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ABSTRACT: Bis(ether anhydride)s with 3- or 4-phthalimide moieties were prepared by reacting 3- or
4-nitrophthalodinitrile, respectively, with several diols and converting the resulting bis(ether dinitrile)s to bis-
(ether anhydride)s. Selected dianhydrides were converted into poly(ether imide)s in a two-stage solution
polymerization and imidization process. It was found that, in most cases, the dianhydrides with 4-phthalic anhydride
units gave high-molecular-weight polymers with any of several aromatic diamines. In contrast, dianhydrides
with 3-phthalic anhydride units gave, primarily, low-molecular-weight products. Examination of several low-
molecular-weight products by electrospray-ionization mass spectrometry demonstrated that the products consisted
of small oligomers, cyclic or linear according to the structure of the diamine. A series of high-molecular-weight
polymers were prepared from 4lis(4'-aminophenoxy)biphenyl (BAPB) and each of several bis(ether anhydride)s
with 3- or 4-phthalic anhydride units; the anhydrides had isopropylidine or hexafluoroisopropylidine units or
ortho-methyl orortho-tert-butyl substituents in the diol residues. These polymers were characterized in terms of
their molecular weights and glass-transition temperatures. The gas permeabilities, positron annihilation, and
dielectric relaxation behaviors of the polymers were investigated and their properties related to their molecular
structures. Dielectric relaxation spectroscopy measurements indicate that, in this group of polymers, the rates of
the local chain mobility are comparable and are able to facilitate gas diffusion. An apparent linear correlation
between the permeation coefficients and free volume as determined by positron annihilation lifetime spectroscopy
was observed with certain gases. Comparison of polymers with similar molecular structures indicated that isomeric
polymers with 3- and 4-linked phthalimide units have similar properties and that the introduction of branched
chains or fluorinated groups leads to an increase in the free volume and consequently increased permeability.
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their processabilities, solubilities, glass-transition temperatures
(Tg), and permeabilities to permanent gases. Studies have
identified marked effects of varying aromatic substitution
patterns, such as introducimgtho-substituents or main-chain
ortho-linked units, on these properties. For example, in poly-
(ether imide)s significant effects arise by introducing methyl
groupsortho to the ether or imide linkagésThus, in poly-
(ether imide)sl, replacing R = H or R, = H by Ry = Me or

R, = Me simultaneously rais€k, and permeability coefficient
(P). Replacing both R R, = H by R;, R, = Me has even greater
effects. Increases iy andP were greater when R= Me, Ry

= H than when R= H, R, = Me, an effect attributed to loss

of conformational freedom (entropy) by restricting rotation about
the ether linkage; R= Me simply restricts rotation about a
rigid rotor. These trends occur with a variety of units A and B.
Similar tendencies were recognized withtho-tert-butyl and

hindering rotation about the ether or imide linkages and reducing
the efficiency of chain packing.Increases inP for these
polymers correlated with increases in free volumes determined
by positron annihilation lifetime spectroscopy (PAL*Ylore
recently, Al-Masri et al. reported increases fnand Ty on
introducing methyl groupsrthoto imide linkages in polyimides
based onp-terphenylenediamines and 2,2-big{3dicarbox-
yphenyl)hexafluoropropane (6FDARNd similarly for other
polyimides® Nagel et af demonstrated that the effectsatho-
methyl groups in raisingg, P, and free volume, as assessed by
PALS, extended to related polymers. Liu et al. reported that,
for polyimides based on methyl-substituted phenylenediamines,
tert-amyl groups, especially when used in conjunction with P increased wittortho-methyl group contentFinally, Shimazu
=" et al. recently demonstrated similar effects using propylene as
ortho-methyl substituents. penetrant
The effects produced by introducing bulky substituents, other * p|ather imide) structures can also be varied by introducing
than simply raisinglq, were attributed to thertho-substituents  5inchainortho-linked units which influence chain flexibility.
Previously, we reported the synthesis and properties of poly-
" University of Liverpool. (ether imide)s with catechol and substituted catechol units in
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introducing another variant of main-chairtho-linkages. In bis-

(ether anhydride)s two structures are possible which lead to O O Oﬁ
0\ g"0 o o}

polyimide syntheseX. This paper explores the effects of 0-9%_o 0= E0E jo

formation of 4-phthalimide or 3-phthalimide units in polyimides,
as defined in structure® and 3, respectively. In the latter the

ether link isortho to the imide ring; this variant has received s

very little attention. Ether linkages in bis(ether anhydride)s are 0-9%_o0

formed by nucleophilic aromatic displacement reactions between 0 0
a diol and a phthalic acid derivativé!3 Takekoshi et al* H zﬁg
described such displacement reactions from N-substituted 3- and

4-nitrophthalimides and used these reactions in the synthesis - Oﬁ o o
of poly(ether imide)s. They also described the synthesis of bis- 8
(ether anhydride)s from N-substituted 3- and 4-nitrophthalimides
and bisphenol$® Williams and Donahue reported that, in
nucleophilic aromatic displacement reactions in DMSO, phe-
noxide ions react withN-phenyl-3-nitrophthalimide 4 times
faster than with the 4-nitro analogdiBis(ether anhydride)s

so prepared were reacted with diamines to form poly(ether
imide)s1® bis(ether diacid)s were also reacted with diamiHes.
An alternative route to poly(ether imide)s was to use the nitro-
displacement reaction as the polymer-forming reaction between
bis(nitrophthalimide)s and diol$.Poly(ether imide)s based on
3-phthalimide units have also been prepared by self-polycon-
densation oiN-(3'-hydroxyphenyl)-3-nitrophthalimide to give
polymer4.1°

isomers but lower selectivity for gas separation with respect
to nitrogen?! This general lack of information seems surpris-
ing in view of the facts that poly(ether imide)s with 3-phthal-
imide units tend to have highéli;s and solubilities and that
synthesis of bis(ether anhydride)s with ether links in the
3-position is more facil&'2We therefore undertook a study of
the synthesis of poly(ether imide)s with 3-phthalimde units,
using a two-stage solution polymerization with chemical imi-
dization and, where appropriate, to compare their physical
properties and molecular packing with those of their 4-linked
isomers.

This paper therefore describes the synthesis of several new
bis(ether anhydride)s with 3-linked phthalic anhydride units and

o o Q
1 1 the synthesis of isomeric poly(ether imide)s from dianhydrides
—N 4 —N 4 N with 3- and 4-phthalic anhydride units. Although several high-
J 2 "o— Y 2 03_ 0 o . molecular-weight poly(etherimide)s with 3-phthalimide units
2 3 4

have been prepared by high-temperature polymerization in
mr-cresol?® many such poly(ether imide)s prepared in this study
It has been shown that, within the limited number of isomeric were oligomeric, and only theifgs could be compared with
pairs of poly(ether imide)s prepared with 3- and 4-linked those of their 4-linked isomers. The oligomers were character-
phthalimide units, th&gs and solubilities of the 3-isomers were ized by gel permeation chromatography and mass spectrometry.
greater than those of the 4-isoméfé9these are trends normally  In the case of poly(etherimide)s based on a specific diamine
considered favorable in developing new poly(ether imide)s. that produced high-molecular-weight polymers, that could be
Thermal stabilities of the 3-isomers were slightly inferior to cast as membranes, from 3-linked dianhydrides, the properties
those of the 4-isomers, although in all cases decompositionof pairs of isomeric polymers from different 3- and 4-linked
started at or above 40T .2 anhydrides were compared. This study compafgdand gas
Polyimides with 3-phthalimide units have also been based permeation behavior, including determination of diffusion and
on the dianhydride$—821-27 and the sulfide equivalents of

6 and 7.2 Unlike the planar 4-linked isomer, dianhydriée Scheme 1

is nonplanaf?28 Polyimides were synthesized with several  Nc om

diamines. Molecular weights of soluble products were found 2 so NC CN
. . were fc NC + HO-X-OH —» Q @:

to be generally low and the molecular weight distributions NO, KoCO, NC oN

to be bimodal, and it was suggested that the low-molecular- 9 a3 10 0-x-0

weight fraction could be composed of cyclic oligomers; in b: 4- "

some products from6 and 8 Maldi-TOF mass spectrom-

l KOH/MeOH
2 9 AcOH
etry (MT-MS) identified the presence of cyclic oligomeépss o>;;© @Qo - HOOCJQ ©iCOOH
Polymers from the 3-linked dianhydride were generally sol- O-%-0 A0 ooc COOH
uble and had higheFgs and good thermal stability. Gerber et o o e
al. prepared polyimides froré and other isomers of oxydiph-
thalic anhydrideé? In this case, polymers with 3;8nked HyC CH,
phthalimide units had slightly loweTgs than the 4,4linked CH,
isomers and had poorer thermooxidative stability but better X:A= B= ‘@’C“z‘Q’
solubility; polymers based on the 4Jihked unit were generally CHs H,C CH,
insoluble.

