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Graphical Abstract

Symmetric and asymmetric spiro-type colorless poly(ester imide)s with low coefficients of
ther mal expansion, high glasstransition temperatures, and excellent solution-processability

Masatoshi Hasegawa®, Shinya Takahashi, Soichi Tsukuda, Tomoki Hirai, Junichi Ishii

Yukari Yamashina, Yoshinori Kawamura

Solution casting of the material shown in the fegled to a colorless film with a low yellowness

index (3.4), a considerably low coefficient of timei expansion (10.5 ppm K, a very highTyg
(351 °C), and a high tensile modulus (6.12 GPa).
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Abstract

In this work, we present several new poly(esterdays (PEsls) with low coefficients of
thermal expansion (CTE), excellent optical transpay, very high heat resistancgy)( film
ductility, and solution-processability. Symmetricida asymmetric spiro-type tetracarboxylic
dianhydrides containing ester linkages (358piro and TAa-Spiro) and diamines (AB-Spiro
and AB-a-Spiro) were synthesized using xanthene-based isorhesphenols with a fluorenyl
side group. The chemically imidized PEsls were lyigtoluble in various common solvents
including less polar non-amide solvents, and yld&able solutions with high solid contents.
The properties of the spiro-type PEsIs were sydieally investigated and compared with those
of the cardo-type counterparts. A PEsl| derived frdn2,3,4-cyclobutanetetraccarboxylic
dianhydride (CBDA), ABa-Spiro, and 2,2bis(trifluoromethyl)benzidine (TFMB) achieved
outstanding combined properties, i.e., a very loWEC(10.5 ppm K%, excellent optical
transparency (Y1 = 3.4[400 = 80.8%), a very higfiy (351 °C) and solution-processability. Thus,
the PEsls are promising candidates as novel plagbstrates for use in image display devices.
The isomer effects on the properties were alsosinyated and a possible mechanism for these
effects is proposed.

Keywords: Poly(ester imide)s; Spiro structure; Cardo strgtuOptical transparency;

Coefficient of thermal expansion (CTE); Solutiom@essability; Heat-resistant plastic substrates



1. Introduction

Heat-resistant colorless polymers are key matefi@suse in optical and optoelectronic
applications. Colorless plastic substrate matehalge been investigated as alternatives to current
inorganic glass substrates to allow the upsizindigiilay devices and concomitant weight saving,
as well as the realization of foldable or curvesptiys. These plastic substrates must have very
high short-term heat resistance (i.e., glass tiansiemperatureTy > 300 °C, desirably > 350 or
400 °C) to support the high-temperature processesd in device fabrication. Therefore, even
poly(ether sulfone) (PES), which has the highigst225 °C [l]) among commercially available
super-engineering plastics, is not always suit@sleghe plastic substrates. On the other hand,
wholly aromatic polyimides (PIs) are reliable heagistant polymers, and some have very high
Ty values, exceeding 350 °@-7. However, wholly aromatic PI films are in genenalensely
colored because of charge-transfer (CT) interastif@h which often limit their optical and
optoelectronic applications. Therefore, opticallyansparent (colorless) Pls and other
high-temperature polymers have been studied ineswidand industry as promising candidate
plastic substrates9f33. The most effective strategy for eliminating Rlinf coloration is to
disturb the CT interactions by using aliphatic @lsucycloaliphatic) monomers either diamines
or tetracarboxylic dianhydrides or bo®-27].

The plastic substrates for optoelectronics must &lave excellent dimensional stability



during the multiple thermal cycles used in the devabrication processes; this can be achieved
by significantly reducing their linear coefficient$é thermal expansion (CTE) in the film plane
(X=Y) direction in the glassy temperature regionsl{x However, non-stretched polymer films
prepared by solution casting or melt extrusion nmgcusually show high CTE values (50-120
ppm K™ [33] because of the practically three-dimensionallgd@m chain orientation, which
causes significant thermal expansion—contractidmer during thermal cycling. This causes
serious problems, such as misalignment and adhdsaibme of various micro-components,
laminate warpage, and transparent electrode breakdo

A low thermal expansion property is achieved whearé is a high degree of chain alignment
in the X-Y direction (in-plane orientation), which promingntbccurs during the thermal
imidization of Pl precursor [poly(amic acid)s (PARSIms formed on substrates only when the
Pl systems have linear and rigid backbone strust{Bé—-37. However, previously reported
cycloaliphatic monomers with structural linearitgfparity, which is favorable for inducing
prominent in-plane orientation, are practically ited to trans-1,4-cyclohexanediamine
(t-CHDA) and 1,2,3,4-cyclobutanetetracarboxylic dighide (CBDA). For example, the
combination of t-CHDA and rigid aromatic tetracarboxylic dianhyarsd [e.g.,
3,34,4-biphenyltetracarboxylic dianhydride (s-BPDA)] prdes colorless PI films with very low

CTE values 38,39, as shown irFig. 1. However, the use dfCHDA causes the formation of



poorly soluble salts in anhydrous solvents (usualBmide solvents such as

N,N-dimethylacetamide (DMACc)] in the initial stagestbe PAA polymerization process, which

often results in the termination of PAA polymeripat or greatly extends the reaction periods

until the reaction mixture becomes homogenedis2[7,39,40 In contrast, there is no salt

formation problem when CBDA was combined with rigagtomatic diamines [typically,

2,2-bis(trifluoromethyl)benzidine (TFMB)], and this stgm leads to a colorless PI film with a

relatively low CTE through the conventional twosstprocess (PAA casting on a substrate +

thermal imidization) 38]. However, the imidized forms of these transpalemt-CTE systems

are not soluble in common solvents.

We have previously revealed that a somewhat coatplit film preparation method via

chemical imidization (i.e., chemical imidizationrabm temperature in solution + isolation of the

Pl powder + re-dissolution in fresh solvents + guagtrying) is superior to the conventional

process (PAA solution coating/drying + thermal im&ion at elevated temperatures) in terms of

achieving both optical transparency and a low GT e resultant PI films2[7]. This means that

compatibility with the chemical imidization processids the key to achieving our present goals.

The chemical imidization process can also be appbenighly soluble Pl systems. Otherwise, on

the addition of a dehydrating agent [acetic anld@{AcO)/pyridine mixture] to PAA solutions

during chemical imidization, the reaction mixtureecome inhomogeneous with gelation or



precipitation of the half-imidized portion, and selguent casting from a homogeneous PI

solution is inhibited. Unfortunately, the above-riened semi-aromatic transparent Pls are not

compatible with the chemical imidization processaaese of their insolubility.

A variety of solubility-improving groups, linkageand structural units have been reported in

the literature, e.g., bulky and non-polarized stibstts (Ck [10,23,28,41-45 tert-butyl [46),

and phenyl side groupd7,49), highly polar and bent connecting groups (=S@roups 32,49),

highly twisted/distorted units (2;Biphenyl group $0]), bent and asymmetric structural units

[51,53, non-planar cycloaliphatic unitsl9], and cardo structures63,54. However, these

approaches for solubility improvement mostly redircéhe chain linearity/rigidity, consequently

sacrificing the low CTE.

We have previously reported that poly(ester imid@&slIs) obtained using ester-linked

cardo-type tetracarboxylic dianhydride with 9-flanyl (FL) side group (TA-BPFLFig. 1) show

enhanced solubility compared to the correspondiagiaztype poly(ether imide)ss9]. For

example, the combination of TA-BPFL andCHDA (Fig. 1) led to a PEsI soluble in hot

N-methyl-2-pyrrolidone (NMP)45], even though-CHDA-based Pls are usually quite insoluble.

The significantly improved solubility of TA-BPFt-CHDA is probably attributed to a combined

effect of the ester linkages and the bulky FL gideup of TA-BPFL, which has a perpendicularly

directed molecular plane to the main chains, as/sho Fig. 1. However, the TA-BPFIit/{CHDA



PEsl film did not show low CTE behavior, probabdfiecting the “hinge” structure at the central
sp® carbon atom of TA-BPFLF(g. 1), which significantly reduces the overall chainelarity,
consequently, the in-plane chain orientation wasudbed. The results motivated us to modify
TA-BPFL to create a local coplanar structure by fibvenation of ether-bridge between the two
9-phenolic groups on the FL unit [i.e., formatidraokanthene (XAN) unit with a spiro structure],
whereby the local molecular planarity/linearity denenhanced.

One study %6] reported that poly(ether imide)s derived from eier-linked spiro-type
diamine containing a XAN unit and common aromagicecarboxylic dianhydrides showed good
solubility and relatively highry values, although the CTE was not reported. Asudised later,
this type of poly(ether imide) does not usually édow CTE values owing to their decreased
overall main chain linearity. On the other hand; uget monomers, i.e., ester-linked spiro-type
monomers with a FL-pendant XAN unit have the po&nb improve the low CTE property
while maintaining excellent solubility (i.e., contjlity with chemical imidization process). In
this study, we investigated the effects of symmetpiro-type monomers with ester linkages on
the current target properties (transparency, slybCTE, andTg) and compared them with
those of the asymmetric counterparts. The resultgiest that some of the spiro-type PEsls
developed in this work are promising novel plastibstrate materials for use in image display

devices and other optoelectronic materials.



