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ABSTRACT: In this article, a new alicyclic-functionalized diamine, 1,3-bis(4-aminophenoxymethylene)-1,2,2-trimethylclopentane
(BAMT) was successfully synthesized starting from natural —(D)-camphor through four reaction steps of oxidation to offer a dica-
boxylic acid, reduction to offer a diol, nucleophilic substitution to give a dinitro compound and then reduction to give the final dia-
mine. Two alicyclic-containing polyimides were prepared by polycondensing BAMT with 3,3',4,4’-biphenyltetracarboxylic dianhydride
(BPDA) and 4,4'-oxydiphthalicanhydride (ODPA), respectively. For the studies of the structure—property relationships of the
polyimides, one aromatic polyimide of 4, 4-oxydianiline (ODA) polycondensed with ODPA was prepared in comparison. The alicy-
clic-containinig polyimides PI (BPDA-BAMT) and PI (ODPA-BAMT) maintain good thermal properties with glass transition temper-
atures (T,) of 257°C and 240°C, and temperatures at 5% weight loss (T5) of 443°C and 436°C in nitrogen, respectively. The alicyclic
polyimides exhibit tensile strengths of 91.9-133 MPa, Young’s moduli of 2.75—3.24 GPa, and elongations at break of 5.6-18%. Com-
pared with the aromatic polyimide PI (ODPA-ODA), PI (ODPA-BAMT) shows improved transparency with the UV-Vis transmittance
at 500 nm over 80%. In addition, PI (ODPA-BAMT) displays better solubility than PI (ODPA-ODA), which has been confirmed by
the bigger d-spacing value of PI (ODPA-BAMT) than that of PI (ODPA-ODA) calculated from the Wide-angle X-ray Diffraction
spectra. This study indicates that the renewable forestry compound, such as natural —(D)-camphor, could be a good origin for the
structural designing and preparation of alicyclic-containing polyimides with outstanding combined features suitable for advanced
microelectronic and optoelectronic applications. © 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 129: 3333-3340, 2013
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INTRODUCTION ification have been made to suppress the CT interaction of pol-
yimides while maintaining their excellent properties. The modi-
fication approaches have included the incorporation of bulky
substituents,”” fluorine group,®'" flexible linkage,'" twisted
or unsymmetrical structures into polymer chain.'*™'® Very
recently, much attention has been focused on the introduction
of alicyclic structure. The nonaromatic structure in the alicyclic-
containing polyimides would disturb the conjugated chain

fer (CT) complex formation between the moiety of the diamine structure and weaken the CT interaction, resulting in the
(donor) and the moiety of the dianhydride (acceptor). However, improvement of processability, dielectric properties and allevi-
CT interaction also brings about some drawbacks for aromatic ated coloration.””™" These alicyclic-containing polyimides still
polyimides including poor processability, high-dielectric con- ~ retain good thermal stability since an alicyclic structure would
stant, and intense coloration (poor transparence), thus limiting ~ impart main chain rigidity and reduce the probability of main
the application of aromatic polyimides in some high-tech fields ~ chain scission because of the presence of multibonds.*"** Cur-
where low dielectric constant of polymer matrices (associated rently, the principal methodology of synthesizing alicyclic
with circuit signal propagation speed in microelectronics) and ~ monomers is by fully hydrogenating their aromatic analogs,
the absence of color (specially in optoelectronics) are important ~ which limits the substrate scope of the structural designing and
requirements.»> Therefore, various endeavors of structural mod-  preparation of the alicyclic-containing polyimides.