Apart from the above studies there are few, if any, reports
of polyimides with 3-linked phthalimde units. Recent reviews c= D= (CH,)C
of polyimide properties, e.g. of gas permeabilitiegontain

13

HC CH,

no reference to polymers with 3-linked units, although it He C(CHE:::’ CACH)s
has been reported that polyimides prepared fr@nor the E= CFs3
equivalent sulfide, and bis(4-aminophenyl) ether had higher F=

permeabilities for hydrogen and oxygen than their-fipked (CHy),C
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Table 1. Synthesis and Characterization of Bis(ether dinitrile)s 11a Derived from Various Diols 10

elemental analysis

diol C H N yield/% crystallization solvent mpC

10A calcd 77.49 4.20 11.66 80 MeCN/MeOH 182182.7
found 77.18 411 11.66 1:10 17280

10B calcd 77.94 4.76 11.01 95 MeCN/MeOH 2382339.7
found 77.64 4.73 10.97 1:3

10C calcd 77.72 4.48 11.32 95 MeCN/MeOH 318320.5
found 77.57 4.47 11.35 11

10D calcd 75.93 5.52 11.80 93 MeOH 216:217.6
found 75.81 5.49 11.77

10E calcd 75.93 5.52 11.80 87 MeCN >300
found 76.08 5.50 12.00

10F calcd 63.27 2.40 9.52 84 MeCN 255:055.7
found 63.30 2.37 9.50

aReference 14.

Table 2. Synthesis and Characterization of Bis(ether anhydride)s 13a the temperature at which the gas permeation studies were

Derived from Various Diols 10 performed.
elemental analysis/%

diol c H  yield/% mp?C Experimental Section
10A calcd 7153 3.87 76 187-8189.2 Materials. 3-Nitrophthalodinitrile was obtained from TCI,

found 71.44 3.84 186187.5186.5-187.9 Tokyo, Japan. Other reagents were obtained from regular sources
10B caled 7225 441 84 245°247.5 given in the references cited below.

found 7227  4.45 Synthesis of Bis(ether dinitrile)s (11) The bis(ether dinitrile)s
10C caled 7195 411 69 3173195 were synthesized by a nitro-displacement reaction between nitro-
10D Lc;fgg %Zé g'gg 80 2082150 phthalodinitrile @) and a diol (0) in an aprotic solvent in the

found 69.74 5.20 ' ' presence of potassium carbonate (Scheme 1). Details of the
10E  caled 70.03 5.09 90 322 (DSC) syntheses based on 4-nitrophthalodinitrdé)(have been presented

found 69.63 5.11 previously2° The same general procedure was adopted for the
10F caled 59.25 2.25 88 268209 synthesis of bis(ether dinitrile)s from 3-nitrophthalodinitrifa).

found 59.40 2.17 Thus, 20 mmol oBawas dissolved in 30 mL of dimethyl sulfoxide

aReference 122 Reference 15.

(DMSO), and while stirring under a nitrogen atmosphere, 10 mmol
of 10and 0.4 g of potassium carbonate were added. Mixtures were

solubility coefficients. Permeability data were correlated with - 5jiged to react at room temperature for 24 h. Reaction mixtures
free volumes and dielectric relaxation behavior. The dielectric were then poured into iced water, and precipitates of crude product

relaxation measurements were undertaken in order to assess thela were filtered off. Bis(ether dinitrile)s were purified by
extent to which molecular mobility exits within the matrix at crystallization. Details of their characterization are given in Table
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Table 3. Poly(ether imide)s Prepared from Bis(ether anhydride)s and Various Diamines in Small-Scale Syntheses

dianhydride substitution diamine polymer form solubility Ty°C My/kg molt
13A 3- 14v particulate 231 28
4- insol CIBz 215 90, 152
13A 3- 14iv powder 265 2.6
4- 280 60
13A 3- 14iii powder 223 34
4- DCM, NMP, DMF, CIBz 249 120
13A 3- 14i powder insol DCM 219 7.7
4- 215 commercial
13A 3- 14ii powder 265 3.1
4- 88
13A 3- 14vi balls 236 106
4- 220 130
13A 3- 14vii particulate 222 29
13B 3- 14v balls 270 54
4- insol 266
13B 3- 14iv powder insol DMF 276 4.8
4- DCM, insol NMP, DMF >420
13B 3- 14iii powder 243 6.1
4- 264 7.0
13B 3- 14i powder 269 11.8
4- 245 66
13B 3- 14ii powder 287 131
13B 3- 14vi balls 259 94
4- insol 248
13B 3- 14vii particulate 238 68.6
13C 3- 14v particulate insol DCM, CHGI 298 7.4
4- sol 299 53
13C 3- 14iv particulate 327 43.4
4- ? 90
13C 3- 14iii powder sol DCM, CHG 289 insol
4- sol 420 103
13C 3- 14i particulate 311 45.3
4- 295 40
13C 3- 14ii powder 325 16.6
13C 3- 14vi balls insol DCM, CHC4 290 42.4
13D 3- 14v powder 238 6.6
4- sol 228 123
13D 3- 14vi powder 237 28.9

1. Melting points were determined with the aid of a polarizing equivolume mixture of acetic anhydride and pyridine to form the
microscope fitted with a Mettler hot stage, unless otherwise poly(ether imide) {6aor 16b). Imidization was allowed to proceed

specified. overnight, andL6 was isolated by precipitation into methanol. The
Synthesis of Bis(ether anhydride)s (13)Bis(ether dinitrile)s precipitated polymers were washed with hot methanol and dried.
(118 were converted to bis(ether anhydride)84) by first hydro- Polymer Characterization. Polymer molecular weights were

lyzing them to the bis(ether diacid)$2a) and then dehydratingto  determined by gel permeation chromatography (GPC) using DMF/
form the bis(ether anhydride)s (Scheme 1). Details of the conver- LiCI(0.1 M) as the mobile phase with a flow rate of 1 €min-%,
sion, as used in the synthesis of 4-substituted bis(ether anhydride)solumns packed with @am PL gel polystyrene (Polymer Labora-
13b, have been presented previoushp. tories), and a refractive index detector, and the instrument was
Approximatey 3 g of 11a(~10 mmol) was added to a solution ~ calibrated with polystyrene standards (Polymer Laboratories).
of 6 g of potassium hydroxide dissolved in 6 mL of water, and the ~ Glass-transition temperature3q§) were determined by dif-
mixture was refluxed until the evolution of ammonia ceased. The ferential scanning calorimetry (DSC) with the aid of a Perkin-Elmer
reaction mixture was then diluted with water and the pH adjusted DSC2 using a heating rate of 2C min-%; Tgs were determined
to ~1.1 by addition of concentrated hydrochloric acid. The resulting ©on the second or subsequent heating cycles.
precipitate ofl2awas recovered by filtration, washed, and dried. ~ Electrospray-ionization mass spectrometry (ES-MS) employed
Compoundsl2a were converted td.3a by dissolving in glacial a Micromass LCT spectrometer using a cone voltage of 120 V and
acetic acid (10 mL) and heating. After the acid had dissolved, acetic a variety solvents as required without added cationization agents.
anhydride (10 mL) was added gradually. The mixture was cooled ~ Density MeasurementsDensities of cast films of the polyimides
to —5 °C for 24 h, and the product3a was filtered off and were determined by a flotation method at 25 using a saturated
recrystallized from glacial acetic acid. Details of the products aqueous solution of }COs. The density of the solution was
prepared are given in Table 2. calculated using the oscillating method by a PAAR DM60 digital
Synthesis of Poly(ether imide)s.Poly(ether imide)s were density meter connected to a PA/-_\R D_M_601 density measuring cell.
prepared from each bis(ether anhydride) and each of severalMeasurements were performed in triplicate.
diamines using a standard two-stage synthesis involving chemical ~ The fractional free volume was calculated using eq 1.
imidization, as depicted in Scheme 2. Details of syntheses involving Ve — V.
the 4-substituted isomer bis(ether anhydride)3bf have been _ T 0
U . ! Vi 1)
described in detail previoush?2°The same standard procedure was V;
adopted with the 3-isomer bis(ether anhydride)8aj. Thus, a
diamine (4) (0.5 mmol) was dissolved iN-methylpyrrolidinone where V7 is the molar volume per repeat unit of polymer at
(NMP), and an exact stoichiometrically equivalent amount of bis- temperatureT calculated from the densityV, is the volume
(ether anhydridel3aor 13b, as defined in Scheme 1, was added occupied by the molecules @ K per mole of the repeat unit and
with stirring. Mixtures were left to react overnight to form a solution is estimated to be 1.3 tim&ghe van der Waals volume calculated
of poly(amic acid) 15); 15 was then imidized by addition of an  from the group contribution method of Bon#i.
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Gas Permeabilities.Gas permeabilities for ON,, CO,, and Ar
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of several diolsl0 (Scheme 1) proceeded with at least equal

were measured at 308 K using a vacuum time-lag apparatus thatfacility as those undertaken previously with 4-nitrophthalod-

has been described previoudiThe system was degassed for 24

h prior to each measurement, and the volumes of the downstream

and upstream sides of the membrane were 200 Thre polyimide

membrane was a circular disk of 7 cm diameter. The polymer was

held between the two halves of the stainless steel cell with two flat

initrile (9b).1-2°Thus, pure bis(ether dinitrile}slawere readily
prepared in good yields and were readily converted to bis(ether
acid)s12aand, hence, to bis(ether anhydridéa (Table 2),
thus providing a series of new 3-substituted monomers.