2. Experimental

2.1. Materials

2.1.1. Monomer synthesis

Spiro(fluorene-9,9'-xanthene]-3',6'-diol (s-Spiro FLBP)

Spiro-type bisphenols and related monomers werthegized using raw materials listed in

Supplementary Data 1 First, we carried out the synthesis of a symroetpiro-type bisphenol

(s-Spiro FLBP,Fig. 2) without solvent $6] or in toluene $7]. The previously reported synthetic

procedures gave rise to an orange- or yellow-cdlgmeduct, which was the mixtures of the

desired bisphenol and a minor fraction of a dimebg-product estimated by liquid

chromatography—mass spectrometfyg( 2). The latter is probably responsible for the isten

coloration of the product. Then we carried out flyathesis by a sophisticated method using

water as a solvend§]; 9-fluorenone (9-FLN, 39.12 mmol), resorcinol (R&€13.79 mmol), and

1-dodecanethiol (1.56 mmol) was suspended in watéb mL) in a 300 mL-flask and heated at

55—-60 °C. To the reaction mixture, conc. HCI (8mlZ) was added very slowly, and refluxed at

55-60 °C for 8 h with continuous stirring. Subseglye water (43.1 mL) was added and

neutralized with a NaOH aqueous solution in anbiath. The pale pink precipitate formed was

collected by filtration, washed with water, andedriat 120 °C for 12 h under vacuum. The



product was dissolved in 2-propanol, and an untissloportion was filtered out. Subsequently,
the product was recrystallized from a mixed solv@ipropanol/water, 4/1, v/v), and dried at
100 °C for 12 h under vacuum (total yield: 74 9d)eTanalytical data of the product is as follows.
FT-IR (KBr plate method, ci): 3505/3405 (O—H), 3061/3036 {G+H), 1262/1171 (GomrO—
Carom)- "H-NMR [400 MHz, dimethyl sulfoxide (DMSOs, &, ppm]: 9.61 [s, 2H (the measured
relative integrated intensity: 2.00H), OH], 7.92 gH(2.04H),J = 7.6 Hz, 4,5-protons of the
fluorene (FL) unit], 7.37 [t, 2H (2.07HY),= 7.4 Hz, 3,6-protons of FL], 7.22 [t, 2H (2.07R)7
7.5 Hz, 2,7-protons of FL], 7.02 [d, 2H (2.03H)= 7.6 Hz, 1,8-protons of FL], 6.58 [sd, 2H
(2.04H),J = 2.4 Hz, 4,5-protons of the xanthene (XAN) un&]26 [dd, 2H (2.01H)J = 8.6, 2.4
Hz, 2,7-protons of XAN], 6.03 [d, 2H (2.00H),= 8.6 Hz, 1,8-protons of XAN]. Elemental
analysis: Calcd. (%) for 4H:¢05 (364.40 g mot'): C, 82.40; H, 4.43, Found: C, 82.47; H, 4.52.
Melting point determined from an endothermic pegldiiferentia scanning calorimetry (DSC):
265 °C. These data confirmed that the product & desired 3,6-dihydroxy-substituted form

(s-Spiro FLBP) shown below.

s-Spiro FLBP



Spiro(fluorene-9,9'-xanthene)-2’,6'-diol (a-Spiro FLBP)

An asymmetric-type isomer a&fSpiro FLBP,a-Spiro FLBP, was synthesized using 9-FLN
(32 mmol), RC (157 mmol), and hydroquinone (HQ, I&wol) in the same way as the
procedures for the synthesis®8&piro FLBP. Thin-layer chromatography (TLC) ussitica gel
and CHC}/ethyl acetate (6/1, v/v) as an eluent for the pobdshowed four spots with thHe
values of 0.67 (obscure), 0.58, 0.39, and O (olgcwhich correspond to 2,7-, 2,6-, and
3,6-dihydroxy-substituted compounds, and prediaaderic compound, respectivel¥ig. 2).
Column chromatography (Wakogel C-3@D= 40-64um) using a mixed eluent (CHgxthyl
acetate, 12/1, v/v) was effective for isolating thesired 2,6-dihydroxy-substituted foree$piro
FLBP); a single spotR; = 0.58) was observed on TLC after this procedareoily product was
obtained after solvent evaporation of the separétaction. The oily product turned into a
powder form by addition oh-hexane and successive solvent removal. The sotidupt was
washed with water and dried at 100 °C for 12 h undeuum. The analytical data of the
pale-yellow product obtained is as follows. FT-KB¢ plate method, ci): 3512/3446 (O-H),
3059/3034/3010 (GonrH), 1240 (GronrO—GCaror). "H-NMR [400 MHz, DMSOds, J, ppm]: 9.59
[s, 1H (1.00H), 6-OH], 8.91 [s, 1H (1.07H), 2-OH]95 [d, 2H (2.07H))J = 7.6 Hz, 4,5-protons
of FL], 7.39 [t, 2H (2.07H)J = 7.5 Hz, 3,6-protons of FL], 7.24 [t, 2H (2.05H)= 7.5 Hz,

2,7-protons of FL], 7.09-7.05 [m, 3H (3.09H), 1/®4ons of FL + 4-proton of XAN], 6.61 [dd,

10



1H (1.06H),J = 8.8, 2.9 Hz, 3-protons of XAN], 6.57 [sd, 1HQ&H), J = 2.4 Hz, 5-protons of
XAN], 6.25 [dd, 1H (1.07H)] = 8.4, 2.3 Hz, 7-protons of XAN], 6.03 [d, 1H (3H), J = 8.6 Hz,
8-protons of XAN], 5.65 [sd, 1H (1.08),= 2.9 Hz, 1-proton of XAN]. Elemental analysis:|€h
(%) for GsH1605 (364.40 g mol): C, 82.40; H, 4.43, Found: C, 82.00; H, 4.50. fitgl point
(DSC): 228 °C. These data confirmed that the produthe desired 2,6-dihydroxy-substituted

form (a-Spiro FLBP) shown below.

a-Spiro FLBF

Ester-linked s-spiro-type tetracarboxylic dianhydride (TA-s-Spiro)

An ester-linkeds-spiro-type tetracarboxylic dianhydride was synthes according to the
reaction scheme shown Hig. 3. sSpiro FLBP (10.01 mmol) was dissolved in anhydrous
tetrahydrofuran (THF, 47.1 mL) in the presence wifigghe (60 mmol, 4.85 mL) as an HCI
acceptor in a sealed flask with a septum cap. se@arate sealed flask, trimellitic anhydride
chloride (TMAC, 30.09 mmol) was dissolved in THE(@ mL). To the TMAC solution cooled at
0 °C, thes-Spiro FLBP solution was slowly added using a gy&irwith continuous magnetic

stirring, after which the reaction mixture wasrstit at room temperature for 12 h. The precipitate

11



formed was collected by filtration and washed wIHF and subsequently water. The white
product was dried at 160 °C for 12 h to ensurear@hydration of a hydrolyzed portion (yield:
67%). The analytical data of the product is asofefi. FT-IR (KBr plate method, cr): 3066
(CaronmH), 1856/1782 (anhydride C=0), 1739 (ester C=@331(phenyl), 1224/1168 (femrO—
Caron), and the absence of the absorption bands at 3800-cm® (O—-H) from the unreacted
s-Spiro FLBP and ~2600 ¢i(hydrogen-bonded carboxylic acid O—H) from the roygzed
product.'H-NMR [400 MHz, DMSO¢ds, &, ppm]: 8.62—8.58 [m, 4H (4.01H), 3,3 5,5-protons
of the phthalic anhydride (PANn) unit], 8.27 [d, 2H02H),J = 7.8 Hz, 6,6protons of PAn], 8.04
[d, 2H (2.00H),J = 7.8 Hz, 4,5-protons of FL], 7.49-7.46 [m, 4HOMH), 3,6-protons of FL +
4,5-protons of XAN], 7.32 [t, 2H (2.02H),= 7.6 Hz, 2,7-protons of FL], 7.21 [d, 2H (2.028),
= 7.6 Hz, 1,8-protons of FL], 6.94 [d, 2H (2.00”) 8.6 Hz, 2,7-protons of XAN], 6.40 [d, 2H
(2.03H),J = 8.6 Hz, 1,8-protons of XAN]. Elemental analy<talcd. (%) for GsH20011 (712.63

g mol): C, 72.47; H, 2.83, Found: C, 72.61; H, 2.96. fitgl point (DSC): 331 °C. These data

confirmed that the product is the desired compdliAds-Spiro) shown below.

TA-s-Spiro

12



The abbreviations, purification methods, and mglfoints for all the spiro-type monomers
synthesized in this work are summarize@&upplementary Data 2
For a comparison, ester-linked cardo-type counterg@dA-Cardo, Fig. 3) was also

synthesized in a similar manner. The analyticah @aé shown isupplementary Data 3

Ester-linked a-spiro-type tetracarboxylic dianhydride (TA-a-Spiro)

An isomer of TAs-Spiro, TAa-Spiro Fig. 3), was synthesized froma-Spiro FLBP (5.03
mmol) and TMAC (15.01 mmol) in anhydrous acetondhia presence of pyridine. After the
reaction, the solvent was removed, and the palewedolid obtained was washed with toluene
and subsequently water, and dried at 200 °C foh dihder vacuum. The crude product was
recrystallized from a mixed solvent (toluene/acetnhydride, 25/2, v/v), and vacuum-dried at
200 °C for 12 h (total yield: 50%). The analytickita is follows. FT-IR (KBr plate method, tm
1): 3066 (Gronr-H), 1863/1780 (anhydride C=0), 1760/1736 (este©¥;21488 (phenyl), 1223
(ester C-0), 1163 (G~O—Guon), and the absence of the absorption bands at 3500-cm*
(O-H) from the unreactea Spiro FLBP and ~2600 cth(hydrogen-bonded carboxylic acid O—
H) from the hydrolyzed productH-NMR [400 MHz, DMSOds, J, ppm]: 8.62—8.59 [m, 2H
(2.09H), 3,6-protons of PAn], 8.48-4.44 [m, 2H @), 3,6-protons of PAn], 8.27 [d,

1H(1.07H),J = 7.8 Hz, 5-proton of PAn], 8.15 [d, 1H (1.00H)= 7.8 Hz, 5proton of PAn],

13



8.01 [d, 2H (2.00H)J = 7.6 Hz, 4,5-protons of FL], 7.49-7.44 [m, 4HO@H), 3,6-protons of FL
+ 3,5-protons of XAN], 7.36—7.30 [m, 3H (3.05H)7Zrotons of FL + 4-proton of XAN], 7.22
[d, 2H (2.04H),J = 7.6 Hz, 1,8-protons of FL], 6.92 [dd, 1H (1.00B* 8.6, 2.3 Hz, 7-proton of
XAN], 6.36-6.34 [m, 2H (2.01H), 1,8-protons of XANElemental analysis: Calcd. (%) for
CusH20011 (712.63 g mol): C, 72.47; H, 2.83, Found: C, 72.44; H, 3.16. fingl point (DSC):
294 °C. These data confirmed that the product ésdésired compound (TA-Spiro) shown

below.