As a class of high performance polymers, aromatic polyimides
with excellent thermal, mechanical, electrical properties, and
chemical resistance have been extensively applied in the areas
such as aerospace, membrane, microelectronics, and optoelec-
tronics.'™ The excellent properties of the aromatic polyimides
arise from stiff and ordered polymer chain structure, which was
mainly attributed to the inter- and intra-molecular charge trans-
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On the other hand, many natural forestry compounds are struc-
turally characteristic of containing functional alicyclic structures
with sufficient reactivity, allowing further structural modifica-
tion. For instance, natural —(D)-camphor obtained from the
cinamomum camphora tree of lauraceae family is an botanical
alicyclic hydrocarbon with bicyclo [2, 2, 0] structure and has
long been valued for acting as enantiopure precursor or chiral
auxiliary mediator in asymmetric synthesis.”> We envisioned
that such natural resource compounds could be excellent abun-
dant library of alicyclic origin for polyimides after being struc-
turally transformed appropriately. In addition, unlike any fossil/
petroleum product, there is no fear of ultimate shortage as they
are from regenerative, renewable source. Therefore, the exploita-
tions of natural resource compounds with alicyclic structures
are worth proceeding as they would add an eco-friendly alterna-
tive strategy to the existing methodologies of preparing alicylic
polyimides. Herein this research described a pathway of prepar-
ing an alicyclic-functionalized diamines from the readily avail-
able inexpensive renewable natural —(D)-camphor. The proper-
ties of the resultant alicyclic-containing polyimides were
comparatively studied in terms of solubility, and the thermal,
mechanical, and optical properties.

EXPERIMENTAL

Materials

Natural —(D)-camphor ([o] = +44.30°, m.p.: 179°C), p-Chlor-
onitrobenzene (m.p.:81-84°C) and sodium hydride were pur-
chased from Sinopharm Chemical Reagent, China and used as
received. Hydrazine hydrate (85%), Pd/C (5%), 4,4'-Oxydiani-
line (ODA), 4,4'-Oxydiphthalicanhydride (ODPA) and 3,3',4,4'-
Biphenyltetracarboxylic dianhydride (BPDA) were commercially
obtained and used as received. N,N-Dimethylformamide (DMF)
and N,N-Dimethylacetylamide (DMAc) were distilled over
phosphorus pentoxide. Ether and toluene were distilled over so-
dium. All other reagents were obtained from various commer-
cial sources and used without further purification.

Measurement

IR spectra were recorded on an Agilent Fourier Transform Infra-
red spectrometer FTS-40. "H-NMR spectra were measured on a
Bruker DRX 400 spectrometer with DMSO-ds or CDCl; as the
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solvent and tetramethylsilane as the internal reference. The
melting points were determined with a microscopic melting
point apparatus SGW-X4 (Shanghai Science Apparatus, China).
Optical rotations of the optical active compounds were meas-
ured on a polarimeter WXG-4 with the polarized light wave-
length of 589 nm at 25°C. The inherent viscosities of the poly-
mers were measured with an Ubbelohed viscometer at 30°C.
Wide-angle X-ray diffraction (WAXD) measurement were per-
formed at room temperature (about 25°C) on a Bede XRD Di
system, using graphite-monochromatized Cu-Ko radiation (4 =
0.15405 nm). Ultraviolet visible (UV-Vis) spectra of the
polymer films were recorded on a Shimadzu UV-visible spectro-
photometer UV-2450. Thermogravimetric analysis (TGA) was
conducted at a heating rate of 10°C/min under nitrogen flowing
on a Perkin-Elmer TGA 2. Dynamic mechanical analysis was
conducted with DMA Q800 V20.22 Build 41. An Instron uni-
versal tester model 1122 (GB/T1040.1-2006) was used to study
the stress—strain behavior of the polyimieds film samples, and
the measurement were performed at room temperature with a
stretching rate of 5 mm/min.

Monomer Synthesis
The general synthetic route of BAMT starting from natural —
(D)-camphor was shown in Scheme 1.