O-rings ensuring a good seal between the membrane and gas cell. In @ preliminary investigation of the 3-substituted dianhy-

With this system leak rates below 5 mTorr'twere obtained. The

drides, dianhydride&3aA—D were each reacted with a series

pressure change as a function of time was logged using a computerof diaminesl4to prepare poly(ether imide}s6ain a standard

The measurements allow the diffusion and solubility coefficients
to be determined.

two-stage process. Dianhydrides were added to solutions of indi-
vidual diamines in DMF to form poly(amic acid]$a(Scheme

Dielectric Relaxation. Dielectric measurements were carried out 2), and these were chemically imidized with acetic anhydride/

using a Strathdow dielectric spectrometer operating between 0.1

x 10* and 6.5x 10* Hz. To achieve maximum electrical contact,
aluminum electrodes were coated onto the polymer films using an

Edwards E306A coating system. The temperature was controlled

by a Linkam CI93 computer interface and a Linkam LNP pump
with a liquid nitrogen cooling system. Spectra were recorded at
intervals of 10°C from —140 to—60 °C. Cole-Cole plots were

constructed from the dielectric data, and analysis was performed

using a program based on the Havrikdkdegami eq 2 that allows
calculation of theot and 3 distribution parameter®; e*, e, ande

are respectively the complex and limiting low- and high-frequency
permittivities, w is the experimental frequency,is the dielectric
relaxation time, and andf are frequency-independent, dimension-
less constants determined by the temperature and sample.

€~ €

* — ©

@)

These data were used to calculate the characteristic relaxation time
that were then used to calculate the activation energy according to

the Arrhenius equation.

Positron Annihilation Lifetime Spectroscopy. Positron lifetime
spectra were obtained by using a faslow system that has been
described previousl§.Measurements on benzophenone crystals

pyridine mixtures to form polymer6a This procedure was
identical with that used in our previous studies to prepare the
isomeric poly(ether imide)s from 4-substituted bis(ether anhy-
dride)s, and the same diamines are those which produced high-
molecular-weight polymers. Polymeli$awere isolated from

the imidization solutions by precipitation into methanol.

In earlier studies, using 4-substituted bis(ether anhydride)s,
poly(ether imide)d.6b gave dense coarse precipitates, frequently
in the form of porous balls from individual drops of poly(ether
imide) solution; such precipitates are indicative of high-
molecular-weight polymers. When investigated by GPC the peak
molecular weights of the chromatograms, measured against
polystyrene standards, were almost always in excess of 60 kg
mol~! and frequently as high as 200 kg mglsuch polymers
formed strong, tough, flexible, creasable films. In contrast, the

recipitates of product$6a were mainly powders, indicative

f low-molecular-weight polymers (Table 3). GPC measure-
ments on these polymers confirmed their low molecular weights
in most cases. An exception was for polymers frofwi which
were of high molecular weight. Chromatograms frequently
showed the formation of a major polymer peak and individual

were used to determine the equipment resolution of the equipmentpeaks from oligomers; peak molecular weights for the highest

which was~230 ps at full width half-maximum. POSITRONFT
was used to analyze the decay curves. The intensjtaasdl; were
constrained at a ratio of 3:1. According to the pick-off model, the
longest lived component of the positron lifetime spect,and
the corresponding-Ps intensity,ls, may be correlated with the
mean radius and the relative number of free volume cavities in the
polymer matrix respectively according to e®3.
1 R, 1 ZnR)*l

Ta:z(l_ﬁo+ESinﬁ

where 73 (0-Ps lifetime) andR (hole radius) are expressed in
nanoseconds and angstrom units, respectiWyqualsk + AR,
whereAR s the fitted empirical electron layer thickness and equals

®)

molecular weight peak are given in Table 3.

These results are in marked contrast with those of Takekoshi
et al., who demonstrated that similar high-molecular-weight
poly(ether imide)s can be prepared from bis(ether anhydride)s
with either 3- or 4-substituted phthalic anhydride units, with
any of several diamines, using a high-temperature, one-pot
synthesis irm-cresol2® inherent viscosities (IVs) were used as
a measure of molecular weight. Indeed one such polymer was
prepared from dianhydridé3aA and diaminel4v. Although
that polymer had a lower IV (0.66 dL¢) than its 4-isomer
from 13bA (1.09 dL g1), the opposite trend was observed in
several other cases. Thus, there is no fundamental reason why

1.66 A37 Therefore, the mean free cavity volume can be expressed high-molecular-weight poly(ether imide)s cannot be prepared

in A3 by eq 4.

_ 4R

VPS 3

4
The positron source used w&bdlaCl encapsulated in polyimide
foil and sealed with epoxy resin. The polymer films were cut into
squares (15¢< 15 mm) and stacked together in order to get a total
thickness of~4 mm. The??Na source was sandwiched between

from the 3-isomer dianhydrides. So, it is interesting to enquire
as to what other factors must hinders polymer growth processes
under the conditions used in this study, viz. in the formation of
poly(amic acid)s in solution.

Formation of high-molecular-weight poly(ether imide)s from
each of several 4-linked dianhydrides with different diamines
established the purity of the diamines used. Formation of low-
molecular-weight poly(ether imide)s from pure diamines and

the two polymer stacks with a copper backing. The copper-sample- 5 ;o4 dianhydrides, with a stoichiometric equivalence of reac-
source-sample-copper sandwich was held together with PTFE tape.

The assembly was placed in an evacuated Pyrex tube and inserted@NtS: v_vould conventlona_ll_y t_)e attributed to impure bls(eth_er
into an Oxford Instruments cryostat. Lifetime spectra were measured @hhydride)s or to low equilibrium constants for the first step in
at 25°C over a period of 8 h’ g|v|ng approximate|y a million counts. Scheme 2. Neither of these eXplana’[IonS is consistent with
Runs were conducted in triplicate. observations.

Although several diamines with each of the 3-linked dian-
hydrides gave poly(ether imide)s with low molecular weights,
poly(ether imide)s prepared from the same dianhydrides and
BAPB (14vi) gave poly(ether imide)s of high molecular weight.

Results and Discussion

Synthesis and Polymer Characterization.Nitro-displace-
ment reactions between 3-nitrophthalodinitriga) and each



Macromolecules, Vol. 39, No. 22, 2006

If 14viwill give high molecular weight poly(ether imide)s, then
dianhydridesl3a must be pure. Therefore, impure monomers
is not an explanation for the formation of low-molecular-weight
poly(ether imide)s froml3a and diamines other thah4vi.
Equally, if 14vi forms poly(ether imide)s of high molecular
weight, then there is no reason, based on dianhydride reactivity
or low equilibrium constant, wh{4v (ODA) should not form
high-molecular-weight polymers. There has to be an inherent
tendency for the preferential formation of oligomers from
3-linked bis(ether anhydride)s under the reaction conditions used
in this study that does not apply under the reaction conditions
used by Takekoshi et &P.

Gel permeation chromatograms for some typical products
prepared from the 3-linked dianhydrides are presented in Figure
1; chromatograms a and b demonstrate that polymers formed
from 14vi with 13aA and13aB are of high molecular weight,
while those prepared from other diamines have overall low
molecular weight. The latter chromatograms have specific
features in chromatograms at high elution volumes that indicate
the presence of large contents of oligomeric material. These
chromatograms fall into two distinct categories. Chromatograms
c and e , for products prepared froitBaB and 13aC
respectively, with mesitylene diamiriedii, and similarly for
other products prepared frobdii, exhibit a single distinct peak
at high elution volume. In contrast, chromatogram d, for the
product from13aB with 14iii, and other chromatograms for
products prepared from the hindered two-ring diamithési
and14iv, exhibit a series of oligomeric peaks extending to very
low molecular weights and beyond the calibration limits of the

instrument. The distinctive features of these chromatograms are

discussed later in relation to mass spectrometry data.