TA-a-Spiro

Ester-linked s-spiro-type diamine (AB-s-Spiro)

AB-s-Spiro was synthesized according to the reactitier®e shown irFig. 3. The detailed

procedures are as follows. 4-Nitrobenzoyl chlorideNBC, 30.0 mmol) was dissolved in

anhydrous THF (9.4 mL) in a sealed flask. In anotealed flasks-Spiro FLBP (10.02 mmol)

was dissolved in anhydrous THF (47.1 mL) in thespree of pyridine (60 mmol). To the 4-NBC

solution cooled to 0 °C, the-Spiro FLBP solution was slowly added using a yeirwith

continuous magnetic stirring, after which the reacmixture was stirred at room temperature for

14



12 h. The pale-yellow precipitate formed was caédcby filtration and washed with a small
guantity of THF, a large quantity of water, and Inaetol, and vacuum-dried at 120 °C for 12 h
(yield: 68%). The analytical data of the productfaliows. FT-IR (KBr plate method, cm:
3075 (GronrH), 1742 (ester C=0), 1522/1347 (}O1486 (phenyl), 1239/1152 {fermO—Caron,
and the absence of the absorption bands at 3400—-&%0H) from unreacted-Spiro FLBP.
'H-NMR [400 MHz, DMSO¢s, & ppm]: 8.41 [d, 4H (4.04H)] = 9.0 Hz, 2,26,6-protons of the
nitrobenzene (NB) unit], 8.34 [d, 4H (4.03H)= 9.0 Hz, 3,35,5-protons of NB], 8.04 [d, 2H
(2.01H),J = 7.6 Hz, 4,5-protons of FL], 7.47 [t, 2H (2.04d) 7.5 Hz, 3,6-protons of FL], 7.42
[sd, 2H (2.03H),) = 2.4 Hz, 4,5-protons of XAN], 7.31 [t, 2H (2.04H)= 7.5 Hz, 2,7-protons of
FL], 7.20 [d, 2H (2.00H)J = 7.5 Hz, 1,8-protons of FL], 6.89 [dd, 2H (2.05H)= 8.6, 2.4 Hz,
2,7-protons of XAN], 6.39 [d, 2H (2.00H) = 8.6 Hz, 1,8-protons of XAN]. Melting point
(DSC): 292 °C. These data confirmed that the prbdscthe desired dinitro compound

(NB-s-Spiro) shown below.

NB-s-Spirc

The nitro groups of NB-Spiro were reduced as follows. NB-Spiro (5.80 mimehs

15



dissolved inN,N-dimethylformamide (DMF, 100 mL) and Pd/C (0.424ag)a catalyst was added
to this solution. The reaction mixture was refluadl00 °C for 4 h in a hydrogen atmosphere
and cooled to room temperature. After the catatgsidue was filtered out, the filtrate was
concentrated by an evaporator, and water (200 nals) added to the flask. The white precipitate
formed was collected by filtration, washed with araand methanol, and dried at 120 °C for 12 h
under vacuum (yield: 81%). The analytical data e product as follows. FT-IR (KBr plate
method, cm’): 3480/3375/3218 (amine N—H), 30664(&~H), 1708 (ester C=0), 1628 (MH
deformation), 1517/1489 (phenyl), 1237/11724&O0—Curon). "H-NMR [400 MHz, DMSO¢,

o, ppm]: 8.01 [d, 2H (2.01H)) = 7.5 Hz, 4,5-protons of FL], 7.77 [d, 4H (4.05H)7 8.7 Hz,
3,3,5,5-protons of the aniline (AN) unit], 7.46 [t, 2H @H),J = 7.4 Hz, 3,6-protons of FL],
7.31 [t, 2H (2.04H)J) = 7.5 Hz, 2,7-protons of FL], 7.20 [sd, 2H (2.02B1F 2.3 Hz, 4,5-protons
of XAN], 7.17 [d, 2H (2.02H),) = 7.6 Hz, 1,8-protons of FL], 6.74 [dd, 2H (2.02BF 8.5, 2.3
Hz, 2,7-protons of XAN], 6.62 [d, 4H (4.04H),= 8.7 Hz, 2,26,6-protons of AN], 6.32 [d, 2H
(2.03H),J = 8.6 Hz, 1,8-protons of XAN], 6.19 [s, 4H (4.00M)H,]. Elemental analysis: Calcd.
(%) for GsgH260sN, (602.65 g mol): C, 77.73; H, 4.35; N, 4.65, Found: C, 77.52;4:50; N,
4.67. Melting point (DSC): 274 °C. These data aonéd that the product is the desired diamine

(AB-s-Spiro) shown below.

16



AB-s-Spiro

For a comparison, ester-linked cardo-type countergaAB-Cardo, Fig. 3) was also

synthesized in a similar manner. The analyticah @aé shown iBupplementary Data 4

Ester-linked a-spiro-type diamine (AB-a-Spiro)

An isomer of ABs-Spiro, AB-a-Spiro Fig. 3), was synthesized usirgSpiro FLBP in a
similar manner to that in the synthesis of the swimm counterpart. A pale-yellow product was
obtained froma-Spiro FLBP and 4-NBC with a yield of 70%. The apighl data of the product
is as follows. FT-IR (KBr plate method, ¢ 3076 (GronmH), 1737 (ester C=0), 1524/1348
(NOy), 1490 (phenyl), 1177 ormO—Carony), and the absence of the absorption bands at 3400—
3500 (O—H) from unreactestSpiro FLBP.*H-NMR [400 MHz, DMSOds, J, ppm]: 8.42 [d, 2H
(2.05H),J = 8.9 Hz, 2,6-protons of NB], 8.34 [d, 2H (2.02H)= 8.9 Hz, 3,5-protons of NB],
8.29 [d, 2H (2.01H),J = 8.8 Hz, 26-protons of NB], 8.19 [d, 2H (2.02H)] = 9.0 Hz,
3',5-protons of NB], 8.01 [d, 2H (2.05H)] = 7.6 Hz, 4,5-protons of FL], 7.48-7.43 [m, 3H

(3.02H), 3,6-protons of FL + 3-proton of XAN], 7.44d, 1H (1.02H)J = 2.4 Hz, 5-proton of
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XAN], 7.33-7.29 [m, 3H (3.05H), 2,7-protons of FL4+proton of XAN], 7.21 [d, 2H (2.03H)]

= 7.6 Hz, 1,8-protons of FL], 6.88 [dd, 1H (1.04Hd) 8.6, 2.4 Hz, 7-proton of XAN], 6.35 [d,

1H (1.01H),J = 8.6 Hz, 8-proton of XAN], 6.27 [sd, 1H (1.00H)= 2.8 Hz, 1-proton of XAN].

Melting point (DSC): 301 °C. These data confirméattthe product is the desired dinitro

compound (NBa-Spiro) shown below.

NB-a-Spiro

The catalytic reduction of NB-Spiro was carried out in the same way as the poes used
for the symmetric counterpart and a white produets vebtained with a yield of 86%. The
analytical data of the product is as follows. FT{IRBr plate method, cil): 3459/3363/3217
(amine N—H), 3060 (&on—H), 1714 (ester C=0), 1631 (NHleformation), 1516/1479 (phenyl),
1167 (GronmO—Garon). *H-NMR [400 MHz, DMSO#ds, &, ppm]: 7.99 [d, 2H (2.06H)] = 7.5 Hz,
4,5-protons of FL], 7.77 [d, 2H (2.05H) = 8.7 Hz, 3,5-protons of AN], 7.52 [d, 2H (2.020)
8.8 Hz, 35-protons of AN], 7.44 [t, 2H (2.05H)] = 7.5 Hz, 3,6-protons of FL], 7.39 [d, 1H
(1.02H),J = 8.9 Hz, 4-proton of XAN], 7.30 [t, 2H (2.01H),= 7.6 Hz, 2,7-protons of FL], 7.22

[sd, 1H (1.01H)J = 2.4 Hz, 5-protons of XAN], 7.19 [d, 2H (2.03H)= 7.5 Hz, 1,8-protons of
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FL], 7.15 [dd, 1H (1.07H)J = 8.9, 2.7 Hz, 3-proton of XAN], 6.73 [dd, 1H (219),J = 8.6, 2.4
Hz, 7-protons of XAN], 6.63 [d, 2H (2.01H),= 8.8 Hz, 2,6-protons of AN], 6.52 [d, 2H (2.08H),
J = 8.8 Hz, 26"-protons of AN], 6.29 [d, 1H (1.02HJ,= 8.5 Hz, 8-proton of XAN], 6.20 [s, 2H
(2.00H), 1-NH], 6.13 [s, 2H (2.05H), INH,], 6.03 [sd, 1H (1.00H)J = 2.7 Hz, 1-proton of
XAN]. Elemental analysis: Calcd. (%) fors§E.60sN, (602.65 g mol'): C, 77.73; H, 4.35; N,
4.65, Found: C, 77.25; H, 4.48; N, 4.78. MeltingnpdDSC): 292 °C. These data confirmed that

the product is the desired diamine (AESpiro) shown below.

AB-a-Spiro

Ether-linked s-spiro-type diamine (AP-s-Spiro)

For comparison with ester-linked-spiro-type diamine, an ether-linked counterparts wa
synthesized according to the reaction scheme shovBupplementary Data 5 The detailed
procedures are as follows.Spiro-FLBP (12.66 mmol) and 4-fluoronitrobenzedeFNB) were
dissolved in DMAc (30 mL) in the presence ofGO; (29.60 mmol), and refluxed at 160 °C for
4 h in a nitrogen atmosphere. The reaction mixtuas slowly poured into a large quantity of

water. The pale-yellow precipitate formed was ai#d by filtration, washed with water, and
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dried at 120 °C for 12 h under vacuum (yield: 98%d)e analytical data of the product is as
follows. FT-IR (KBr plate method, cf): 3070 (Gronr-H), 1522/1343 (N@), 1483 (phenyl),
1230/1150 (GonmO—Caron), and the absence of the absorption bands at 3800(O-H) from
unreacteds-Spiro FLBP.'"H-NMR [400 MHz, DMSO#ds, &, ppm]: 8.26 [d, 4H (4.06H)] = 9.3
Hz, 2,2,6,6-protons of NBJ, 8.02 [d, 2H (2.00H), = 7.6 Hz, 4,5-protons of FL], 7.46 [t, 2H
(1.99H),J = 7.5 Hz, 3,6-protons of FL], 7.32 [t, 2H (1.90H)= 7.6 Hz, 2,7-protons of FL],
7.21-7.17 [m, 6H (6.05H), 3,3,5-protons of NB + 1,8-protons of FL], 7.13 [sd, 2HQ5H),J

= 2.5 Hz, 4,5-protons of XAN], 6.72 [dd, 2H (2.05H) 8.6, 2.5 Hz, 2,7-protons of XAN], 6.37
[d, 2H (2.04H),J = 8.6 Hz, 1,8-protons of XAN]. Melting point (DSC)90 °C. These data

confirmed that the product is the desired dinimmpound (NPs-Spiro) shown below.