The Synthesis of (1S,3R)-(+)-Cis-1,2,2-trimethylcyclopentane-
1,3-dicarboxylic acid (TCDA). A mixture of natural —(D)-
camphor 19.0 g ( 0.125 mol), FeSO,7H,0 1.05 g (3.8 mmol),
HNO; 180 mL (65-68%) and 85 mL of water was refluxed at
100-105°C for 3 days, then the resulting solution was cooled to
room temperature. The white solid precipitate was collected and
washed twice with water to give 12.2 g the desired compound
TCDA, yield: 49%, m.p.:181-183°C, [a] = +54.90°.

FTIR (KBr, cm '), 3419 (O—H stretching); 2976, 2892 (C—H
stretching); 1706 (—C=O0O stretching); 1276 (C—O stretching).
'"H-NMR (400 MHz, DMSO-d,, § ppm), 0.75 (s, 3H); 1.13 (s,
3H); 1.19 (s, 3H); 1.36 (m, 1H, ] = 10 Hz); 1.73 (m, 1H, J =
16 Hz); 1.97 (m, 1H, J = 14 Hz); 2.35 (m, 1H, J = 14 Hz);
2.74 (t, 1H, J = 12 Hz); 12.16 (s, 2H).

TCDM
NaH
o
DMF \

BNMT

THF

Scheme 1. The general synthetic route of 1,3-bis(4-aminophenoxymethylene)-1,2,2-trimethyclopentane (BAMT). [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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The Synthesis of (1S,3R)-(+)-Cis-1,2,2-trimethylcyclopentane-
1,3-dimethanol (TCDM)

Lithium aluminum hydride 2.0 g (52.6 mmol) and 30 mL of an-
hydrous ether were placed in a 250-mL three-necked flask
equipped with a reflux condenser. Then in an ice bath (10°C), a
solution of 3.0 g (15 mmol) TCDA in 40 mL THF was added
dropwise by a constant pressure funnel over 1 h. The ice bath was
then removed and the mixture was stirred for 5 h at room tem-
perature. The redundant lithium aluminum hydride was carefully
quenched with 8.5 g Na,SO410H,O, then the white slurry was fil-
tered, extracted with 50 mL CH,Cl, and dried over Na,SO,, and
concentrated under vacuum to give the crude product, which was
recrystallized with CH,Cl,/n-haxane (v/v 1:1) to offer 1.8 g white
crystalline solid (+)-cis-1,2,2-trimethylcyclopentane-1,3-dimetha-
nol (TCDM), yield:71%, m.p.:137-139°C, [«] = +41.85°.

FTIR (KBr, cm™ '), 3355 (O—H stretching); 2958, 2875 (C—H
stretching); 1235 (C—O stretching). '"H-NMR (400 MHz,
CDCls, § ppm), 0.80 (s, 3H); 1.04 (s, 6H); 1.62 (m, 1H, J = 32
Hz); 1.97 (m, 2H, J = 12 Hz); 2.12 (m, 2H, J = 12 Hz); 3.49
(m, 2H, J = 14 Hz); 3.53 (m, 2H, ] = 4 Hz); 3.61 (m, 1H, J =
14 Hz); 3.75 (m, 1H, ] = 10 Hz).

The Synthesis of (1S,3R)-(+)-1,3-bis(4-nitrophenoxy-
methylene)-1,2,2-trimethyclopentane (BNMT)

In a 100-mL dry three-necked round-bottom flask, 0.34 g (14.1
mmol) NaH and 1.2 g (7.05 mmol) TCDM in 5 mL DMF were
stirred for 3 h at 50°C. Then 2.01 g (14.1 mmol) p-chloronitro-
benzene in 7 mL DMF was added dropwise and stirred at room
temperature overnight. The mixture was poured into 500 mL dis-
tilled water, and the precipitated was washed with ethanol twice
and recrystallized with DMF to give 1.2 g (1S,3R)-(+4)-1,3-bis(4-
nitrophenoxymethylene)-1,2,2-trimethyclopentane (BNMT) as yel-
low crystalline solid, yield: 40%, m. p.: 155-157°C, [«] = +53.00°.