Nature of Low-Molecular-Weight Polymers from 3-Linked
Bis(ether anhydride)s.In an attempt to understand the reason
for the formation of the low-molecular-weight products from
the 3-linked dianhydrides with various diamines, the reaction
products for representative systems were examined by ESI-MS.
To provide useful information on the molecular species present,
it was appropriate to vary the solvent used to extract samples
for analysis. All the samples exhibited related patterns of similar
oligomers, with some differences as detailed below.

The main signals observed were from f n] cyclic
oligomers (7) and/or from linear oligomers with different
combinations of end groups, as depicted in struct@&s20,
all associated with one of various adventitious cations k&',
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except for the large signal from [M-Na]", are displayed in

the inset to Figure 2 and annotated. There are two extra small
signals possibly corresponding to the cyclic dimer associated
with two Na* (one with methanol as adduct), but with loss of
H*, relevant peaks are marked with these attributions and a
guestion mark. In the case of the species with methanol as
adduct, H could readily have been lost from methanol, but we
have no explanation for the loss offHor the cyclic dimer
without adduct as there is no obviously replaceable proton in
the structure; nevertheless, the accurate mass for that signal is
consistent with the tentative attribution to within5.8 ppm.

The only other signal observed from the sample that could be
attributed to any relevant species was for the linear, amine-
ended specie&9 (with Na*) with both ends monoacetylated;
this small signal, designatdd2 in Figure 2, was about 1% of
the intensity of the main peak for the cyclic dimer.

Products from Mesitylene Diamine. Spectra for the two
polymers prepared from mesitylene diamirigli{() and either
13aB or 13aC and extracted with DMF were very similar to
each other and again totally dominated by strong signals from
the cyclic dimersl7n=2. The total spectrum obtained from
13aC with 14ii is shown in the inset to Figure 3, where a

or K*) and, in some cases, adducts with small molecules. Signalscombined group of peaks from the cyclic dimer, design&e

from other related oligomers were also observed, as specifiedgng overlapping peaks from [2 2] linear oligomers, designated

in the text. The main adduct molecules observed were DMF, | 2 are identified. The primary signal in the gro@2-+L,2

when used as solvent, or methanol, when used as solvent okyas from the cyclic dimer [M+ NaJ*. There was a small signal

when retained after isolating the sample by precipitation into gt slightly lower mass from [M+ H]* with a series of signals

methanol. at higher masses; the latter are shown in more detail in the small
Products from Two-Ringed, Unhindered Diamines.The inset to Figure 3. These smaller signals from the cyclic dimer

methanol extract of the polymer frot8aA with the short, two- are for [Mp + K]* and for various adducts with one or two

ring, unhindered diaming4v gave a simple ESI-MS spectrum  molecules of methanol and/or DMF, as indicated. Overlapping

totally dominated by the signal for the cyclic dim&7 n=2 with the peaks for the adducts are peaks labk|@dn the small

with weaker signals from similar cyclic oligomers with= 3 inset. One, at lower mass, is attributed to the linear oligomer

and 4 with intensities, relative to the= 2 dimer, of 8 and 2%, 18n=2 and the other, probably, to its methanol adduct. In

respectively (Figure 2). In Figure 2, groups of signals for the addition to the major group of signals, the total spectrum for

cyclic dimer fi = 2) and trimer ( = 3) species are designated the mass range 156000 Da, in the inset to Figure 3, shows

C,n, and the signal for the cyclic tetramer{M s+Na]*, where a series of very low-intensity peaks that, although extremely

M represents an oligomer withrepeat units of structuri!. small, can be attributed to other typical oligomers. These peaks,

The main signals for each cyclic were for the oligomers with in groups, are designategd,n for cyclic oligomersl7n, L,n

Na*, together with small signals for the same oligomers with for linear oligomersi8n, Am,n for oligomers19n, andAn,n

K* and for adducts with onen(= 2, 3) or two = 2) molecules for oligomers20n in Figure 3. The peak designatéan,1 in

of methanol. The detailed signals from the cyclic dirhén=2, the full spectrum is forl8 =1 with Na"™ and an expansion
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14ii.

Figure 1. Gel permeation chromatograms for products formed from:
(a) 13aA with 14vi; (b) 13aBwith 14vi; (c) 13aBwith 14ii; (d) 13aB
with 14iii; (e) 13aC with 14ii.
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Figure 2. ESI-MS spectra for the product prepared frai3aA and 14t

14v.
anhydride, with a weaker signal for a similar species in which

allowed adjacent peaks attributable to its adducts with 1 and 2 the anhydride end was hydrolyzed to diacid. Additional weak
molecules of methanol to be identified. The peaks at higher peaks observed could be attributed to oligonZ9svhere the
masses are depicted in the expansion which forms the majoranhydl’ide ends were unhydrolyzed or esterified. In addition,
part of Figure 3. The groups designategh, L,4, andAm,4 in among the peaks associated with adducts of the g cyclic
Figure 3 are pairs of peaks for the oligomer indicated withf Na  dimers was a very small peak which could be attributed to other
and the same species with methanol as adduct. In the case opligomers. The mass corresponded to cyclic dimer plus water,
speciesAm,3 and Am,4 there are additionally signals from  especially in the DMF extract. This mass could be attributed to
adducts with two molecules of methanol. The grdyp also a [2+ 2] linear oligomer with one unacetylated amine end and
contains a signal for the oligomer with*HThe groupsAn,n one unhydrolyzed anhydride end. Probably, and more likely,
are for specie€0n with Na* and, at lower masses, for similar  the signal should be attributed to an isomeric cyclic dimer in
species in which only one terminal unit is esterified, and the which one amic acid residue remained unimidized. An example
other is the unhydrolyzed anhydride. Although several of the of a similar species has been observed elsewhere where a very
peaks attributed are very small, these attributions are considered-onstrained cyclic oligomer was involvéd.
to be correct and significant because corresponding peaks are Products from Two-Ring, Hindered Diamines.Three other
observed in spectra of all other samples with related structures.products, prepared from 3-linked dianhydrides with two-ring,
The product froml3aB and 14ii, examined as its methanol hindered diamines, were examined by ESI-MS. These were all
and its DMF extracts, gave similar spectra which were again prepared from either the rigid, 3,3,5-tetramethylbenzidine
totally dominated by signals from cyclic dimer species (peaks (TMB, 14iv) or the more flexible bis(3,5-dimethyl-4-aminophe-
included species associated with l&nd adducts), with weak  nyl)methane (MBXD, 14iii) diamine with either the stiff
signals from other cyclics, up to = 4, and linear oligomers.  dianhydridel3aA or the more flexible dianhydrid&3aB. The
The main distinction in this case was that, in addition to peaks three products all gave very similar ESI-MS spectra to each
for cyclics being relatively a little stronger, there were weak other, but with very different patterns of signal intensities from

signals from the cyclic withn = 1, associated with Na those already described. For all these products, using various
Relatively prominent signals from linear oligomers were for solvents to prepare solutions for analysis, the spectra were
oligomers19 with both ends monoacetylated far= 1-3 in dominated by signals from a variety of linear oligomers, with

the methanol extract and upic= 4 in the DMF extract. There little and, in some cases, no overall contribution from cyclic
were smaller peaks for species with only one end acetylated oligomers. These products are exemplified in Figure 4 where a
for n =1 and 2 and with neither end reacted fo= 1. There spectrum for the product frori3aA and 14iii in acetonitrile
were signals attributable to oligomers similar18, the most solution is shown. Almost all significant peaks above noise level
prominent of which was fon = 1 in DMF, where the amine  in Figure 4 are in distinct groups and can be reliably attributed
end was monoacetylated and the other was unhydrolyzedto various oligomers. The groups of peaks design&gdare
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attributed to fi + n] cyclic oligomersl7, those designateld n the product froml3aB/14iii signals from cyclic oligomerg?7

to the linear p + n] oligomers18, those designatedm,n to were relatively less intense, but extended with very weak signals
linear oligomersl9 formed fromn dianhydride ung and 6 + up [Mz + H]™ and [Ms + Na]*, while for the product from

1) diamine units, and those #@,n to oligomers20 formed 13aA/14iv no signals for cyclic oligomers were observed.

from n diamine andi + 1) dianhydride units. Thus, almost all To summarize, in the spectra described above, most peaks,

significant peaks are within those groups and can be attributedeven the very small ones, could be attributed to a consistent
to the above species with various adventitious cationization series of oligomeric species. Most spectra contained a few
agents and adduct molecules or to closely related species.  additional signals, mostly extremely weak, which could not be
For the product froni3aA and 14iii in acetonitrile solution attributed to any oligomer of realistic structure and sensible end
(Figure 4), the groups of peaks label@gh include signals from groups. Furthermore, these extra peaks did not fall into any