NP--Spiro

NP-Spiro (12.4 mmol) was dissolved in 1,4-dioxan® L) in the presence of Pd/C (0.746

g), and refluxed at 80 °C for 8 h in a hydrogenadphere. After the catalyst residue was filtered

out, the filtrate was slowly poured into a largeantity of water. The white precipitate formed

was collected by filtration, washed with water améthanol, and recrystallized from toluene
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(yield: 42%). The analytical data of the productfaliows. FT-IR (KBr plate method, cm:
3431/3353/3216 (amine N-H), 3044/3011.(&H), 1609 (NH, deformation), 1509/1489
(phenyl), 1210/1168 (§onO—GCuon). ‘H-NMR [400 MHz, DMSOds, & ppm]: 7.95 [d, 2H
(2.00H),J = 7.5 Hz, 4,5-protons of FL], 7.40 [t, 2H (2.04Hd): 7.4 Hz, 3,6-protons of FL], 7.24
[t, 2H (1.99H),J = 7.5 Hz, 2,7-protons of FL], 7.07 [d, 2H (1.91Hd)= 7.5 Hz, 1,8-protons of
FL], 6.77 [d, 4H (3.94H)J = 6.7 Hz, 3,35,5-protons of AN], 6.61-6.56 [m, 6H (5.87H),
4,5-protons of XAN + 2,26,6-protons of AN], 6.38 [dd, 2H (1.96H),= 8.6, 2.5 Hz, 2,7-protons
of XAN], 6.15 [d, 2H (1.99H)J = 8.7 Hz, 1,8-protons of XAN], 5.02 [s, 4H (3.75HYH,].
Elemental analysis: Calcd. (%) forsl,60sN, (546.63 g mol): C, 81.30; H, 4.79; N, 5.12,
Found: C, 81.67; H, 4.92; N, 5.15. Melting pointS0): 233 °C. These data confirmed that the

product is the desired diamine (AFSpiro) shown below.

AP-s-Spiro

For a comparison, ether-linked cardo-type countér@P-Cardo,Supplementary Data 5

was also synthesized in a similar manner. The &nalyata are shown iBupplementary Data

Commercially available common monomef&g( 4) were also used in this study. These
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abbreviations, commercial sources, purificationhuods, and melting points are summarized in

Supplementary Data 1

2.1.2. Polyaddition, imidization, and film preparation

The polymerization of PAAs, imidization, and Phiilpreparation were carried out according

to the schemes shown iRig. 5. A typical procedure for the polyaddition is adldws.

Tetracarboxylic dianhydride powder (5 mmol) wasetitb anN,N-dimethylacetamide (DMACc)

of diamine (5 mmol) with continuous stirring in aated bottle. The reaction mixture (initial

solute content: 30 wt%) was stirred at room tentpeea if necessary, while conducting multiple

dilution with a minimal quantity of DMAc at eachegi and a homogeneous/viscous PAA

solution was obtained after 72 h.

Chemical imidization was carried out by slowly adylia dehydrating agent (4@/pyridine,

7/3, viv) to an adequately diluted PAA solutionaatixed feed ratio of [A]/[COOH]Jpaa = 5

with continuous vigorous stirring, followed by siiig at room temperature for 24 h in a sealed

bottle. The homogenous reaction mixture obtained agequately with DMAc and very slowly

poured into a large amount of poor solvent (methanavater) to form fibrous precipitates, and

collected by filtration, washed with methanol, afted at 100 °C for 12 h under vacuum. The

chemically imidized powder samples were dissolvadai fresh anhydrous solvent [e.qg.,
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cyclopentanone (CPN), DMAc, di-methyl-2-pyrrolidone (NMP)] at a solid content 820
wt%, if necessary, while warming to facilitate dikgion. The homogeneous PEsI solutions
obtained were coated on a glass substrate, and ati60 °C for 2 h (for CPN and DMACc) or
80 °C for 3 h [fory-butyrolactone (GBL) and NMP] in an air convectiomen, followed by
vacuum-drying at 200 °C for 1 h on the substratiterdeing peeling off from the substrate, the
PEsl films (typically 20um thick) were heated at an annealing temperaflyg, [typically at
250 °C (or 300 °C)] for 1 h under vacuum to remoesidual stress. These thermal conditions
during the film preparation were adjusted to obtaiter-quality films.

For some insoluble systems, PEsl films were prepapon thermal imidization as follows.
PAA solution was coated on a substrate, dried 6@fQ h, heated typically at 200 °C for 1 h +
300 °C for 1 h under vacuum on the substrate, vigth by annealing at 300 °C (or 330 °C) for 1
h under vacuum without the substrate. These theowmdlitions were also adjusted to obtain
better-quality films.

In this paper, the chemical compositions of PEsst@mys are represented with the
abbreviations of the monomer components used §tatibaxylic dianhydrides (A) and diamines

(B)] as A/B for homopolymers and;#\,/ B1;B, for copolymers.

2.2. Measurements
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2.2.1. Inherent viscosity and molecular weight

The reduced viscositiesytg of PAAs and chemically imidized PEsls were meaguin
DMACc at a solid content of 0.5 wt% at 30 °C on astWald viscometer. The polyelectrolyte
effect of PAAs disturbs to determine the inherestesities finn) from the extrapolation to zero
concentration. Therefore, thg.q values of PAAs are often treated as thg values. For highly
soluble PEsl systems in THF, the numbd,)(and weight- [A,) average molecular weights
were determined by gel permeation chromatograplQ)Gusing THF as an eluent at room
temperature on a Jasco, LC-2000 Plus HPLC systémanGPC column (Shodex, KF-806L) at a
flow rate of 1 mL min' by ultraviolet-visible detection at 300 nm (Jast#/-2075). The

calibration was performed using standard polysisgishodex, SM-105).

2.2.2. Linear coefficient of thermal expansion

The CTE values along the film planeé-{r) direction for PEsl| specimens (15 mm long, 5 mm
wide, and typically 2Qum thick) in the glassy region were measured byttlieemomechanical
analysis (TMA) as an average in the range of 100-ZD at a heating rate of 5 °C miron a
thermomechanical analyzer (Netzsch, TMA 4000) vatfixed static load (0.5 g per unit film
thickness inum, i.e., 10 g load for 2Qm-thick films) in a dry nitrogen atmosphere. Insticase,

after the preliminary first heating run up to 1ZD&nd successive cooling to room temperature in
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the TMA chamber, the data were collected from #mad heating run to remove an influence of
adsorbed water. The TMA curve was also used fardehing theTy of PEsI films, as mentioned

later.

2.2.3. Heat resistance

The storage modulu€/) and loss energyE() of PEsI films were measured by the dynamic
mechanical analysis (DMA) at a heating rate of 5Mii@* at a sinusoidal load frequency of 0.1
Hz with an amplitude of 15 gf in a nitrogen atmosghon the TMA instrument (as before). The
Tgy of PEsI films was determined from the peak temjpeeaof theE” curve (method-1). Th&,
was also determined from an inflection point of A curve measured under a fixed static
load, where the specimens started to abruptly eengs an intersection of two tangential lines
(method-2).

The thermal stability of PEsI films was evaluateshi the 5% weight loss temperatur@g )
by the thermogravimetric analysis (TGA) on a thefioatance (Netzsch, TG-DTA2000). TGA
was performed at a heating rate of 10 °C Tin dry nitrogen and air atmosphere. A small
weight loss due to the desorbed water from the Emwas observed around 100 °C in the TGA

curves. It was compensated by off-set at 150 “@towneight loss for the data analysis.
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2.2.4. Optical properties

The light transmission spectra of PEsI films (tytlie 20 um thick) were recorded on an

ultraviolet-visible spectrophotometer (Jasco, V)56iB0the wavelengthA) range of 200—-800 nm.

The light transmittance at 400 nni,§y) and the cut-off wavelengthi() at which the

transmittance becomes practically null were deteechifrom the spectra. In this work, the

transmittance data at longer wavelengths (e.g.,a48D500 nm) themselves were not discussed

because they are often less informative for evadgdhe film coloration; the films are not always

colorless even if th&soo value was very highTgoo > 80%). The yellowness indices (YI, ASTM E

313) for PEsI films were also determined from tpecira under a standard illuminant of D65

and a standard observer function of 2° using aramtculation software (Jasco) on the basis of

the relationship:

YI=100 (1.298% — 1.1335) / y (1)

wherex, y, andz are the CIE tristimulus values. Y| takes zero &or ideal white/transparent

sample. The total light transmittancB{ JIS K 7361-1) and the diffuse transmittanTgx( JIS

K 7136) of PEslI films were measured on a doublexbbaze meter equipped with an integrating

sphere (Nippon Denshoku Industries, NDH 4000). Hage (turbidity) of PEsI films was

calculated from the relationship:

Haze = -q-diff / Ttot) x 100 (2)
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The in-plane r§i, or ny,) and out-of-planeng, or n,) refractive indices of PEsI films were
measured with a sodium lamp at 589.3 rinliGe) on an Abbe refractometer (Atago, 4,
range: 1.47-1.87) equipped with a polarizer by gisirtontact liquid (sulfur-saturated methylene
iodide n, = 1.78-1.80) and a test pieas, & 1.92). The birefringence of PEsI films, which
indicates the relative extent of chain alignmentha X-Y direction, was calculated from the
relationship:

ANty = Nip — Nout 3

2.2.5. Mechanical properties

The tensile modulug, tensile strengthsf)), and elongation at brealg) of PEsI films were
measured using specimens free of any defects suéineabubbles (30 mm long, 3 mm wide,
typically 20 um thick) on a mechanical testing machine (A & Dndieon UTM-II) at a cross
head speed of 8 mm minat room temperature. The data analysis was caaigcn a data
processing program (Softbrain, UtpsAcS Ver. 4.08) averaged for the valid run numbens>(

15) unless stated otherwise.

2.2.6. Solubility

The solubility of PEsIs was qualitatively examineding chemically imidized powder
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samples by observing whether the samples (10 mig eempletely dissolved in various solvents
(1 mL) in a test tube at room temperature (1st)st€pe insoluble samples were heated at an
established temperature for each solvent (2nd .stem) the samples that were dissolved by

heating, the solution homogeneity was monitoreerafboling to room temperature.

