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ABSTRACT: Polyimide is one of the most important high-
performance polymers, which is widely used due to its
excellent mechanical performance and thermal stability.
Unlike the conventional synthetic approach, hydrothermal
polymerization enables the synthesis of polyimides without
any toxic solvent and catalyst. Herein, we report the synthesis
of polyimide-based microparticles (PIMs) through one-pot
hydrothermal polymerization using precursors of mellitic acid
(MA) and three isomers of phenylenediamine (PDA) (o-, m-,
and p-PDA). Interestingly, the chemical composition of PIMs
was highly tunable with the choice of the PDA isomers,
leading to considerable morphological differences between
PIMs. The molecular dynamics simulation and density functional theory calculation of the polymeric segment of the respective
PIMs suggested that the relative ratio of amide to imide influenced the rotational freedom of the polymeric chains and number
of hydrogen bonds, resulting in the well-defined structures of respective PIMs. Considering the highly tunable nature of PIMs
coupled with the facile synthetic protocol, we anticipate prospective potentials of PIMs in materials, energy, and composite
applications.

Polyimide (PI) is one of the most important high-
performance polymers with excellent thermal stability,

mechanical performance, and chemical resistance.1 The
classical synthesis of PI involves a condensation reaction
between aromatic dianhydrides and aromatic diamines under
high-boiling and toxic solvents, catalysts, and high temper-
atures, which often imposes technical challenges in practical
applications.2−4 The formation of PI from its building block is
essentially irreversible, and often, its chemical stability makes
the PI neither soluble nor fusible with other materials.
Therefore, two-step casting and imidizing of the polyamic
acid intermediate are necessary for the applications of PIs.5,6

Consequently, in situ control over its composition, crystal-
linity, and morphology can provide a new means to create PIs
with advanced material properties.
As an alternative to the conventional method, recent

progresses are geared toward alleviating many synthetic
challenges, including (1) phase separation of poly(amic acid)
oligomers in apolar solvents,7 (2) the polymerization of
dianhydrides and diisocyanates via decarboxylation,8 (3)
solvent-free, solid-state polymerization,9 (4) polymerization

in ionic liquids as reaction media,10 and (5) hydrothermal
polymerization.11 In particular, hydrothermal polymerization is
a high-temperature, high-pressure aqueous solution reaction
that has been explored due to its simplicity, environmental
sustainability, and low cost.12 The hydrothermal reaction has
been typically employed in the synthesis of inorganic
crystalline materials such as zeolites and carbonaceous
materials.13 As a notable example, Unterlass and co-workers
have recently employed hydrothermal polymerization for the
synthesis of poly(p-phenylene pyromellitimide) with high
crystallinity.11 The growth mechanism of highly crystalline
poly(p-phenylene pyromellitimide) was attributed to the
repeated dissolution−polymerization−crystallization of mono-
mer salts.
With the advancement of synthetic approaches, a fine

control over the morphology and molecular orientation in PI
synthesis is increasingly receiving attention owing to its
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significant influence on the mechanical and chemical stability.
For example, PI particles have been typically synthesized by
precipitation due to its poor solubility and intractability.
Kimura and co-workers have reported the control over the
morphology of PI in various structures such as nanoribbon,
whisker, and sphere through a reaction-induced phase
separation during the solution polymerization process.14−16

Even with the progress in the morphology control of PI
structures, the critical role of the precursors in controlling the
chemical structures of PIs with different macroscopic
morphology has not been a subject of intensive study.
Herein, we report a one-pot hydrothermal polymerization of

polyimide-based microparticles (PIMs) from the condensation
between mellitic acid (MA) and three structural isomers of
phenylenediamine (PDA) (e.g., o-, m-, and p-PDA) without
the formation of monomer salts. We found that the chemical
composition of PIMs was highly tunable with the choice of
PDA isomers, leading to a fine control over the morphology of
PIMs with varying dimension. These structural isomers of
PDA influenced the mode of hydrothermal polymerization
owing to the different structural requirement and rotational
freedom of the polymeric chains, which eventually determined
the characteristics of PIM such as the chemical resistance and
thermal stability.
As illustrated in Figure 1, three types of PIMs were