[M, + NaJ* (the major signal) andV, + K]* and for M, + recognizable pattern, either within a spectrum or between
CH3OH + Na]J*; for the groupC,2 these are shown more clearly ~ spectra, allowing for compositional differences, and such peaks
in the inset to Figure 4. The groups designated include are assumed to arise from impurities or unrecognized adducts.
signals attributed to oligomefs with Na™ and the major signal Comparison of Gel Permeation Chromatography and

for L,2 with smaller signals for the same species with; Kor Mass Spectrometry Data.The relative intensities of peaks
L,1 there is a signal for the same species with &hd forL,2 observed cannot be considered to provide definitive information

with methanol as adduct. The group of peaks associated withon the populations of species present in the sample. Different
L,2 is also shown in the inset to Figure 4. In addition, there are solvents used to provide solutions for analysis gave rise to
signals for the related oligomers in which the anhydride-derived signals of different relative strengths from the same sample,
end is unhydrolyzed anhydride with Navhich is the largest  even though the same species must have been present prior to
signal in the group fok,1. This peak foi_,2 is identified asa dissolution. These differences reflect different solubilities of
in the inset to Figure 4, while a signal for the similar oligomer species in the reaction product. However, the spectra presented
in which the anhydride-derived end is hydrolyzed, but unest- show that, in different samples, both cyclic and linear oligomers
erified, diacid is marked. For bothL,1 andL,2 there are also  are readily observed. This contrasts with some other investiga-
signals at 22 Da higher mass than &8 with Na™ which are tions of oligomeric polyimides where only cyclic species were
tentatively attributed to the same oligomer with an additional observed, unless stoichiometric imbalances of reactants were
Na* and loss of H, possibly lost from the acid group of the  used to minimize the content of cyclics in the proddétshich
monoesterified phthalic acid moiety. In the groups lab&ledn might cast doubt on the ability to detect linear species. The
the major signals are for oligomet® with Na* with smaller observation of both types of species, and at different relative
signals from the same species with methanol as adduct and forintensities, in the present work suggests that, to a first ap-
the same oligomer with Kand for related oligomers in which  proximation, the spectra provide a reasonable representation of
one end is unreacted amine; this latter signal is very small for the species present in the reaction products. This view is
Am,2. For Am,3 there are just small signals for oligomer reinforced from a comparison of mass spectrometric and gel
19n=3 with Na" and for its methanol adduct. Finally, for the permeation chromatographic data.

groupsAn,n the major signals are for oligome2® with Na*. Gel permeation chromatograms and mass spectrometric data
ForAn,1 there are also signals for related species with one end show interesting correlations. As already remarked, chromato-
monoesterified. In one case, the other anhydride end is unreacte¢yrams for the higher-molecular-weight products derived from
anhydride and, in the other case, is diacid. There are small14vj show no sign of any oligomeric material at high elution
signals for corresponding speciesiin,2. Also associated within - yolumes, Figure 1, tracesandb; all the product is contained
the groupAn,1 are two signals 22 and 44 Da higher than the \jthin the high-molecular-weight envelope. In contrast, chro-
main signal form the oligome20 which are consistent with  matograms for the lower-molecular-weight products exhibit
species with one additional Naand loss of one Hand with distinct peaks for oligomeric species at high elution volumes,
two additional N& and two H", respectively; the H of the and the main undifferentiated peak is shifted to greater elution
unesterified acid groups could have been replaced by Biad volumes.
the signals are tentatively assigned to such species. Thus, almost |, types of such chromatograms are identified in Figure
all observable signals are attributable to likely oligomers. There | it the products frord3aB with 14ii and13aC with 14ii
are a few tiny peaks that do not appear to be attributable to a”y(traces’c and €) exhibit a single intense peak at very low
species consistent with the relevant known chemistry; these ;100 jar weight. These peaks correlate well with the corre-
extraneous peaks do not fall into any consistent pattern eithersponding mass spectrometric data that are dominated, in each
within an individual spectrum or between spectra for similar case, by a single oligomeric species, namely the cycli(’: dimer
reaction products, allowing for mass differences. These peaks(Figures 2 and 3). The mass spectra show only weak peaks for
are therefore attributed to impurities or unrecognized adducts. other oligomers, and there are no distinct peaks to correlate with
The spectrum from the same product obtained using a DMF such species in the chromatograms.

solution was virtually identical to the above except for a few Second, the chromatogram for the polymer fré8aB and
additional peaks, attributed to DMF adducts, and modified 14iii (Figure 1, traced) and also for related products prepared
relative peaks intensities, thus supporting the validity of the fom two-ring, hindered diamines4iii and 14iv show a series
assignments described above. of distinct, overlapping peaks at high elution volumes, extending
The other two products prepared from the two-ring, hindered beyond the normal calibration range of the GPC instrument to
diamines both gave very similar spectra to those from the abovevery low molecular weight. The mass spectra for these products
product. The only differences were some changes in relative all exhibit peaks for a series of oligomers, with no especially
intensities of the major peaks and minor differences in adducts dominant peak, as observed in the previous examples. Although
observed. In both the product froBaB with 14iii and that it is not possible, at this stage, to correlate individual peaks in
from 13aA with 14iv the major signals were from oligomers the chromatograms with those in the ESI-MS spectra, it is clear
18n=2 with signals from19n=2 the next most intense. For that there is a strong correlation between the two sets of data,
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supporting the view that mass spectrometric data give a process continues, poly(amic acid). It is our experience, and
reasonable description of the populations of species present inthat of many others, that for reaction between a wide variety of
the products isolated, especially at low molecular weights; the diamines and bis(ether anhydride)s with 4-linked phthalic
solvents used for samples preparation for ESI-MS were non- anhydride units the equilibrium constants for this process are
solvents for high-molecular-weight polymers. normally very high, and reaction leads to viscous solutions of

Discussion of Results from Low-Molecular-Weight Prod- high-molecular-weight poly(amic acid)s. Subsequent chemical
ucts. Having established the nature of the products formed from imidization, by addition of acetic anhydride/acetic acid mixture,
3-linked bis(ether anhydride)s and given the consistency of the converts the distribution of poly(amic acid) species to poly-
correlations with GPC data, it is interesting to consider the (etherimide);itis presumed that imidization essentially quenches
origins of the different oligomers present in various products. the equilibrium process. Thus, the final product molecular
It is also interesting to enquire why the products prepared from Weight distribution reflects the distribution of poly(amic acid)
the 3-isomer bis(ether anhydride)s in this study are so different SPecies. That is, extents of reaction are very high, and there is
from those prepared from the 4-isomer dianhydrides and alsoittle formation of cyclic oligomers. The only major exception
from the high-molecular-weight products previously prepared that we are aware of is where bis(2-aminophenoxy) diamines

by Takekoshi et al., using a high-temperature synthesis in are used when, with a stoichiometric equivalence of reagents,
m-cresol20 the products are almost exclusively cyclic oligomErghe

amine groups situatedrtho to the ether linkages are reactive
and lead to high extents of reaction but predispose the poly-

ortho-linked units. A previous communication described a poly- (amic acid) o_hgomers_to cyclize rather than grow to high-
(ether imide) obtained from a bis(ether anhydrididh derived molecular-weight species.

from catechol with 1,2-bis(2zaminophenoxy)benzene, a com-  The procedure adopted by Takekoshi et al., to produce high-
bination which incorporated fowrtho-linked phenylene rings ~ Molecular weight poly(etherimide)s from 3-linked bis(ether
in the repeat unit of the polymer structteThe product anhydride)s, is rather differeft At the high temperatures used,
obtained was of low molecular weight (although the gel any preformed poly(amic acid) would tend to depolymerize.
and MT-MS established that the product contained a very high with continuous removal of water liberated, would eventually
proportion of Cyclic Oligomers_ AISO, a more recent Study of and inevitably achieve h|gh extents of re.action. In praCtiCQ, the
polyimides based on other dianhydrides with various three- and Polymers formed were of moderately high molecular weight,
four-ringed aromatic diamines with 2-aminophenoxy groups, but in principle, with other monomer combinations, high-
giving polymers with two or threeortholinked phenylene ~ Mmolecular-weight cyclic polymers or oligomers could be
groups per repeat unit, all gave low-molecular-weight polymers Produced.

with high contents of cyclic oligomers; a characteristic only In our recent study of bis(2-aminophenoxy) diamines, of
avoided if stoichiometric imbalances of monomers were used different rigidities and with different numbers of aromatic rings,
to force the presence of specific end groups and reduce thewe established that reaction with any of a variety of 4-linked
probability of macrocycle formatioft The current observation  dianhydrides almost always resulted in the formation of cyclic
of cyclic and linear oligomers in polymers derived from bis- oligomers. Only when a stoichiometric excess of one or other
(ether anhydride)s with the ether linkagetho to the anhydride reagent was used were linear oligomers formed; the exception
is an interesting variant to those previous studies. was the product from pyromellitic dianhydride and'4ps(2-