3. Results and discussion
3.1. PEslsfrom symmetric spiro-type tetracarboxylic dianhydride (TA-s-Spiro)

To ascertain the potential of T&Spiro, which has a unique feature, a “locally plaand
bulky” structure, we first investigated homo-PEslserived from TAs-Spiro and common
diamines. The results are summarized@able 1 TA-s-Spiro had sufficient PAA polymerizability
with 4,4-oxydianiline (4,40DA), p-phenylenediamine p(PDA), 4,4-diaminobenzanilide
(DABA), and TFMB, as suggested by the relativelghi,, values ranging from 0.96-1.53 dL
g’ These PAAs were chemically imidized and maintaime homogeneous state during the
reaction, except for the system usipd’DA. The results reflect the good solubility ofeth
imidized forms, which arises because the bulky iBle groups act to inhibit chain flocculation. A
typical *"H-NMR spectrum for the chemically imidized sampissshown inFig. 6. Chemical
imidization occurred quantitatively, as suggestedithe absence of signals corresponding to the

NHCO protons av = 10-11 ppm and COOH protons &at= 13-14 ppm, which should be
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observed if a non-imidized portion remains. Congletidization was also confirmed from the
FT-IR spectra (Jasco, FT/IR 4100 infrared specttermeA typical FT-IR spectrum for the
chemically imidized samples is shownSumipplementary Data 7 which includes the following
characteristic bands (¢ 3066 (GronH), 1784 (imide C=0), 1732 (imide C=0 + ester C=0)
1489 (1,4-phenylene), 1370 (imide Nids), 1310/1175 (C—F), and 723 (imide ring deformation
No traces of PAA-specific bands (broad O-H stretghband for the hydrogen-bonded dimeric
COOH groups around 2600 chand amide C=0O stretching bands at 1680/1530"cmere
detected. The chemically imidized BASpiro-based PEsIs maintained relatively hjgh values,
corresponding to relatively high molecular weigfesy., My, = 1.12 x 16, M, = 5.09 x 16,
Mw/M, = 2.20, andjisn = 1.17 dL g* for TA-s-Spiro/TFMB (systen#5-1)].

The chemically imidized powder samples for PEsIsved from TAs-Spiro and aromatic
diamines, except fop-PDA, were soluble in various common organic salgeat room
temperature, as summarizedTiable 2, where the solvents used in the qualitative salylsts
are arranged from left in order of empirical disg@n power for Pls. They were also soluble in
less polar (less hygroscopic) solvents, such agdymne (TriGL), at room temperature, despite
their poor dissolution ability for Pls. These systeprovided stable PEsI solutions with high
solid contents {able 1), which are necessary for the subsequent soluEsting process. The

excellent solubility is attributed to the bulky Finit with a perpendicularly directed molecular
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plane to the XAN planeFHg. 2), which disturbs close chain stacking. The cassioigents (GBL
and CPN) did not significantly influence the prdps of the PEsI films, as shown in the
comparison between syste#ts-1 and#5-2 (Table 3).

The TAs-Spiro-based PEsl films exhibited hidh values, as listed imable 1; for example,
the Ty was 292 °C even when a flexible ether-linked-@BA (systen#1) was used as a diamine.
This highTy characteristic, which is similarly observed in tbardo-type counterpart$9,
results from the restricted internal rotation o€ timain chains because of the presence of the
large/planar FL side group, which has a large swedpme for internal rotation. However,
significant film coloration was inevitable for tHEslI film 1), as indicated by its loW,oo value
and very high Yl value Table 1). This is attributed to the CT interactions betwede
trimellitimide (TMI) units (electron acceptor) amé-aromatic units (electron donor) originating
from the diamines in the PEsI main chains, as selieaily drawn at the bottom dable 1 The
PEslI film 1) did not have a low CTE (54.1 ppm ¥ like those commonly observed in
4,4-ODA-based PI system§89)]. This is ascribed to the decreased overall chiagarity induced
by the introduction of flexible ether linkages aodnsequently disturbed in-plane orientation
during the solution casting process. On the otlaedhthe use of the diamines with rigid/linear
structures (e.gp-PDA, DABA, and TFMB) is expected to be effective rieducing the CTE.

However, the use gb-PDA (system#2) was unsuccessful for this purpose, which is pobba
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related to the fact that this PEsI film was prefddrg the conventional two-step process (thermal
imidization of the PAA cast film) because of thaatubility for chemical imidization. The PEsI
film from p-PDA (#2) was also highly colored.

A possible approach to obtain a low CTE while airggdntense coloration is to us€€HDA,
which behaves likg-PDA in terms of structural stiffness/linearit3g,39. The polyaddition of
TA-s-Spiro and-CHDA (systenm#3) resulted in salt formation in the initial reactistages, but a
homogeneous and viscous PAA solution was finallyaioled by heating the salt-containing
reaction mixture at 100 °C for a short period, daled by stirring without additional heating.
Unfortunately, after the solution casting of theA?Ahermal imidization yielded a significantly
cracked film, which disturbed subsequent propexgleations. This is probably due to poor
chain entanglement arising from the insufficienti&h molecular weight of the PAA.

In contrast to th@-PDA system#2), the TAs-Spiro/DABA system#4) could be chemically
imidized. As expected, the resultant PEsI cast ékhibited an appreciably decreased CTE (39.5
ppm K1) compared to that of the 4@DA system (54.1 ppm ®), although this PEs! film#4)
was also highly colored. On the other hand, the afls§FMB (system 8-1) significantly
improved the optical transparency, as suggested fte dramatically reduced YI value (3.7),
with an appreciable decrease in the CTE, althobghretis room for further improvement in the

low CTE. This PEsl film #5-1) was also ductile with resistance to the 180° bempdest at a
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practically null curvature radius and had low watetake (0.40%). Thus, the combination of
TA-s-Spiro and TFMB has the potential to achieve owal.go
The properties of the TASpiro/TFMB system#5-1) were compared with those of the

cardo-type counterpart§) (Table 1). Recall thats-spiro-type monomers have a “locally planar
and bulky” structural feature, whereas the striegwf the corresponding cardo-type monomers
are regarded as “non-planar/bent and bulky”. Aseetgrl, the TAs-Spiro/TFMB film #5-1)
exhibited a much highéliy (323 °C) than that of the TA-Cardo/TFMB filg Ty = 285 °C) and
additionally, an appreciably lower CTE (45.6 ppr)khan that of the latter (50.7 ppm¥ To
confirm these trends, the comprehensive comparis@re made for all the related systems
examined in this studyig. 7(a) shows the relationship of thg values for the spiro systems
(Y-axis) and those for cardo systenfsakis). All the plots are positioned in the regetove the
Y = X line. This indicates that the FL-pendant spiraicire is superior to the corresponding
cardo structure in terms of tfig of the PEsI films. The observed trend very likedgults from
the ether-bridging in the XAN unit, which complgtgbrevents the internal rotation of two
phenolic units connected to thes®*carbon atom on the FL side group.

A similar comparison was carried out for the CTE,shown inFig. 7(b). All the plots are
positioned in the region below thé = X line. The results mean that the spiro structure is

advantageous in decreasing the CTE compared tediresponding cardo structure. This can
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also be interpreted as the effect of ether-bridgiigereby two phenolic units are coplanarized to

create a XAN structure; consequently, the overalihnechain linearity is somewhat increased.

Fig. 7(c) shows a similar comparison for the optical transpay. The plots are positioned

almost on theY = X line or slightly below. This suggests that theeethridging does not

significantly reduce the optical transparency.

The solubility of the chemically imidized spiro-g/Esls was also compared with that of the

cardo-type counterparts. In a limited comparisoriwben TAs-Spiro/TFMB 5-1) and

TA-Cardo/TFMB §6), these were both quite soluble in various solvewithout heating and no

practical difference was observed in the qualiasulubility testsTable 2).

3.2. Madification of TA-s-Spiro/TFMB by copolymerization

To improve the target properties further, we cdrraut structural modifications of the

TA-s-Spiro/TFMB system#5-1) by copolymerization with selected tetracarboxylianhydrides

(6FDA, PMDA, NTDA, and CBDA). The properties of th&-s-Spiro/TFMB-based copolymers

are summarized ifiable 3. The chemically imidized powder samples of all Btesl copolymers

listed here were highly soluble in common solvemgn when typical rigid tetracarboxylic

dianhydrides such as PMDA and NTDA were used agrtbdifiers, as shown ifiable 2, and

provided stable PEsI solutions with high solid em$. Copolymerization with 6FDA (50 mol%,
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#7) was effective in improving the optical transpangnas indicated by the significantly
increasedT,00 and decreased YITéble 3). This effect is reasonable from the fact that the
6FDA/TFMB homo-PI film is almost colorlessl(,29. However, this approach also had a
negative effect: an appreciable increase in the. QTS is attributed to the sterically bent hinge
structure of the 6FDA-based diimide un®®[6], which reduces the overall main chain linearity
that is indispensable for achieving an in-planeircharientation. On the other hand, the
modification using PMDA#8) is expected to be effective in reducing the CH&wever, no
positive effect was observed for the CTE, as showFable 3. This is possibly an effect of the
molecular weight on the CTE; i.e., a decrease enntiolecular weights tends to cause a decrease
in the degree of in-plane orientation during thiuson casting proces2]]. The use of PMDA
as the comonomer also gave rise to a significaotease in coloration, which is inevitable
because of a very strong electron-accepting charaétthe PMDA-based diimide units in the
main chains §]. Thus, the modifications using these common tataoxylic dianhydrides
(6FDA and PMDA) were both unsuccessful in termsngbroving the optical transparency and
low CTE property simultaneously.

In contrast, NTDA, another modifier, displayed qudifferent behavior; copolymerization
with NTDA (30 mol%,#9) resulted in a significant decrease in the CTE3®m K) without

reducing the optical transparency and solubilityeoical imidization process compatibility), as
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shown inTable 3. A further increase in the NTDA content in the alymer to 40 mol%#10
achieved a low CTE (26.1 ppm ¥ with a slightly improvedgo (52.4%) and a higfiy (320 °C).
A similar unexpected positive effect of using th& W modifier was also observed in other
systems, and a possible mechanism has been proppsesdoreviouslyZ8-3Q.

In the approach using CBDA as another modifier, ioitral concern was that the resultant
copolymers might lose compatibility with the chealiagmidization process because of the
significant decrease in the solubility, which ised on the fact that CBDA-based Pls are mostly
insoluble P3]. Contrary to the above-mentioned concern, the B&solymer £11) derived from
TA-s-Spiro (50 mol%), CBDA (50 mol%), and TFMB maintachgood solubility Table 2), as
well as compatibility with the chemical imidizatioprocess. The DMAc-cast film of the
CBDA-modified copolymer#11) achieved significantly improved optical transpang (T400 =
66.7% and YI = 3.3), an enhancgg(345 °C), and a dramatically reduced CTE (29.0 oM
compared to those of the pristine homo-PE&-1), although its thermal stabilityT{’) was
decreased somewhat because of the partial usectdatiphatic CBDA. The increase in the
CBDA content to 70 mol% in the copolymer enabledtaigeduce the CTE (27.9 ppm
further without significantly affecting the otheargjet properties. It is interesting to note that th
CBDA-modified copolymer #11) possessed a lower YI value than that of the CBIFAMB

homo-PI system#28 Y| = 4.0). This can be attributed to the diffezerin the film preparation
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route; the latter required heating at an elevatdperature (330 °C) to complete thermal
imidization, which is unfavorable in terms of suggsing coloration. In contrast, the copolymer
film (#11) could be formed by drying and annealing at a nloaker temperaturelf,,= 250 °C).
Thus, the results emphasize the importance of atemmidization process compatibility.