FTIR (KBr, cm '), 3083 (Ar—H stretching); 2958, 2863 (C—H
stretching); 1501, 1335 (C—N stretching); 1262 (C—O stretching).
'"H-NMR(400 MHz, CDCl;, & ppm), 8.21 (m, 4H, J = 12 Hz); 6.94
(m, 4H, ] = 4 Hz); 3.85-4.13 (m, 4H, ] = 56 Hz); 248 (t, 1H, ] =
10 Hz); 1.53-2.11 (m, 4H, ] = 116 Hz); 1.21 (s, 6H); 0.89 (s, 3H).
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Elemental analysis (C,,H6N,Og): Caled. C 63.76, H 6.32, N
6.76; found C 63.84, H 6.53, N 6.89.

The Synthesis of (1S,3R)-(+)-1,3-bis(4-aminophenoxy-
methylene)-1,2,2-trimethyclopentane (BAMT)

A mixture of 1.0 g (2.6 mmol) BNMT, 0.1 g Pd/C and 16 mL
absolute alcohol was placed in a 100-mL three-necked flask
equipped with a reflux condenser and a dropping funnel. The
mixture was kept refluxing for 30 min, then 6 mL hydrazine
hydrate was added dropwise and the reaction mixture was
refluxed for 8 h. The resultant reaction mixture was filtered
while hot to remove Pd/C, and the filtrate was then concentrated
under vacuum to give the crude product, which was purified by
recrystallization with ethanol/water to give 0.85 g off-white solid
BAMT, yield 90%, m.p.: 117-119°C, [a] = +45.15°.

FTIR (KBr, cm™"), 3421, 3342 (N—H stretching); 3013 (Ar—H
stretching); 2963, 2867 (C—H stretching); 1228 (C—O stretch-
ing). "H-NMR(400 MHz, CDCls, § ppm), 6.73 (m, 4H, ] = 10
Hz); 6.63 (m, 4H, J = 6 Hz); 3.65-3.93 (m, 4H, J = 56 Hz);
3.35 (s, 2H); 2.34 (t, 1H, J = 10 Hz); 1.45-2.03 (m, 4H, ] =
116 Hz); 1.11 (s, 6H); 0.82 (s, 3H).

Elemental analysis (Cy,H30N,0,): Caled. C 74.54, H 8.53, N
7.90; found C 74.93, H 8.75, N 8.11.

Polymer Synthesis

The typical two-step method was adopted to prepare the objec-
tive polyimides. A general polymerization procedure could be
illustrated by the following example. 0.6000 g (1.692 mmol) of
BAMT was placed in 10 mL DMAc in a 100-mL three-necked
flask fitted with a nitrogen inlet and stirred until complete dis-
solution. Then 0.5218 g (1.692 mmol) of ODPA was added and
the mixture was stirred for 12 h at room temperature to yield a
viscous poly (amic acid) (PAA) solution. The obtained PAA was
cast onto a clean glass plate, followed by thermally curing with
a programmed procedure of 100°C/1 h, 150°C/1 h, 200°C/1 h,
250°C/2 h to produce the fully imidized polyimide film
PI(ODPA-BAMT). The structure of the polyimides synthesized
and studied in this article was shown in Scheme 2.
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Scheme 2. The structure of the three polyimides.
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RESULTS AND DISCUSSION

