the studied PI film at a
frequency from 1 to 10° Hz. Thermal stability of the modified
Si—PI films was performed on a NETZSCH thermogravimetric
analyzer (TGA 209F1) from S0 to 800 °C under nitrogen at a
heating rate of 10 °C/min. The glass transition temperature
(T, of the modified Si—PI films was obtained from the
temperature corresponding to maximum dynamic mechanical
loss tangent (tan ) on a NETZSCH dynamic mechanical
analyzer (DMA 242C) in tensile mode at a preload force of
0.01 N, an amplitude of 1S5 ym, and a frequency of 1 Hz at a
heating rate of 5 °C.

4.2. Synthesis of Fluorene-Based Cardo Pls with Silyl
Ether Groups (Si—Pls). The synthesis of polyimide Si—
ODPA was used as an example to illustrate the general
synthetic procedure of the modified fluorene-based Cardo PIs
with silyl ether groups (Si—PIs). A round-bottom flask was
charged with OH—ODPA (1.577g; 2mmol) TBDPSCI
(0.904 g; 6 mmol) and imidazole (0.408g; 6 mmol) in 15
mL DMEFE. The reaction mixture was stirred at room
temperature under N, for 24 h. After reaction, the
homogeneous solution was slowly poured into stirred ethanol
(500 mL) to afford a fibrous precipitate, which was washed
thoroughly with ethanol and dried in a vacuum oven at 100 °C.
At last, the crude polymer precipitate was reprecipitated with
CHCl;—ethanol to give a pure polymer precipitate. To obtain
the PI film, the resulting polymer precipitate was dissolved in
DMAc (the solid content of 10 wt %) to afforded a
homogeneous solution, which was casted onto a clean glass
plate and then dried in vacuum for 3 h at 70 °C and for
additional 3 h at 200 °C. The PI film was peeled off
automatically after the glass plate was immersed in water.

Si—ODPA. Yield: 94.1%. GPC data: M,, = 25.2 X 10* g-
mol™}, D = 2.82 'H NMR (400 MHz, CDCl;) § = 8.02 (d, ] =
5.4 Hz, 2H), 7.66 (d, ] = 4.5 Hz, 8H), 7.58 (s, 2H), 7.52 (d, J
= 6.8 Hz, 2H), 7.35 (dd, ] = 9.1, 5.1 Hz, 6H), 7.29 (t, ] = 4.9
Hz, 8H), 6.77 (d, ] = 6.8 Hz, 2H), 6.73 (s, 2H), 6.66 (s, 4H),
1.94 (s, 12H), 1.05 (s, 18H).

Si—6FDA. Yield: 96.3%. GPC data: M,, = 17.2 X 10* g
mol™, P = 3.12. '"H NMR (600 MHz, CDCL,) & = 8.06 (d, ] =
8.0 Hz, 2H), 7.98 (s, 2H), 7.91 (d, J = 7.3 Hz, 2H), 7.66 (d,
= 6.9 Hz, 8H), 7.35 (t, ] = 7.4 Hz, 6H), 7.29 (t, ] = 7.3 Hz,
8H), 6.79 (d, ] = 8.3 Hz, 2H), 6.73 (s, 2H), 6.65 (s, 4H), 1.94
(s, 12H), 1.05 (s, 18H).

Si—BPADA. Yield: 94.7%. GPC data: M,, = 14.0 X 10* g
mol™, P = 2.13. '"H NMR (600 MHz, CDCl,) 6 =7.89 (d,] =
8.2 Hz, 2H), 7.66 (d, ] = 6.9 Hz, 8H), 7.43 (d, ] = 1.9 Hz, 2H),
7.38—7.27 (m, 20H), 7.05 (d, ] = 8.6 Hz, 4H), 6.81—=6.71 (m,
4H), 6.65 (s, 4H), 1.91 (s, 12H), 1.76 (s, 6H), 1.06 (s, 18H).
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