A comparison between the CBDA-modified spiro-typgpalymer system#11) and the
cardo-type counterpa#1? revealed that the former is superior to the tatteéerms of reducing

the CTE and enhancing tfig.

3.3. PEsl s from symmetric spiro-type diamine (AB-s-Spiro) and related copolymers

In the next approach, an ester-linkedpiro-type diamine (ABs>-Spiro) was used. CBDA,
which was synthesized by the photodimerization @fleic anhydride, has a crank-shaft-like
steric structure with a relatively high structulialearity/rigidity [14], as shown irFig. 4. The
cycloaliphatic CBDA-based diimide (CBDI) units inet PI main chains also have a similar rigid
structure, which is suitable for improving the IGATE property and optical transparency of the
resultant PI films. Therefore, in this study, CBBAs chosen as a tetracarboxylic dianhydride for
combination with ABs-Spiro, although there is a concern that the useCBDA as the
tetracarboxylic dianhydride component alone maycedthe compatibility with the chemical

imidization processTable 4 summarizes the properties of ABSpiro-based PEsls and related
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systems. Contrary to our concern, CBDA/AESpiro homo-PEsIA12) was compatible with the
chemical imidization process, and the PEsl powdeained was soluble in various solvents at
room temperature, as shown Table 5. The CPN-cast PEsl film had dramatically enhanced
optical transparencyTgoo = 79.2%), which is due to the inhibited CT int¢ias obtained by
using non-aromatic tetracarboxylic dianhydride (@BDThis PEsI film also displayed an
extremely highTy of 371 °C and a relatively low CTE (39.0 ppm’K as listed inTable 4
Among the PEsls obtained using the symmetric dpgpe- monomers, the
CBDA/AB-s-Spiro(50); TFMB(50) copolymer #13 was an optimum system, possessing
excellent combined properties, including excelleabhsparencyTuo = 82.8%, Y| = 3.7), a very
high Ty (364 °C), and a significantly decreased CTE (2 K™Y). The increase in the TFMB
content to 60 mol% in the copolymer resulted inrhfer decrease in the CTE to 24.6 ppm K

In this work, the CBDA/ABs-Spiro system#12) was also compared with the related systems
derived from CBDA with ABs-Spiro analogues (AB-Cardo, A$Spiro, and AP-Cardo). In
contrast to the highly soluble CBDA/ABSpiro system#12), of which the structural feature is
expressed as “ester + spiro”, the CBDA/AB-Cardoteys ¢#14, “ester + cardo”) was
incompatible with the chemical imidization processcause the reaction mixture remained
inhomogeneous by partial precipitation through b&ction, disturbing full imidization. On the

other hand, the use of APSpiro #16 “ether + spiro”) allowed chemical imidization i
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homogeneous state. In contrast, the system using@akBo ¢#17, “ether + cardo”) failed to

complete the chemical imidization owing to the adoventioned inhomogenization problem.

These results suggest that the spiro structureupgergor to the cardo structure in terms of

solubility, which was unexpected because the ndgaivar local structure of the XAN unit in the

former would appear to be unfavorable for dissolutiThese related systems were also modified

by copolymerization with 50 mol% of TFMB#13 #15 #18 #19, whereby the

CBDA/AB-Cardo system#14) became soluble and compatible with the chemicadization

process, although the CBDA/AP-Cardo(50);TFMB(50)paymer system #19) remained

incompatible. The results suggest that the solykpliomoting ability of these FL-pendant

analogous diamines decreases in the following oWiBrs-Spiro > APs-Spiro > AB-Cardo >

AP-Cardo. The comparison between the soluble sy$td) and insoluble systen#{9 also

suggests that the ester connecting groups are hedpéul in enhancing the resultant polymer

solubility than the ether connecting groups. A famconnecting group effect on the polymer

solubility was also observed for FL-pendant cargimetPIs in our previous study4).

3.4. PEsls from asymmetric spiro-type tetracarboxylic dianhydride (TA-a-Spiro) and related

copolymers

As described above, the introduction of the FL-@amnds-spiro structure into the PEsI
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backbones was effective in enhancing Thend solubility and contributed somewhat to redgcin
the CTE. Our next approach, which was inspiredhegé results, was to reduce the CTE further
by using isomers of the-spiro-type monomers mentioned above. For this geep we
synthesized an asymmetric structure of ester-linkpdo-type tetracarboxylic dianhydride
(TA-a-Spiro, Fig. 3), which has a unique structural feature, i.e.¢cdlty planar, linear, and bulky”.
To ascertain the potential of T&Spiro, we first focused on homo-PEsls derived from
TA-a-Spiro and common diamines.

The properties of TA-Spiro-based PEsls are summarizedable 6. The dependence of the
properties on the common diamines for the &8piro-based systems was similar to that for the
TA-s-Spiro-based counterparts. BASpiro showed relatively good PAA polymerizabiliith
common diamines, except IBCHDA, as suggested from thg,, values, which exceed 1.0 dL g
! The TAa-Spiro-based systems using aromatic diamines wesécdlly compatible with
chemical imidization process, except for when rigi®DA was used as the diamine, and the
chemically imidized powder samples were solubleanous common solvents, as summarized in
Table 7. The combination of TAe-Spiro and aromatic diamines, as with the symmetric
counterparts, inevitably led to colored PEsI filmEhe TA-a-Spiro-based PEsl films also
maintained highly values. On the other hand, a peculiar featurbédrA-a-Spiro-based systems

was observed; despite the wuse of the flexible, retbetaining 4,40DA, the
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TA-a-Spiro/4,4-ODA system #20) exhibited an appreciably decreased CTE (37.3 fppm)
compared to that of the symmetric counterpatt CTE = 54.1 ppm K. From the viewpoints
of the resultant PEsI chain linearity, to ys®DA instead of 4,40DA should be advantageous
for further decreasing the CTE. However, in faog TA-a-Spirop-PDA system#21) showed an
increased CTE (48.3 ppm K compared to the system using’4)DA (#20). This unexpected
result is probably attributed to the fact that tRiss| film was prepared via thermal imidization
after the casting of the PAA solution because ef élvsence of chemical imidization process
compatibility. The observed negative effect on E€E probably results from an increased
contribution from orientational relaxation durinigetmal imidization at elevated temperatures.
On the other hand, the combination of #Spiro and TFMB #23) enabled us to apply chemical
imidization; as a result, casting from the CPN 8oluand successive drying at much lower
temperatures than those used for thermal imidizded to a PEsI film with a rather low CTE
value (25.4 ppm K. This result is attributed to the high degreeimsplane chain orientation
induced during the solution casting processesyggested from the relatively high birefringence
value Angy = 0.059). We have previously proposed that ther ¢lose relationship between the
backbone linearity of the graphically drawn extahdshain forms, the extent of in-plane
orientation, and the low CTE properties of the lasu Pl films R1,63. The present results are

consistent with this concept; the BASpiro/TFMB system#23) is undoubtedly composed of a
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backbone with high linearity, as shownhkig. 8(a), which was difficult to actualize without the
present ester-linked tetracarboxylic dianhydridéhwan asymmetric structure. This PEsI film
(#23) was ductile with resistance to the 180° bendiegt tand had very low water uptake
(0.08%).

In this system#23), the optical transparency was also appreciabjyraved {400 = 28.9%,
Yl = 11.7) compared to that of the system using-@BA (#20 T = 3.1%, Yl = 26.8),
although the optical data obtained here wererstilth far from our target value$,(o > 80%, YI
< 4). In addition, copolymerization with 6FDAZ4) improved the optical transparencdy =
46.6%, YI = 5.9). However, this approach also brduapout an undesirable CTE increase (41.7

ppm K.

3.5. PEsl s from asymmetric spiro-type diamine (AB-a-Spiro) and related copolymers

Our final approach was to combine a novel estd&elihFL-pendant diamine including the
asymmetric spiro structure (A&-Spiro) with CBDA. This novel diamine has a uniciaictural
feature, i.e., “locally planar, linear, and bulkylhe properties of the resultant PESR%) are
summarized infable 8 AB-a-Spiro diamine showed good PAA polymerizability wiEBDA, as
suggested by the relatively higy, value (0.94 dL ). This system#25) was suitable for the

chemical imidization process, despite the use dbDBRlone as the tetracarboxylic dianhydrides,
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which does not usually provide Pls with sufficiemiubility for chemical imidization in many
cases 27], as typically observed in the CBDA/TFMB systemndéed, chemical imidization
provided a PEsI soluble in amide solvents at roemperature#25 Table 7). Thus, the results
reveal that ABa-Spiro, as well as the symmetric counterpart, nagmst an effective
solubility-promoting ability. The DMAc-cast film#5 was perfectly colorless, as evidenced by
a very highT,o0 value (83.8%), an extremely low YI value (1.7)damvery low haze (0.81%).
However, this PEsl film was so brittle that it wadficult to prepare adequately sized
high-quality films for mechanical testing and othezasurements.

The CBDA/AB-a-Spiro system was modified by copolymerization withMB (50 mol%).
This modification #26) somewhat improved the solubility, as showiTable 7. Casting from the
DMACc solution afforded a free-standing ductile PH#in, although the elongation at break
obtained by tensile testing was not sufficientlghie, max= 6.0%) and was comparable to that of
the CBDA/TFMB system#28). The appearance of this PEslI fil#2¢) is shown at the bottom of
Table 8 This film was almost colorless, as supportedtbyptical dataTso0 = 80.8% and YI =
3.4). It is noteworthy that the PEsI cast fil#26) achieved a very low CTE (10.5 ppm’K In
addition, a further increase in the TFMB contenthia copolymer to 60 mol%#27) afforded a
ductile PEsI film with resistance to the 180° bewdtest, and the film resulted in a further

reduced CTE (9.8 ppm™® while maintaining high transparency and a veghMiy. It is rare that
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such low CTE values generated just by solutionimgsfThe present results are undoubtedly
attributed to the significant in-plane chain oraiin induced during the solution casting process,
as evidence by the high birefringence valugsy(= 0.073 for#26 and 0.077 fo#27). The high
extent of in-plane orientation was also responsibiethe very high tensile modulug € 6.12
GPa) of the PEslI film#26). These results correspond well to its very highkone linearity in
the extended chain forms, as depictedFig. 8(b), which is an essential requirement for
producing a low CTE. The PEsl fil#26) also exhibited a very high, (351 °C).