Monomer Synthesis

As shown in Scheme 1, the novel alicyclic-functionalized dia-
mine monomer BAMT was synthesized starting from natural —
(D)-camphor via oxidation to offer dicarboxlic acid, followed
by reduction to give diol, and then Williamson reaction to pro-
duce the ether-linked alicyclic-functionalized dinitro compound,
and reduction by hydrazine hydrate to give the final diamine.
The 'H-NMR spectra of TCDA (DMSO-ds as solvent) and
TCDM (CDCl; as solvent) were shown in the Figures 1 and 2,
respectively. The signal of carboxylic protons (H; and Hg) of
TCDA at 12.16 ppm disappeared and the signals of hydroxyl
protons (H; and H;) of TCDM were observed in Figure 2,
which confirmed that the reduction of carboxyl group into
hydroxyl group was effectively carried out. The "H-NMR and
FTIR spectra of BNMT and BAMT were also shown and the
peaks were also structurally assigned in Figures 3 and 4, respec-
tively. The '"H-NMR signals of different aromatic protons in
BNMT show an obvious shift divergence, which is attributed to
the strong electron-withdrawing effect of the attached nitro sub-
stituents. In comparison, owing to the mild electron-donating
effect of attached amino substituents, the signals of different ar-
omatic protons in BAMT do not display appreciable shift diver-
gence, and the proton absorption of amino in BAMT could be
observed in the 'H-NMR spectra. In FTIR spectra, the charac-
teristic absorption of nitro group in BNMT and amino group in
BAMT are observed in 1335 and 1501 cm ™', and 3342 and 3421
cm™!, respectively.

Polymer Synthesis

The three polyimides PI (ODPA-BAMT), PI (BPDA-BAMT),
and PI (ODPA-ODA) were prepared by polycondensation
through a two-step imidization procedure. The chemical struc-
tures of the polyimides were characterized by FTIR. As shown
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Figure 1. 'H-NMR spectrum of TCDA.
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Figure 2. '"H-NMR spectrum of TCDM.

in Figure 5, both the polyimides show the characteristic imide
absorption bands at around 1777 cm ™', 1726 cm ', and 1383
cm™', which were attributed to the asymmetrical carbonyl
stretching vibrations, the symmetrical carbonyl stretching vibra-
tions and C—N stretching, respectively. The absorptions around
2965 cm~ ' and 2887 cm ™' of PI (BPDA-BAMT) should be
assigned to the C—H vibrations of 1, 2, 2-trimethyl substituents
in the alicyclic segments.

Mechanical and Optical Properties of the Polyimides

For all these polyimide films, the tensile strength varies in the
range of 91.9-141 MPa, the elongation at break 5.6-18%, and
the initial modulus 2.75-3.44 GPa, as shown in Table I. The ali-
cyclic-containing polyimides PI (BPDA-BAMT) and PI (ODPA-
BAMT) show comparable mechanical properties with the
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Figure 3. "H-NMR spectra of BNMT and BAMT. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 4. FTIR spectra of BNMT and BAMT. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

aromatic polyimide PI (ODPA-ODA). It indicates that the
incorporation of the alicyclic 1, 2, 2-trimethyclopentane groups
does not bring down but retained the good mechanical proper-
ties of the synthesized polyimides.

The UV-Vis spectra of the polyimides films are shown in
Figure 6. The cutoff wavelengths range from 380 to 420 nm and
the transmittances in the visible region are in 80-90%. The
transmittances of the polyimide films at 500 nm were over 70%.
The wavelengths at absorption edge (Acutofr) and the transmit-
tance at 500 nm from the UV-Vis spectra are summarized in
Table I. Compared with BPDA-derive polyimide, polyimide
films derived by ODPA are fairly transparent and almost color-
less. This behavior should be related to the flexible ether linkage
in the structure of monomer ODPA that leads to the inhibition
of the intermolecular charge-transfer complex (CTC). The PI
(ODPA-BAMT) shows the highest transparence with transmit-
tance of 75% at 450 nm, followed by PI (ODPA-ODA) the
transmittance of 63%, and the PI (BPDA-BAMT) exhibits the

ARTICLE -
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Figure 5. FTIR spectra of the polyimides. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

lowest transparence with transmittance of 28%. The higher
transparence of PI (ODPA-BAMT) than PI (ODPA-ODA) may
mainly be attributed to the weakened conjugation and sup-
pressed CT interaction. The noncoplanar bulky alicyclic-
functionalized groups in the diamine (BAMT) moieties in the
polymer chain are presumably effective to break the conjugation
along the backbone and to decrease the CT formation, thus
providing enhanced optical transparency.