Although the initial treatments of step polymerization as- @minophenoxy)biphenyl, both of which had rigid elements and
sumed formation of linear species offit was soon realized ~ had disparate lengths, where a mixture of cyclic and linear
that cyclic species must be formed concurrefitigubsequent oligomers was formed.
work established that high extents of reaction inevitably = Those observations have parallels in this study. Analysis of
correspond to the formation of cyclic specféShose conclu- the product prepared froh3aA and 14y, the short, flexible,
sions do not determine the nature of the products. Whether theunhindered diamine, exhibited strong evidence for macrocycle
products at high conversion are oligomers or high-molecular- formation, albeit for the cyclic dimer only (Figure 2); the gel
weight polymers must depend on the relative rate coefficients permeation chromatogram was weak and showed no distinctive
for cyclization and growth at each stage. Jacobsstockmeyer features. In contrast, the longer diamibévi with any dianhy-
theory predicts that the population of cyclics should decrease dride gave high-molecular-weight polymers. It is difficult to
with ring size as1~1-%, wheren is the degree of polymerizatid; perceive, on the grounds of chemical reactivity, why, with
this dependence is based on the assumption of a Gaussiaseveral bis(ether anhydride)s with 4-linked phthalic anhydride
distribution of end-to-end distances of the growing species. units, diaminesl4v and14vi both give high-molecular-weight
Kricheldorf et al. recently suggested introducing a parameter poly(ether imide)s, but with the isomeric 3-linked dianhydrides
to quantify the propensity for cyclizatioii We recently reported  only 14vi gives high-molecular-weight poly(ether imide)s while
a situation exemplifying this distinction where poly(ether 14vgives cyclic oligomers. We can only attribute this distinction
imide)s, prepared using the same procedure as that employedo the conformations preferentially adopted by the poly(amic
here and with several dianhydrides, at high conversion producedacid) oligomers from 3-linked dianhydrides withdv. We
high-molecular-weight polymers from bis(4-aminophenoxy) assume that the ends of suah+ n] oligomers have a high
diamines but cyclic oligomers from bis(2-aminophenoxy) di- tendency to come into close proximity and cyclize, whereas the
aminest! The distinction between these scenarios had little to end groups of the equivalent species based4n, with their
do with the intrinsic reactivity of the diamines but to the rigid central biphenyl units, tend to be forced apart and react
disposition of the amine groupstho to the phenoxy linkage. by further polymer growth.

The first step in the solution polymerization process used here The other products examined here were all prepared from
(Scheme 1) is a reversible, exothermic, addition reaction, favoreddiamines with hindering methyl groupsrtho to the amine
at lower temperatures, to form amic acid units and, if the growth groups, i.e., from14ii, 14iii, or 14iv. These methyl groups

We have already demonstrated precedents for the formation
of cyclic oligomeric products from monomers with specific
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restrict the approach of anhydride and amine units. Other studies Table 4. Characterization of Polyimide Films Used in Studies of

have demonstrated that the rate coefficient for propagation in
such situations is more than an order of magnitude lower than
in the absence of methyl groupthe methyl groups must also
restrict rotation in the final substitutédtphenylphthalimde units.
However, this fact alone in insufficient to explain all the
observations. First, all these diamines produced similar high-
molecular-weight polymers from the 4-linked dianhydrides, as
did the unhindered diamines under the reaction conditions
employed. Second, mesitylene diamidéji, produced cyclic
oligomers only, indicating a high extent of reaction, with various
dianhydrides, whilel4iii or 14iv gave primarily or exclusively
linear oligomers, corresponding to low extents of reaction.

In the case of the products prepared fradii, the absence
of rotational isomerism within the diamine forces adjacent
groups to an angle of 12Q@o each other. We suggest that this
constraint forces the terminal reactive end groups of the- [
n] poly(amic acid)s closer than in many other situations and
consequently enhances macrocycle formation. Space-filling
models show that, with some flexibility in the diamine moiety,
it is relatively easy to form the cyclic dimer, identified as the

Physical Properties

Mp thickness  density
polyimide  [kg mol™Y]  T4[°C] [um] [gcm9 \

21aA 105 236 32 1.248 0.162
21bA 130 220 56 1.242 0.166
21aB 68 259 48 1.226 0.169
21bB 64 248

2laE 51 275 51 1.182 0.184
21bE 394 262 49 1.180 0.185
2laF 114 234 45 1.348 0.172
21bF 71 217 44 1.355 0.168

the suggested interpretation or to establish alternative explana-
tions for the observations reported will require substantial further
research.

Attempts to extract oligomers from the precipitated high-
molecular-weight poly(ether imide)s formed from 4-linked
dianhydrides to provide analytical samples failed to give any
identifiable signals. It is possible that either a very low content
of oligomers formed were trapped in the precipitate or were
lost on polymer isolation

Physical Property Studies of High-Molecular-Weight

main oligomeric species formed. ES-MS spectra show a large polymers. To determine the physical properties of polymers

content of cyclics (e.g., Figure 3), and chromatograms show a

single distinct peak (e.g., Figure 2c,e) which is likely to
correspond to the cyclic dimer.

Within the series of 2-ring aromatic diamines there is a clear
distinction between the behavior of species derived from
hindered and unhindered diamines. The unhindered diatdine
with its flexible central ether linkage, gave rise to mainly cyclic
products. In contrast, diamin®iii, a diamine with a central
flexible methylene linkage but with hinderingrtho-methyl
groups, gave primarily linear oligomers, with some cyclic
species, while the diamin®div having a rigid biphenyl unit,
also with hindering methyl groups, gave almost exclusively
linear oligomers. It appears that the methyl groupgho to
the amine and, ultimately, to the phthalimide unit, reduce both
the formation of cyclic amic acid species and the overall rate

and to correlate dielectric relaxation and free volume data with
permeability data, it is necessary to use materials that have truly
polymeric properties and can be cast into free-standing, creasable
films. This requires polymers that are soluble and have high
molecular weights 60 kg mof). The 3-linked poly(ether
imide)s prepared by solution polymerization and chemical
imidization from one- and two-ring diamines gave oligomers
that were unsuitable for investigation. However, simply extend-
ing the length of the diamine to four aromatic rings, with some
in-built flexibility, allowed formation of high-molecular-weight
polymers21 from diaminel4vi. We, therefore, compared the
properties of 3- and 4-linked poly(ether imide& with diol
residueslOX (X = A, B, E andF), as defined in Scheme 1.
These polymers were prepared on a larger scale, and their
molecular weights anilys are presented in Table 4. Polyimide

of reaction. The hindering methyl groups, when reacted with 21bB was not soluble in organic solvents suitable for casting
the anhydride units of the bis(ether anhydride), occupy space membranes and, after initial characterization, the polymer was
above and below the amide linkage in the poly(amic acid) excluded from further studies. Other characteristics of the
intermediate and might well restrict the local conformations polymers and films used are presented in Table 4.

adoptable at the ether linkage in the dianhydride moiety, forcing
neighboring units away from each other and leaving the o o}
oligomers less able to form cyclic products, reducing the rate
of cyclization. This tendency, it is expected, would be enhanced ";;Q @[ﬁ"‘@*
in the case of the rigid diaminkiv where phthalic residues at s 0—x-0 o 21
either end of the diamine are forced away from each other and n
\(/jvhgrednfo cyclic F;]I’OdU(litS welrg obselrv%d. I?oly(eth(.ar.|m|defz)s The high-molecular-weight polymers (Table 4) exhibit con-
erive rqm_14|v ave large, linear, rigid units consisting o sistently higherTys for the 3-linked poly(ether imide)8laX
two _phthallm|de groups and a biphenyl group that could hinder than for their 4-linked isomer21bX; this observation is in
cyclization. accord with data reported previously for related 3- and 4-linked
These COﬂSidera'[ionS, hOWeVer, do not |mmed|ate|y eXp|ain poly(ether |m|de)é6,20Tgs of other 3-linked polymersl recorded
the low extents of reaction achieved, resulting in linear oligomers jn, Table 3, were too low to allow a valid comparison with their
with reactive end groups, in the case of the hindered diamines 4.jinked isomers, but where moderate molecular weights were
with 3-linked dianhydrides. At this stage we can only presume ohtained, the data are consistent with the above observation.
that conformations of active species are such as to massively Theories of gas permeability differentiate the diffusion process
retard reaction over and above that which might be expected according to the extent to which the diffusing species can move
on the grounds of intrinsic reactivity of the end groups and that relative to the mobility of the matrix. Large-scale motion is
the difference in flexibility betweefd4iii and14iv gives a higher  characterized by, which for the polyimides is relatively high.
proportion of cyclic oligomers in the former case. It would therefore appear appropriate to consider these polymers
The several results presented here, and their potentialas being glasses. However, the possibility exists that within these
interpretation, suggest that the reaction mechanism for the polymers, a significant amount of molecular motion can occur
synthesis of poly(ether imide)s by the solution polymerization below Ty A dielectric study was carried out to determine the
route is more subtle than has so far been recognized. To validateextent to which such molecular motions can occur and to explore
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Table 5. Havriliak —Negami Parameters, Loss Maximum, and Dipole average void structure (i.e., free volume) and the permeability