Thus, some of the PEsIs developed in this worlparticular, the PESH6) are promising
candidates as novel plastic substrate materialsu$éer in image display devices and other

high-temperature optoelectronic materials.

3.6. Comparison of the properties between symmetric and asymmetric spiro-type PEsls

Fig. 9(a) shows the comparison of thg, values between the symmetri¥-gxis) and
asymmetric spiro-typeYtaxis) systems. These plots are mostly positiomethe region below
theY = X line, indicating that the asymmetric spiro-typesREend to have lowély values than
those of the symmetric counterparts, although tinenér still maintained very highy values. A
difference in thely was specifically observed in the TA-Spiro-basesteys rather than in the

CBDA/AB-Spiro-based system [open symbolFig. 9(a). The results can be explained in terms
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of the difference in the “slewing range” of theamtal rotation around the O—XAN linkages; the
symmetric spiro system requires a larger slewimgedfor the rotation, which represents a higher
obstacle for the rotational motion than for thatimin around the 2-substituted ether group on the

XAN unit in the TA-a-Spiro-based counterparts, as schematically shoBupplementary Data

A similar comparison between the symmetdeakis) and asymmetricy{axis) systems was
carried out for the CTE. As shownfing. 9(b), all the plots are positioned in the region betber
Y = X line, indicating the asymmetric spiro-type systeare undoubtedly superior to the
symmetric counterparts in terms of reducing the CTitie difference in the CTE was enlarged in
the lower CTE region, as observed in the CBDA/ABr&ased system [open symbol Fig.
9(b)].

The optical transparency was also similarly compargng theT o0 values. As shown ifig.
9(c), the plots for the TA-Spiro-based systems aretjposd in the region below thé = X line,
indicating that the TAe-Spiro-based PEslIs tend to show somewhat lowecalptiiansparency
than their symmetric counterparts. The results marexplained by assuming the presence of a
weak intramolecular CT interaction between the AN unit (electron donor) and the TMI
unit (electron acceptor), as discussed in our prespaper30]. This assumption is compatible

with the results of their dilute solutions (2.0 831 base M) in DMAc; the molar extinction
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coefficient at 400 nm wasygo = 16.5 base M cm for TA-a-Spiro/TEMB andesqo = 4.9 base M
cmt for TA-s-Spiro/TFMB Supplementary Data 9. Therefore, the difference in the film
transparency between the asymmetric and symmesteras inFig. 9(c) likely arises from the
difference in the electron-donating ability of ta&LBP ands-FLBP units; the former, consisting
of hydroquinone (HQ) and resorcinol (RC) units,i@bly has a slightly higher electron-donating
ability than the latter, which consists of two RQits, as schematically depicted in
Supplementary Data 10.This consideration is based on the fact that dimézation potential of
HQ is slightly lower than that of RG58]. On the other hand, in the CBDA/AB-Spiro-based
systems, it is reasonable to assume that, the dedminzoate unit adjacent to the FL-pendant
XAN unit does not behave as a strong electron doceynlike the TMI units. Indeed, there was
almost no difference in thg values between the CBDA/AB-Spiro-based PEsI films and the
s-Spiro-based counterparts [open symbol$-ig. 9(c). A similar result was also observed for
their dilute solutions in DMAcSupplementary Data 1).

However, these results indicate that the above-owed inferiority ofa-spiro-type PEsIs in
terms of theTy and optical transparency almost disappeared inCBBA/AB-a-Spiro-based
systems while maintaining the overwhelming supéyiasf a-spiro-type PEsIs in lowering the

CTE values.
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4. Conclusions

Ester-linked s-spiro-type tetracarboxylic dianhydrides (BASpiro) and diamines
(AB-s-Spiro) were synthesized using FL-pendant bisplseemoth the XAN unit §FLBP). A
series of PEsls were prepared by polyaddition usiege spiro-type monomers and subsequent
chemical imidization in solutions. Most of T&Spiro-based systems were compatible with the
chemical imidization process, reflecting the sudiintly high solubility of their imidized forms.
The PEsI powder samples obtained were highly selublvarious common solvents including
less polar TriGL without heating and yielded stafddutions of CPN and GBL with high solid
contents at room temperature.

The GBL-cast film of TAs-Spiro/TFMB was less colored, as suggested bydieMI value
(3.7), although there is room for improvement i T value (48.3%). This PEsI film also
displayed a rather higly (323 °C) and a slightly decreased CTE (45.6 pprH) Kompared to
that of the TAs-Spiro/4,4-ODA film (CTE = 54.1 ppm K%). A comparison of the film properties
between the spiro- and cardo-type PEsIs revealadttie former possessed much higfigr
values and appreciably lower CTE values than tlobgke latter. The results are attributed to an
ether-bridging effect, which contributed to an eese in the overall main chain linearity/rigidity
accompanied by the formation of a local coplanafNXgructure.

The TAs-Spiro/TFMB system was modified by copolymerizatiowith various
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tetracarboxylic dianhydrides. For example, copolyration using CBDA (50 mol%) was
effective in significantly reducing the CTE (29.pm K?') and enhancing the optical
transparency (Yl = 3.3Ts00 = 66.7%) while maintaining a very high, (345 °C) and good
solubility.

An ester-linked spiro-type diamine (A8Spiro) was also used to investigate the propedfies
the resultant PEsls. The PEsI| copolymer obtainedh fCBDA, AB-s-Spiro (50 mol%), and
TFMB (50 mol%) achieved excellent combined propsstii.e., a low CTE (26.0 ppm K,
excellent optical transparency (Yl = 3V = 82.8%), an extremely highy (364 °C), film
ductility (5™ = 12.2%), and solution-processability.

Our approach to improving the target properties @dsended to the isomeric spiro-type PEsI
systems. For this purpose, asymmetric spiro-typaamers (TAa-Spiro and ABa-Spiro) were
synthesized using an isomeric bisphermFIBP). A series of PEsls were prepared using these
a-spiro-type  monomers via chemical imidization. Fekample, the CPN-cast film of
TA-a-Spiro/TEMB exhibited a significantly low CTE (25ppm K%), but this was accompanied
by a decrease in the optical transparency @gpdcompared to those of thespiro-type
counterpart. Possible mechanisms have been progoserplain the reduction in the optical

transparency antly by using TAa-Spiro. On the other hand, the combination of &Bpiro and

CBDA almost canceled the above-mentioned infegorivhile maintaining low CTE
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characteristics. For example, the copolymer congistf CBDA, AB-a-Spiro (50 mol%), and
TFMB (50 mol%) achieved excellent combined propsiti.e., a very low CTE (10.5 ppni’
excellent optical transparency (YI = 3.4 = 80.8%), a very highly (351 °C) and
solution-processability. Thus, some of thepiro- anda-spiro-type PEsls developed in this work
are promising candidate plastic substrates for imseimage display devices and other

optoelectronic materials.
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Table 1 The properties of PEsls derived from §&piro and common diamines and comparative
system.

Tetracarboxylic . ._ .. Solventfor TS
X . o Minn  Imidization , Taoo  Acut Tiot Haze Ty CTE
No. dianhydride Diamine ! casting I A (Np)
(TCDA) (dLg® method (P content) (%) (nm) (%) (%) th ©°C) (ppm K (°C2)
a
1  TA-sSpiro 4,40DA 0'96b c NMP' 116 373 822 239 130 002892° 541  >550
1.17 (15 Wt%)
2 TA-sSpiro  pPDA 1.34% T 117 370 782 331 0.77 0.00848% 575 478
3  TA-sSpiro t-CHDA 0.50° T No data because of the absence of film-formingtsbil
_ 1.41% DMAc gezd
4 TA-sSpo  DABA o c 5w O4 382 871 260 156 00435 395 432
gt _ 1.53° GBL 223d
51' TAsspio  TRMB 7o, C orwmy 983 367 882 37 190 003, 456 491
Comparative systems
a
69| TACardo  TFMB 0'67b c ©BL 559 364 886 27 132 002285 507 498
0.68 (9.1 Wi%)
3 , - .
Data for PAA solutions just after polymerization. Acceptor
® Data for chemically imidized powder samples. o — 000
e /) o,
° C: chemical imidization, T: thermal |m|d|zat|on{_N;:]©\’( Y@[:N_Q,\_o\’
d ] O (o] 0.
Data determined by DMA (method-1). 0 S O O 5 0 Q
®Data determined by TMA (method-2). Q'O
f — _ .
My = 1.12 x 16, M, = 5.09 x 16 TA-s-Spiro/4,4-ODA

9M,, = 5.04x 16, M, = 1.98 x 10,
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Table 2 The solubility of chemically imidized powder samplfor TAs-Spiro-based PEsls and
related systems.

NMP DMAc DMF DMSO mCR CPN GBL DOX THF CF ACT EtAc TriGL

No. TCDA Diamine Heating temperature (°C) at the 2nd step
150 150 140 150 150 130 150 100 60 50 50 80 150
1 TA-s-Spiro 4,40DA ++ ++ ++ ++ ++ — ++ ++ ++ + - — ++
4 ibid DABA ++ ++ ++ ++ ++ + ++ + — - — — ++
5-1 ibid TFMB ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ + + ++
6 TA-Cardo TFMB ++ ++ ++ ++ ++ ++ ++ ++ ++ ++
TA-s-Spiro (50)
7 TFMB ++ ++ ++ ++ + ++ ++ ++ ++ ++ + + ++
6FDA (50)
TA-s-Spiro (70)
8 PMDA (30) TMFB ++ ++ ++ ++ + ++ ++ + ++ ++ + ++ ++
TA-s-Spiro (70)
9 NTDA (30) TFMB ++ ++ ++ ++ ++ ++ ++ — — — — + ++
TA-s-Spiro (60)
10 NTDA (40) TFMB ++ ++ ++ ++ ++ + + — - - — + ++
TA-s-Spiro (50) TEMB
11 CBDA (50) ++ ++ ++ ++ ++ ++ ++ ++ ++ -
TA-Cardo (50) TEMB
12 CBDA (50) ++ ++ ++ ++ ++ ++ ++ ++ ++ ++

(++) Soluble at room temperature, (+) soluble wineated at established temperatures and
homogeneous after cooling to room temperatufedéformed or swelled, and () insoluble even
by heating.mCR = m-cresol, DOX = 1,4-dioxane, CF = chloroform, ACTasetone, EtAc =
ethyl acetate.
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Table 3The properties of PEsls derived from $&piro with TFMB and related copolymers
prepared via chemical imidization.

