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ABSTRACT: The crystal and molecular structures of two isomeric, aromatic, pyromellitimide oligomers 1
and 2 have been determined by single-crystal X-ray diffraction. Crystal data for 1 (C,H2sN2010Ss): triclinic,
P1;a =8.038(3), b =10.947 (3), c = 11.308 (4) A; a = 95.75 (3), 8 = 105.79 (2), v = 92.89 (3)°. Crystal data
for 2 (C4sH2sN2010S2): monoclinic, P2,/a; a = 11.844 (5), b = 6.977 (2), ¢ = 22.694 (6) A; 8 = 101.96 (3)°. The
structure of the yellow isomer (2) provides the first direct evidence of complementary, face-to-face stacking
between electron-rich imidophenoxy (N-Ar-0) and electron-poor pyromellitimide units in adjacent chains,
an association long suspected but not yet conclusively demonstrated in aromatic polyimides. In contrast,
the colorless oligomer (1) adopts a packing mode in which all the parallel ring-ring contacts occur between
aromatic systems of like, rather than complementary, electronic character.

Introduction

High-performance aromatic polyimides have been sub-
jected to intensive study since their commercial intro-
duction some 30 years ago.! Many investigations have
been directed toward achieving an understanding, at the
molecular level, of characteristic polyimide properties such
as color, fluorescence, photoconductivity, unusual resis-
tance to solvent attack, and high glass transition tem-
peratures. Since aromatic polyimide molecules generally
contain an alternating sequence of electron-rich and
electron-poor subunits, it has often been suggested that
some or all of these properties may depend on the existence
of intermolecular charge-transfer interactions between
electronically complementary regions of the polyimide
chains.?

The importance of charge-transfer in polyimides may,
however, have been overemphasized in the past, since
known Ty—structure relationships have recently been
accounted for quite satisfactorily in steric terms,? without
recourse to a charge-transfer model. Moreover, it haslong
been known that, even in classical “charge-transfer com-
plexes”, intermolecular interactions are actually dominated
by dipolar and dispersive forces.# There has even been
doubt as to whether the characteristic “charge-transfer”
absorption of polyimides in the visible region should be
assigned to an intermolecular or intramolecular process.’
Nevertheless, a recent high-pressure spectroscopic inves-
tigation provides very strong support for the existence of
intermolecular charge-transfer absorptions in the visible
spectrum of poly[bis(4-phenoxyphenyl)pyromellitimide]
film® and thus suggests that adjacent stacking of (electron-
rich) imidophenoxy and (electron-poor) pyromellitimide
units must indeed occur in the solid state (Figure la).

So far as we are aware, however, there is no clear-cut
structural evidence for this type of association between
polyimide chains. X-ray diffraction studies of a series of
aromatic polyimides? suggest that the chains pack “in
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Figure 1. (a) Potential charge-transfer interactions in poly-
[bis(4-phenoxyphenyl)pyromellitimide]; (b) “in-register” chains
in crystalline poly(pyromellitimides).

register” so that adjacent stacking of electronically com-
plementary subunits in the crystalline state is not observed
(Figure 1b). Charge-transfer transitions could, however,
be equally well attributed to noncrystalline regions of the
polymer, and indeed the most intensively studied poly-
imide, poly[bis(4-phenoxyphenyl)pyromellitimide] (Du
Pont’s Kapton), is normally characterized by a very low
level of crystalline order.®

The crystal structure of poly[bis(4-phenoxyphenyl)py-
romellitimide] has not in fact been fully established; the
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tworeported X-ray fiber diffraction studies give conflicting
results even for the crystal system and unit cell.® The
value of single-crystal oligomer X-ray data in providing
structural information for the determination of polymer
structure and for the modeling of polymer behavior is,
however, becoming steadily more apparent.’® In an
attempt to resolve some of the structural uncertainties
surrounding polyimides, we have synthesized and deter-
mined the crystal structures of the isomeric oligoimides
1 and 2. We now report conformational and crystal
packing data which provide, for the first time, unambig-
uous evidence of electronically complementary stacking
between aromatic pyromellitimide chains.

Results

The isomeric diamines 3 and 4 were prepared (Scheme
I) by reaction of 3- or 4-aminophenol, respectively, with
4-chlorophenyl phenyl sulfone in the presence of potassium
carbonate. Condensation of 3 and 4 with pyromellitic di-
anhydride yielded the oligomeric imides 1 and 2 in ca.
40% yield after crystallization.l! Single crystals of 1 and
2, suitable for X-ray analysis, were grown by slow
evaporation of solutions in N-methylpyrrolidone (1) or in
dichloromethane/chlorobenzene (2).12

X-ray analysis revealed that the oligomer molecules
(Figure 2) adopt strikingly different conformations in the
solid state.!3 The oligomer 1, derived from 3-aminophe-
nol, takes up a centrosymmetric S-shaped conformation
in which the terminal phenylsulfonyl groups A are folded
back toward the center of the molecule and are positioned
approximately parallel to and overlying their associated
imide functions D (centroid-centroid distance, A-D = 7.48
A). This geometry is achieved by a combination of (i) a
relationship between the imide unit D and the 3-imidophe-
noxy residue C which is nearer orthogonal than planar
(average inter-ring torsion angle 73°), (ii) a similar
relationship between rings C and B (118° bond angle at
oxygen, 70° between mean planes), and (iii} a conventional
“open-book” conformation (104° bond angle at sulfur) for
the terminal diphenyl sulfone unit (torsion angles, C(1)C-
(8)S(7)C(8) = 96° and C(6)S(7)C(8)C(9) = 91°).