Thermal Properties of the Polyimides

The thermal properties of the polyimides were evaluated by
means of thermogravimetry analysis (TGA) and dynamic
mechanical analysis (DMA), and the results are summarized in
Table I. It is shown that for the PI (ODPA-BAMT) and PI
(BPDA-BAMT), the onset decomposition temperatures (T,) are
ranged in 416-437°C, about 53-74°C, lower than that of the PI
(ODPA-ODA). The PI (ODPA-BAMT) and PI (BPDA-BAMT)
exhibit the temperature at 5% weight loss (7Ts) and 10% weight
loss (T)o) values of 436-443°C and 451-463°C, appreciably
lower than 528°C and 550°C of aromatic PI (ODPA-ODA),

Table I. Viscosity, Mechanical, Optical, and Thermal Properties of the Polyimides

Mechanical and optical properties

Thermal properties

Polyimides n?dl/g) EP (%) omt (MPa) Ed(GPa) Ts00® (%) 2o  (hm) T2 (C) T, (C) Ts ((C) Tio(°C) Chark (%)
BPDA-BAMT 0.75 18 133 3.24 75 425 257 437 443 463 35
ODPA-BAMT  0.64 5.6 91.9 2.75 80 378 240 416 436 451 25
ODPA-ODA  0.82 12 141 3.44 78 398 271 490 528 550 55

2Measured at a concentration of 0.5 g/dL poly(amic acid)s in DMAc at 30°C.

Elongation at break.
“Tensile strength.

9Tensile modulus.
®Transmittance at 500 nm.
fUV cutoff wavelength.

9Glass transition temperature determined by loss factor curves in DMA results.

POnset decomposition temperature.

Temperature at 5 and 10% weight loss at a 20°C/min heating rate under N5.

Residual weight percentage at 800°C in Na.

MAh\;F%U’B WWW.MATERIALSVIEWS.COM
1

WILEYONLINELIBRARY.COM/APP

J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.39053

3337



- ARTICLE
100
M |
oo (ODPA-ODA)
§ PHODPA|
- ol P AT
S PI(BPDA-BAMT)
20 |
[
T * T T T T T
200 300 400 500 i1 ] 700 300 900
Wav elength({nm)

Figure 6. UV-visible spectra of the polyimides. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

respectively. This indicates that the introduction of alicyclic
structure would decrease the thermal property of the polyimides
in a degree. Still, the alicyclic-containing polyimides PI (ODPA-
BAMT) and PI (BPDA-BAMT) exhibit good thermal stability,
showing no weight loss below 410°C and char yield of more
than 30% in nitrogen. Similarly, both the two alicyclic-contain-
ing polyimides show double-stage decomposition processes in
nitrogen, as shown in Figure 7. The first degradation stage
begins at around 450°C, which could be due to the decomposi-
tion of the aliphatic segments. The second stage of the degrada-
tion begins at about 500°C, which could be mainly because of
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Figure 7. TGA curves of the polyimides. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

the decomposition of the imide structures and aromatic moi-
eties, as also depicted by the TGA curve of PI (ODPA-ODA).

Figure 8 shows the dynamic storage modulus (E'), loss modulus
(E") and loss factor (tand) curves as a function of temperature
for all the polyimides. It is noted that the loss modulus curves
of PI (BPDA-BAMT) and PI (ODPA-BAMT) show two relaxa-
tions, one located around 80°C and the other in the range of
225-270°C. The high temperature peak originates from the glass
relaxation occurring in the polyimides, and the low temperature
peak may originate from the  subglass relaxation.** The bulky
substituted alicyclic structure would create steric hindrance,
thus inhibiting the mobility of the polymer chain. The f
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Figure 8. DMA curves of the polyimides. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Table II. The Solubility and d-Spacing of the Polyimides
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Solubility®
Polyimides DMF DMAc NMP m-Cresol THF CHCls DMSO 20° (°) d-Spacing® (A)
BPDA-BAMT — — 4 — — — — 16.69 8.3
ODPA-BAMT + + ++ + + — + 15.79 5.61
ODPA-ODA — — 4 — — — — 17.79 4.98
®++: soluble at 25°C, +: soluble on heating, —: insoluble on heating.