Solvent for g TP TS
TCDA Mlinh . Tao et Toot Haze Tq CTE E ob b d d
No ' casting YI Ang, 1 av/imax (N,) (air)
(moloe)  (@Lg?) oo 6 (m) (%) (%) (°C) (oMK (GPa) (GPa) “(o0 ™ & (og)
. 1.532 GBL 223C
51 TasSpio 7o (0.1 wio) 483 367 882 37 190 003, 4 456 277 009 61/98 491 471
a C
5-2 ibid 1'28b CPN 478 365 877 55 067 0.03§15d 450 308 011 6.0/95 519 471
1.07° (20 wi%) 37
TA-s-Spiro (50) 1.14%*  CPN 210c
7 GrDAG0) 102" (15wt 657 360 891 33 072 002f,4 520 321 011 75115493 488
TA-s-Spiro (70) 0.85°  GBL q
8 CMDA(30) . 0.46" (20wt 350 370 87.7 9.9 083 003321 458 503
TA-s-Spiro (70) 1.5228  CPN 230°
9 "\TDAGD) 099 (w2w%) 491 381 864 91 066 00474 335 487
TA-s-Spiro (60) 1.15% CPN d
10 " ToA@o)  110° (6w 524 382 864 6.4 104 0.05320° 26.1 541
TA-s-Spiro (50 992
1ge ASSPIO(80) 0.99°  DMAC o0 350 ggg 33 113 005845° 200 510 018 67/9.9 452 445

CBDA(50) 1.20° (7 wt%)

Comparative systems

TA-Cardo (50) 1.19? GBL

12 CBDA(50)  1.19° (9.8 wt%)

659 358 886 36 136 0.03804 39.9 3.27 0.10 54/9.2 461 448

& Data for PAA solutions just after polymerization.
® Data for chemically imidized powder samples.
“Data determined by DMA (method-1).

YData determined by TMA (method-2).

*My = 8.14 x 16, M, = 3.26 x 10,
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Table 4 The properties of PEsls derived from CBDA with AfBpiro and related copolymers
prepared via chemical imidization.

Solvent for c &p TS
. . Hinh . 400 }vcu[ Ttot Haze Tg CTE E Op
No. Diamine ! casting YI av/imax (N,)
(dLg™ (Pl content) (%) (hm) (%) (%) (°C) (ppmK?) (GPa) (GPa) (%) (ocz)
a
12 AB--Spiro 1'53b CPN 79.2 328 873 57 120 371 39.0 3.01 0.11 5.6/8.49 4
1.75° (8 wi%)
: a
13 ABSSPOGO) LO7TH CPN g 30 870 37 229 364 260 463 017 7.2/1228
TFMB (50) 1.63° (8 wi%)
Comparative systems
14 AB-Cardo 1.072 Inhomogeneous state during chemical imidizationiemgkrfect imidization
~ a
15 ABCado(S0) L1720 DMAC o), 515 ggg 18 365 343 308 353 014 7.2/9.80 4
TFMB (50) 1.57° (8 wit%)
a
16 APs-Spiro 2'50b DMAc 80.0 317 877 34 171 360 49.1 2.75 0.11 8.7/1%67
1.64° (7 wi%)
17 AP-Cardo 0.82?2 Inhomogeneous state during chemical imidizationiemgkrfect imidization
: a
1§ APSSP0(50) 185" DMAC 317 881 50 218 356 391 395 014 8.0/14a9
TFMB (50) 2.24° (7.4 wt%)
19 A;-:c'i/lal;d((;é?O) 1.30% Inhomogeneous state during chemical imidizationiemgkrfect imidization

& Data for PAA solutions just after polymerization.
® Data for chemically imidized powder samples.
“Data determined by DMA (method-1).
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Table 5 The solubility of chemically imidized powder samgplfor PEsls derived from CBDA
with AB-s-Spiro and related systems.

NMP  DMAc DMF DMSO mCR CPN GBL DOX THF TriGL

No. Diamine Heating temperature (°C) at the 2nd step
150 150 140 150 150 130 150 100 60 150
12 AB-s-Spiro ++ ++ ++ ++ + ++ ++ — — —
13 ABSSPIOGO L 4y ++ o+ + ++ + -+ -
TFMB (50)
15 ABCadoG0) gy ++ ++ - - ++ - - -
TFMB (50)
16 AP-s-Spiro ++ ++ ++ ++ — — — — — —
18 AP-s-Spiro (50) + + + _ _ + _ _ _
TFMB (50)

(++) Soluble at room temperature, (+) soluble wheated at established temperatures and
homogeneous after cooling to room temperatufedéformed or swelled, and (-) insoluble even
by heating.

m-CR =m-cresol, DOX = 1,4-dioxane, CF = chloroform, ACBeetone, EtAc = ethyl acetate.

58



Table 6 The properties of PEsls derived from &ASpiro with common diamines and related
copolymer.

. . .__..  Solvent for TS
Tetracarboxylic Diamine  /inh Imidization Taoo  Acut Thot Haze T, CTE (’\?2)

dianhydride @dLg? method M9 () (nm) (%) ) SMn oc (ppm K
Y g (PI content) (°C) (pp C)

_ 1.09 DMAc 270d
20 TA-a-Spiro  4,40DA 143 (15 wt%e) 387 838 26.8 244 0.02 93¢ 37.3 478
21  TAaSpiro p-PDA 2.05% T 1.8 392 782 683 281 0.01298° 483
22  TAaSpiro tCHDA 1.01% T No data because of the absence of film-formingtgbil
_ 1.48° CPN §68d
23 TA-a-Spiro TFMB 185 c (15w1%) 289 371 854 117 209 0.05 90° 254 499
TA-a-Spiro (50) 1.152 CPN §89d
24 6FDA (50) TFMB 141 c (15w1%) 466 362 884 59 077 0.04 31¢ 41.7 510

& Data for PAA solutions just after polymerization.
® Data for chemically imidized powder samples.

¢ C: chemical imidization, T: thermal imidization
YData determined by DMA (method-1).

®Data determined by TMA (method-2).
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Table 7 The solubility of chemically imidized powder samplfor PEsls derived from
asymmetric Spiro-type monomers.

NMP DMAc DMF DMSO mCR CPN GBL DOX THF CF ACT EtAc TriGL

No. TCDA Diamine Heating temperature (°C) at the 2nd step
150 150 140 150 150 130 150 100 60 50 50 80 150
20 TA-a-Spiro 4,40DA ++ ++ ++ + + + + + + ++ — — —
23 TA-a-Spiro TFMB ++ 4+ ++  ++ + ++ +  ++ ++ o+ — — +
TA-a-Spiro (50)
24 ++ ++ ++ ++ + ++ ++ o+ + ++
6FDA (50) TFMB -
25 CBDA AB-a-Spiro ++ ++ + + - + + — - — — - -
AB-a-Spiro (50)
a
26 CBDA TFMB (50) ++ 4+ ++ ++ + O+ +
28 6FDA TFMB ++ ++ ++ ++ + ++

(++) Soluble at room temperature, (+) soluble wineated at established temperatures and
homogeneous after cooling to room temperatuedéformed or swelled, and (-) insoluble even
by heating?Sample with aji, of 1.09 dL g~

m-CR =m-cresol, DOX = 1,4-dioxane, CF = chloroform, ACReetone, EtAc = ethyl acetate.
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Table 8 The properties of PEsls derived from CBDA with AESpiro and related copolymer.

- .. Solvent for &p TS
I Nlinn  IMidization . 400 Acut Tiot Haze Ty CTE E Op
No. Diamine ! t av/max (N
° ami (dLg? method® (Pfizr:'zgm) (%) (hm) (%) %)  (°C) (PPmK?) (GPa) (GPa) (%) EC%
. 094& DMAc d d d d d
25 AB-a-Spiro 0.91° C (10 wi%e) 83.8 329 88.2 1.7 0.81 ---
AB-a-Spiro (50) 2.38% DMAc 351° 10.5 4 h
26 VB (G0  6.92° c (10 wioh) 808 320 877 34 281 _ (17.9)° 6.12" 0.15" 3.7/6.0" 440
: a
g7 AB-aSpro(40) 2.92°0 DMAC ~g17 315 882 31 182 38 98
TFMB (60) 6.77 (10 wt%)
Comparative system
28 TFMB 1.63% T 84.2 302 89.8 4.0 0.87 345 229 6.43 0.19 3.2/6.0 444

& Data for PAA solutions just after polymerization.

b Data for chemically imidized powder samples.

¢ C: chemical imidization, T: thermal imidization

4 The measurements were disturbed by film brittlenes
®Data determined by DMA (method-1).

"Data determined by TMA (method-2).

9Data for the sample with/a, of 1.09 dL g*.

Appearance of PEslI filn#6)

"Mechanical data averaged for the specimems=of (only for samplét 26).
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Fig. 1. CTE and solubility of two types sfCHDA-based transparent PI films prepared via the
conventional two-step process and the steric sutisiie of fluorene-pendant cardo moiety (CS

Chem3D Pro, MOPAC).
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Symmetric-type bisphenol Ether-bridging

|
. +HO o M»Ho O o) O 0H+HOOH
!FL. E? SO

s-Spiro-FLBP Predicted dimeric by-product

Asymmetric-type bisphenol

HO. OH

s 1ats

Fig. 2. The reaction schemes for the synthesis of symoatiil asymmetric spiro-type
fluorene-pendant bisphenols &nda-Spiro-FLBP) and the steric substructure of

fluorene-pendant spiro moiety introduced in Pl naiains (CS Chem3D Pro).
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Fig. 3. The reaction schemes for the synthesis of estkedi spiro-type and cardo-type

monomers: (a) tetracarboxylic dianhydrides andl{&@inines.

64



Tetracarboxylic dianhydrides
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Fig. 4. The chemical structures of common monomers us#dsgrstudy and the steric structure

of CBDA (trans-form).
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Fig. 5. The reaction schemes for polyaddition and imidaraand Pl film preparation processes

based on different imidization methods: (a) Chemioalization and (b) thermal imidization.
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Fig. 6.'H-NMR spectrum (in DMSQs) of the chemically imidized PEs| derived from

TA-s-Spiro and TFMB.
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Fig. 8. Main chain linearity ob-spiro-type PEsls: (a) TA-Spiro/TFMB and (b)

CBDA/AB-a-Spiro systems.
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Highlights

» This work proposes novel symmetric and asymmetric spiro-type poly(ester imide)s (PEsIs).
» The chemically imidized PEsSls were highly soluble even in less hygroscopic solvents.
» Solution casting provided colorless films with a very low CTE and a very high Tq. »The

PEsls obtained are useful as novel high-temperature plastic substrates in display devices.