Strength at — 100°C of a gas through the matrix was shown. Subsequently, a number

polyimide o B loss (max) es—¢€w  Ea(kd/mol) of papers illustrating the validity of this approach have ap-

21aA 047 031  0.0446 0385  31.808 peared. 444>

21bA 052 028  0.0140 0.115 3140.9 The positron annihilation process can be influenced by the

21aF 048 059 00311 0.202 344/ 1.3 chemistry of the matrix, but within a series of closely-related

21bF 049 032 0.0268 0.225 28:41.6 h as the pol L thi -

>1aB 047 038 00483 0.38 296517 structures such as the polymers measured in this paper, it can be

21bB - - - - assumed that the observed changes are directly related to the

21aE 049 032  0.0426 0.344 3140.8 relative changes in free volume. The lifetime of the positron

21bE 050 044  0.0311 0.215 3080.9 annihilation provides a measurement of the average void size,

o . . whereas the intensity is directly proportional to the number of
whether any significant differences exist between the molecular \,qi4s in the matrix capable of trapping positronium. The
mobility of the chains within this series of polymers. dielectric studies indicate that the cavities change at a rate greater

Dielectric Characterization. Detglled |sqthermal spectrafor  ihan the positron lifetime, indicating that the quantity measured
the several poc!ymers were determined at intervals Girom is a truly averaged value for the free volume radius. The results
—140 t0—60 °C over the frequency range 685 kHz, and ¢ the positron studies are presented in Table 6. The mean values
data are given in Table 5. Example data for poly@&bFare o o.ps |ifetimes, zs, intensities|s, hole radii R, and free
in shown in Figure 5. Combining the variations in dielectric volumes Vps as calculated by the describeg—hole radius

permittivity (¢') (Figure 5a) and dielectric loss"() (Figure 5b) relationship?é The free volumes probed hy-Ps showed that
with log frequency allowed CoteCole plots to be created (o the polyimides which do not contain fluorine atoms the

(Figure 5¢). Using the result of the analysis, the characteristic jitatimes and intensities were higher for the 4-isomers than for
frequency was calculated and used to compute the activationye 3 isomers. The total free volumes, calculateds#s, probed
energies for dipole relaxation (Figure 5d). The dielectric plots 1, pa| s were therefore higher for the 4-isomers in comparison
for this group of polymers are characterized by a single dipole 4 the values for the 3-isomers. A closer inspection of the data
relaxation process as indicated by a single relaxation processigicates that in certain cases the mean radius and the total
(Figure 5c). ghe lArrheniusl plots indicate a thderrna_lll_y acn\éat?rdh number of the cavities do not follow this simple correlation.
process, and relevant values are presented in Table 5. The ) - -

activation energies do not differ significantly between the several h For _the fluorlne-contglmr;]g Eoly|m|des, the_ freef\{‘olu_réle” of
polyimides. The Cole Cole plots shown in Figure 5d were fitted t rgbttljsgm'?r:epiﬁztragitf o? thfloenr Clﬁgzﬁérig?nn gne\rll?l bsut ;S
in agreement with the HavriliakNegami equatiof4 values of o gma"er S)ilze than thoZe observeg for the 3-isc§)mer The high

?: ﬂ_ teh e) d;fl_e(l:'gg: olgs;gw gixslgl];;gydaingt:&s 550|Ilator strengt values for the product observed wilaE and 21bE are

s )y . . . . . .

In general, the3-relaxation processes in all the polyimides |nd|cat|\{e of the_effects of steric _hmdrance of bqllqrt-but_yl

studied were broad due to the nonuniformity of the glassy state groups in the bridge group opening up th.e mat.rlx that glds the

and the variety of local environments around the dipoles. The dlffus!on process. The cIo_se packing possible with the d'm‘?thy"

coincidence of the CoteCole plots obtained at different temper- SUbSt'tUqu bridge group m_laAIe_ads to both a smaller raqhus
r{or the voids and a lower intensity. Thetho-methyl substit-

atures indicates that the nature of the process associated wit ts in21aBinhibit f bl Kina leadina t - d
the dipole relaxation does not change over the temperature rang@en s In21abinnibit favorable packing leading to an increase

studied. The activation energies all have similar values, implying \'I/'%Id rtz)a_dlus an(_j a S“g.gt |ncre?ste)l n _thetrr]\urgb_er density IOf V(.)(;ds'
that the barrier to reorientation is similar for all the polymers € bigger microvoids avarable In the s-Isomer polyimide

studied. Inspection of Figure 5 indicates that the common ele- would allow a higher probability (.Jf diffusion jumps of the gas
ment for all the polymers would be the diphenyl ether unit. molecules and promqte perrr;ea.blhty'. Howe\{er, Fhe free volume
Changes in the nature of the linking bridge unt) (would pr_obed by PAL_S_deflned_a;g I3 in Fh's case Is higher for the
influence the chairchain interactions but will not dramatically 4-|somer-contaln|ng poly|m|de .Wh'Ch |mplles that on average
influence the form of the barrier. The differences in the magni- there is more space for d|ffu3|9n. Th|s begs the question of
tude ofes — €., would arise from changes in the distribution of Whethe_r itis the S'Ze.Of the y0|d or its frequency that is the
dipoles involved in the relaxation process which would be sen- governing factor _ff)r diffusion in the.r_n_embrane.. )
sitive to the distribution in the ground state. Comparison of the ~ Gas Permeability. The permeabilities and diffusion and
3- and 4-isomers indicates that certain systems21®A and solubility coefficients of the polyimides were determined at 298
21bA, exhibit significant differences whereas the values2ftaF K and 4 atm pressure for oxygen, carbon dioxide, nitrogen, and
and 21bF are relatively close. The difference between these argon gases. Permeabilities for the several gases for each
structures is the presence of the fluorine atoms in the bridge Polymer are recorded in Table 7.
methylene structure between the two phenyl group2liaF For systems investigated here the permeability coefficients
and21bF. The differences in the ability to pack chains in this (P) vary by more than a factor of 3 depending on the structure
central section as influenced by the 3- or 4-linkage influences of the polyimide and gas used. Valueskfor polymers with
the energy difference between states accessed during the dipold-phthalimide units (designat&db) show the same tendencies
rotation and change the observed strength of the process.  between structure and properties as those reported previously.
Inspection of Figure 5d indicates that the dipole motion at The same tendencies are maintained for the new polymers with
room temperature occurs with a relaxation time less thad®0  3-phthalimide units, designate2fla Thus, it has long been
s. For all of the polymers studied, the dipoles are labile at room recognized that fluorine-containing polymers have higher per-
temperature and indicate that, despite the high glass transitionmeabilities than their hydrogenated equivaléfata in Table
of the polymer, localized motions of the polymer backbone are 7 are generally consistent with this observation where fluorinated
possible and will aid gas diffusion through the membrane. poly(ether imide)®21aF and 21bF have higher permeabilities
Positron Annihilation Lifetime Spectroscopy. In previous than2laAand21bA, except when argon is the permeant where
studies,® the ability to demonstrate a correlation between the values for21bA and 21bF are very similar. Methyl andert-
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Figure 5. (a) Dielectric permittivity spectra foR1bF polyimide. (b) Dielectric loss spectra f@&1bF polyimide. (c) Cole-Cole plot for21bF
polyimide. (d) Arrhenius activation energy plot fadbF polyimide.

Table 6. Lifetime, Intensity, and Spherical Cavity Model Results for the Polyimides at 298 K

polyimide 73(ns) 13(%) R (nm) Vps(NMP) 73913 [(Ns%)]
21aA 1.53+ 0.02 10.2+ 0.6 0.238+ 0.003 0.056t 0.001 36.5+ 2.5
21bA 1.75+ 0.03 12.9£ 0.2 0.2614+ 0.004 0.074t 0.002 69.1+ 2.9
2laF 2.01+0.01 12.1+0.8 0.286+ 0.001 0.098+ 0.001 98.2+ 3.8
21bF 1.95+ 0.02 14.4+ 0.1 0.282+ 0.003 0.094+ 0.002 106.# 3.9
21aB 1.87+ 0.02 12.3£ 0.7 0.273+ 0.003 0.085t 0.002 80.4£ 3.0
2laE 2.11+0.02 17.6+: 0.4 0.295+ 0.003 0.108t+ 0.002 165.3 2.9
21bE 2.14+ 0.02 22.3£0.2 0.298+ 0.003 0.11H 0.002 218.5+ 3.1

Table 7. Permeability Coefficients for Oxygen, Carbon Dioxide,
Nitrogen, and Argon in Polyimides, Based on Diamine 14vi, at 298

K and 4 atm?

polyimide Poy Pco Pn Pal
21aA 0.45 2.22 0.08 0.35
21bA 0.79 2.26 0.08 0.45
21aB 1.64 4.26 0.33 0.65
21aE 2.75 7.02 0.69 1.45
21bE 3.37 13.47 0.56 1.41
21aF 156 5.09 0.29 0.64
21bF 0.99 3.27 0.21 0.40

aValues of P are in 10 cm? (STP) cnt! s~1 cmHg™. P & 3% error.

butyl substituents on the diol moietytho to the ether linkages

to the phthalimide unit have also been reported to increase
permeability}? and this tendency is maintained here as il-

lustrated with21aB, 21aE, and especiall21bE.