PMeasured by WAXD.
“Calculated according to Bragg's equation: 2d sin 6 = ni, where n is 1
and / adopts the value of 1.54 A.

subglass relaxation of the BAMT-derived alicyclic-containing
polyimides was presumably assigned to the rotation or oscilla-
tion of the three methyl substituents attached to the cyclopentyl
ring in the diamine moiety of the polyimides. Seen from the
tand curves, the PI (BPDA-BAMT) and PI (ODPA-BAMT)
showed the glass transition temperature (T,) at 257°C and
240°C, expectedly lower than 271°C of the T, of the aromatic
polyimide PI (ODPA-ODA).

The Solubility and d-Spacing of the Resulting Polyimides

The solubility of the polyimides was tested in various solvents
and the results are summarized in Table II, which shows that
the solubility of the polyimides depends on the dianhydride
structure and the diamine structure as well.?>® The effect of
the dianhydride structure to the solubility of the polyimides
could be comparatively investigated between PI (BPDA-BAMT)
and PI (ODPA-BAMT), and it is found that that ODPA con-
taining a flexible ether linkage between two phenyl ring leads to
better solubility than BPDA with rigid biphenyl structure does.
Similarly, by comparison of the solubility of PI (ODPA-BAMT)
with that of PI (ODPA-ODA), it can be found that the alicyclic-
funtionalized diamine BAMT containing 1, 2, 2-trimethylcyclo-

10 ' 20 ' 30 ' 40 ' 50 ' 60
26()

Figure 9. Wide angle X-ray diffraction patterns of the polyimides. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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pentane groups and ether linkages leads to better solubility than
the aromatic diamine ODA with ether-linked aromatic structure
does. The better solubility of PI (ODPA-BAMT) may be
explained by the disrupted CT interaction of polymer chains by
the bulky alicyclic groups in BAMT moieties. Further determi-
nation of the polymer chain interaction was carried out by
WAXD measurement. As shown in Figure 9, the WAXD pat-
terns of the polyimides show similar, relatively broad peaks,
indicating that the polyimides were almost amorphous with
only little crystallinity.”® The most prominent WAXD peak in
the amorphous glassy polymer spectra is often used to estimate
the average interchain spacing distance (d-spacing) according to
Bragg’s equation.’® The d-spacing values calculated from 20 fol-
lows the relationship PI (ODPA-BAMT)>PI (BPDA-BAMT)>PI
(ODPA-ODA), which is in accordance of the solubility order of
the polyimides. It indicates that the alicyclic-functionalized
BAMT shows significant impact on improving the solubility by
enlarging the average polymer interchain distance and thus
facilitating the solvation process. Therefore, the introduction of
the bulky alicyclic 1, 2, 2-trimethylcyclopentyl group induces
loose chain packing and remarkably contributes to the
decreased intra- and intermolecular CT interaction, resulting in
increased solubility of the synthesized polyimides.

CONCLUSIONS

A novel alicyclic-functionalized diamine monomer BAMT con-
taining the unsymmetrical 1, 2, 2-trimethyclopentane group was
successfully synthesized starting from an readily available inex-
pensive renewable forestry compound natural —(D)-camphor.
The incorporation of the 1, 2, 2-trimethylcyclopentane groups
and ether links into the backbone of the polyimides not only
improves the solubility and optical transparency but also retains
the good mechanical properties and thermal stability, which are
desirable for practical applications as engineering plastics, micro-
electronics and optoelectronics. It indicates that the structural
transformation of natural alicyclic-containing forestry com-
pounds would be a promising strategy for designing and prepa-
ration of polyimides with the improved practical properties.
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