In contrast, the all-para oligomer 2, which is also cen-
trosymmetric, adopts a much more generally flattened
and extended conformation, with an average inter-ring
torsion angle between the imide unit D and the 4-ami-
nophenol residue C of only 38°. The ether bond angle
between rings C and B is 121°, and the angle between
their mean planes is 39°. This latter rotation is such as
to bring ring B almost into coplanarity with the central
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Figure 2. Molecular structures of (a) oligomer 1 and (b) oli-
gomer 2, with atom numbering and ring identifiers.

Scheme I
Synthesis of Oligomers 1 and 2
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pyromellitimide fragment (14° between the mean planes).
The geometry of the diphenyl sulfone residue (bond angle
at sulfur of 106°) is similar to that observed in oligomer
1, though with slightly greater deviations from ideal
geometry (torsion angles C(1)C(6)S(7)C(8) = 113° and
C(6)S(7)C(8)C(9) = 80°).

Associated with these contrasting conformations are very
significant differences in molecular packing. In1,the near-
parallel alignment of rings A and D, coupled with the ca.
7.5-A (A-D) ring-ring separation, allows insertion of the
terminal sulfone-bearing ring A of a symmetry-related
molecule (Figure 3), so creating an infinite face-to-face
stacking arrangement between the arene-sulfone and py-
romellitimide rings (interplanar separations: A-A’ = 3.55
A,A-D’=3.73A). Furthermore, within this arrangement
there are aromatic edge-to-face interactions (centroid-
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Figure 3. Intermolecular contacts in the crystal structure of
oligomer 1. Dotted areas indicate van der Waals surfaces.

(a) (b)

Figure 4. (a) Intermolecular contacts in the crystal structure
of oligomer 2, highlighting the electronically complementary
stacking of imidophenoxy and pyromellitimide groups. (b) The
same interaction for three adjacent chains, projected perpen-
dicular to the central pyromellitimide unit.

centroid distance 5.4 A) between the terminal arene group
(ring A) of one molecule and the ether-sulfone ring (B) of
its interlocking neighbor (Figure 3). The pyromellitim-
ide unit also interacts particularly strongly with a sulfone
oxygen of an adjacent molecule [O(7b)...C(25), 3.07 A;
0(7b)...N{21), 3.08 &; O(7b)...C(22), 3.12 A]. These close
interatomic contacts are consistent with a strong elec-
trostaticinteraction between the negatively polarized sul-
fone oxygen and a positively polarized region associated
with the C-N-C unit of the imide ring.

The more extended molecules of oligomer 2 pack in
lamella-like fashion, with the lamella plane inclined at
some 36° to the long axis of the molecule (Figure 4). The
terminal arene-sulfone rings again interlock but nowin an
edge-to-face rather than face-to-face orientation. There
are a number of close, intermolecular, carbonyl-carbonyl
contacts, but perhaps more significantly there is an
approximately parallel overlap of the pyromellitimide
unit of one molecule with the 4-imidophenoxy residue of

its cl(fest neighbor (mean interplanar separation C-D’ =
3.39 A).
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Discussion

The close and parallel overlap in oligomer 2 between an
electron-rich 4-imidophenoxy ring of one chain and an
electron-deficient pyromellitimide unit of an adjacent
chain is certainly consistent with the proposed existence
of intermolecular charge-transfer interactions in aromatic
polyimides.2® In the present oligomer structure, com-
plementary interactions extend in stepwise fashion
throughout the crystal (Figure 4). The geometry of this
particular contact places the HOMO (associated princi-
pally with an imidophenoxy unit) of one oligomer directly
adjacent to the LUMO (localized essentially on the py-
romellitimide residue) of its closest neighbor.’¥ An in-
terchain charge-transfer transition (HOMO — LUMO)
may well therefore be responsible for the intense yellow
color of compound 2 in the solid state. However, the
relatively planar conformation of this oligomer will also
favor electron delocalization via intrachain charge trans-
fer,5 and indeed a dilute (1% w/v) solution of oligomer 2
in NMP does retain a faint but perceptible color. A
quantitative study of absorbance as a function of con-
centration is clearly needed to resolve the relative con-
tributions of inter- and intramolecular transitions to the
visible spectrum of this compound.

Oligomer 1 is essentially colorless, both in the solid state
and in solution. This suggests an absence of charge-
transfer interactions, and indeed in the crystal structure
of 1 (Figure 3) all the parallel ring-ring contacts occur
between aromatic systems of like, rather than opposite,
electronic character. Moreover, assuming the crystal
structures to represent conformational ground states, the
much greater deviations from ring-ring coplanarity in oli-
gomer 1, when compared with oligomer 2, would also tend
to restrict intramolecular charge transfer.

Conclusions

Even though this work provides firm evidence for
electronically complementary self-stacking of pyromelli-
timide chains, it is clear that further work is needed to
correlate this type of interaction with optical properties
and to disentangle contributions from intermolecular
(packing) and intramolecular (conformational) effects. It
must also be borne in mind that charge transfer per se
makes only a very small contribution to ground-state in-
termolecular binding energies. It hasrecently been pointed
out that intermolecular charge transfer in many systems
is in fact mainly a consequence of, rather than a driving
force for, complementary =—r stacking,!® and our own
theoretical studies indicate that this conclusion is also
valid for the oligomer structures reported here.1¢
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