Distinctions between the overall permeabilities of poly(ether with ortho-methyl ortert-butyl groups. In most cases introduc-
imide)s based on 3- and 4-linked phthalimide units are not tion of trifluoromethyl groups (in21aF and 21bF) enhance
consistent. In some cases, permeabilities of gases through polysolubility coefficients over those d?1aA and 21bA, except
(ether imide)s with 3-linked phthalimide units are lower than, that for21aFthe solubility coefficients for carbon dioxide and
or similar to, those for the 4-linked isomer. This situation applies argon are lower, as is that for nitrogen in the cas@HfF.

to polymers based on di@DA for all gases and for those based
on 10E for oxygen and carbon dioxide. However, for the
fluorinated poly(ether imide)s based @fF, for all gases, and
for the polymers based diOE for nitrogen and argon diffusion,
the polymers with 3-phthalimide units have the higher perme-
abilities.

Within this series of polymers, there is a strong correlation
between gas permeabilities and both the positron annihilation
data and calculated free volume fractiohisecorded in Table
4. For all gases, values Bfincrease with values of; calculated
from the polymer densities with the aid of eq 1, although the
permeability of21aE, with tert-butyl groups, toward carbon
dioxide is relatively high.

Solubility coefficients S, determined from nonstationary
permeability data and recorded in Table 8, exhibit high values
for carbon dioxide for all polymers. The other main feature of
the data is that solubility coefficients are higher for polymers
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Table 8. Solubility Coefficients for Oxygen, Carbon Dioxide, other combinations of permeabilities for gas separations, is
Nitrogen, and Argon in Polyimides at 298 K and 4 atn? generally consistent with most data determined in our broader

polyimide S0 Sol SvP Sa® studies but, within the limitations of this study, is not strictly
21aA 72 751 45 98 adhered to within the small series of polyimides having either
21bA 4.2 50.4 2.8 7.3 3- or 4-linked dianhydride moieties. The main exceptions to
21aB 11.4 74.5 6.5 10.7 the general trend are that polym@ibE exhibits the best
gigg 1% ;gg g'g ﬁ’g combination of permeability and permselectivity for carbon
21aF 75 56.1 56 8.8 dioxide/nitrogen, carbon dioxide/oxygen, oxygen/nitrogen, oxygen/
21bF 5.7 69.8 2.2 8.2 argon, and carbon dioxide/argon separations and good perm-

selectivity for oxygen/argon separations. High overall properties

aValues of S are in 16 cm?® (STP) cn3 cmHg ™. P + 3% error. : . . -
for gas separation, especially for oxygen/nitrogen separation,

Table 9. Diffusion Coefficients for Oxygen, Carbon Dioxide, for polymers based on the dianhydritiébE have been reported
Nitrogen, and Argon in Polyimides at 298 K and 4 atn? previously? The related polyme21aE also has relatively high
polyimide Do, Dco, Dn,° Das® permselectivities with good permeabilities for argon/nitrogen

21aA 6.2 3.0 18 36 and oxygen/argon separations.
21bA 18.8 4.5 3.0 6.2 Ding et al. reported relatively high permselectivities for
21aB 14.4 5.7 5.0 6.1 hydrogen/nitrogen and oxygen/nitrogen separations for two
giﬁg ig:g 12‘5 ;g 12'.2 specific polyimides based on 3;hked phthalimides and4,
21aF 20.9 91 52 73 but associated with lower permeabilities than their 4iked
21bF 17.4 4.7 9.6 4.9 isomers?! Based on the data in the current study, this tendency
aDis in 10-9 cm? s-L. b 4+ 3% error. is not general. For single gas permeabilities determined here,
in some cases permeabilities for polymers based on 3-linked
Table 10. Selectivity Ratios for Polyimides at 298 K and 4 atm dianhydrides are higher and in some cases lower than those of
polyimide  Pco/Po, Pco/Py, Po/Pn, Do/Dyn,  So/Sw, their 4-linked isomers. Although there is some tendency for the
21aA 29 274 55 35 16 polymers based on 3-linked dianhydrides to exhibit lower
21bA 29 26.9 9.3 6.3 15 diffusion and higher solubility coefficients, these tendencies are
21aB 2.6 13.0 5.0 2.9 1.7 not consistently upheld; the fluorinated polymers tend to exhibit
gisg 421'8 ég-g 2-2 2‘71 1? the opposite trend. Similarly, there is no overriding tendency
91aF 3.2 175 e 20 13 in permselectivity among the polymers with 3- or 4-linked

21bF 33 15.8 4.8 2.8 17 dianhydride moieties.
Plots of diffusion coefficients and permeabilities indicate that,

Diffusion coefficientsD were determined from permeabilities ~ for the gases studied, these parameters are almost proportional
P and solubility coefficientsS, assuming thaP is the product to 73%l3. However, closer inspection indicates that significant

of D and S (Table 9). Again, the fluorinated polymeRiaF deviations for the apparent linear correlation do occur in the
and 21bF have higher values ob than their hydrogenated case of the diffusion coefficient and reflect the effects of local
equivalents21aA and21bA, except for values db for oxygen interactions which are reflected in the solubility coefficients.
and argon for21bF, where lower values oD were found. Because the cavities are dynamic entities, it is also possible

Polymers withortho-methyl ¢1aB) andtert-butyl (21aE, 21bE) that subtle effects of shape and the distribution can be influenc-
groups also have high values &f. For the nonfluorinated  Ing the values and lead to apparent deviations from a simple
polymers, values ob for the 4-linked polymers were higher  linear behavior.

than for the 3-linked polymers. For the fluorinated polymers .

the reverse trend was observed, except for nitrogen diffusion €onclusions

where agairD for the 4-linked polymer was higher. Apart from By performing aromatic nucleophilic displacement reactions
the low values oD for 21aF, for diffusion of oxygen, an@lak between various diols and 3-nitrophthalodinitrile, in the presence
for diffusion of carbon dioxide, and the high value Dffor of potassium carbonate in anhydrous dimethyl sulfoxide, it was
21bF, for diffusion of nitrogen, values oD are almost  concluded that the reaction proceeds with equal facility as the
proportional toVs. well-established reaction with 4-nitrophthalodinitrile. The bis-

Comparison of the values &, D, andSshows that the high (ether dinitrile)s so formed were readily converted to bis(ether
permeabilities of some poly(ether imide)s are primarily a result anhydride)s.
of high solubility coefficients, although fluorinated polymers From the results of polymerization reactions between bis-
often have been reported to have high permeabilities. However, (ether anhydride)s and 4;8is(4’-aminophenoxy)biphenyl, it
as in our previous studiés, it is polymers withortho-methyl was concluded that bis(ether anhydride)s with 3-phthalic
groups in the diamine moiety and especially witttho-tert- anhydride units react with at least equal facility as bis(ether
butyl groups which have the highest permeabilities. These anhydride)s with 4-phthalic anhydride units.
tendencies were attributed to the alkyl substituents hindering  Bjs(ether anhydride)s with either 3- or 4-phthalic anhydride
chain packing to leave voids that enhanced gas permeability. ynits were polymerized in solution (10 wt % solids) with a
This proposition is supported by the positron annihilation yariety of aromatic diamines and imidized. The reaction products
lifetime data. were characterized. While it was demonstrated that the bis(ether
Table 10 presents permselectivities for several pairs of gasesanhydride)s with 4-phthalic anhydride units, as observed in other
for each polymer. It is generally perceived that there is a tradeoff studies, gave high-molecular-weight polymers, it was concluded
between permselectivity, calculated from single gas permeabili- that bis(ether anhydride)s with 3-phthalic anhydride units prepared
ties, and permeabilities of the permeants, so that high perme-in this way, in most cases, yield only low-molecular-weight
ability is often associated with low selectivity, and vice products. These low-molecular-weight products were examined
versa?’“8 This tendency, based on the data in Table 10 and by electrospray-ionization mass spectrometry, and from an
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