synthesized by the condensation reaction of the amine group
of PDA and carboxylic acid of MA through hydrothermal
polymerization at 180 °C for 12 h. Unlike the conventional
bifunctional pyromellitic dianhydride monomers, here we
choose multifunctional mellitic acid as a precursor to allow
the condensation reactions with isomers of phenylenediamines
to control the composition and morphology of nano- and
microstructures of polymeric particles. The molar ratio
between PDA and MA was fixed to three, to balance the
number of amine and carboxylic acid functional groups (see

Supporting Information for details). Although the condensa-
tion reaction between amine and carboxylic acid groups does
not readily occur without a proper catalyst, it is reported that
the imide formation between them becomes favorable at
hydrothermal condition.17

Interestingly, the morphology of the resulting PIMs was
considerably different for different PDAs (Figure 1). For
example, no uniform morphology was observed in the case of
o-PIMs and p-PIMs, while m-PIMs displayed micrometer-sized
particles with a regular spherical shape. The average diameter
of m-PIMs was determined to be 1.12 ± 0.33 μm with a
relatively low size distribution. We also explored the effect of
solution concentration on the particle size by varying the
concentration of m-PDA and MA from 1.0 to 20 mg/mL
(Figure S1 in the Supporting Information). The average
particle diameter of m-PIMs increased gradually from 0.74 to
1.25 μm, while their spherical morphology remained constant
regardless of the reaction conditions. In order to further
investigate the composition and morphological changes
depending on the reaction time and relative ratio of PDA to
MA during the hydrothermal polymerization, m-PIMs were
synthesized by varying reaction time from 24 to 48 h and the
molar ratio of PDA to MA from 1.5 to 6 with the overall
concentration of m-PDA and MA fixed at 10 mg/mL. Although
the reaction time increased, the morphology, thermal stability,
and chemical compositions were not significantly affected by
the longer reaction time (Figure S2). In addition, when
different precursor ratios are employed, all m-PIMs displayed a
spherical morphology with a similar composition and thermal
stability (Figure S3).
The chemical structures of the respective PIMs were

characterized on the basis of FT-IR and X-ray photoelectron
spectroscopy (XPS) (Figure 2). The deconvoluted spectrum of
the overlapped FT-IR peaks clearly suggested the presence of
an aromatic group, carbonyl groups from amide/carboxylic

Figure 1. Schematic representation of hydrothermal polymerization of mellitic acid (MA) and three structural isomers of phenylenediamine (o-, m-,
and p-PDA) and the corresponding SEM images of the polyimide-based microparticles (PIMs).
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acid and from cyclic imide in the region of 1450−1800 cm−1.
Interestingly, o-PIMs displayed no peaks over 1700 cm−1

corresponding to cyclic imide, mainly due to the restricted
steric requirement for the formation of cyclic imide between
the carbonyl groups and two neighboring amine groups at the
ortho-position. Unlike the o-PIMs, both m- and p-PIMs
showed symmetric and asymmetric carbonyl peaks of cyclic
imide at 1710−1730 and 1775 cm−1, respectively (Figure S4).
The relative fraction of the respective functional groups was
compared by the deconvoluted peak area. The fraction of the
imide group was similar in both m- and p-PIMs, at 25% and
28%, respectively. However, the fraction of the amide group
was considerably different, at 2.5% and 16% for m-PIMs and p-
PIMs, respectively. This result clearly demonstrates the critical
role of precursors in controlling the chemical structures of
PIMs with different macroscopic morphology.
The chemical composition and the states of the respective

elements in the PIMs were further investigated by elemental
analysis (EA) coupled with XPS (Figure 2 and Table S1). The
EA data suggested that there was almost no difference in the
fraction of carbon within the respective PIMs (ca. 47%).
Interestingly, however, the fraction of nitrogen and oxygen
varied considerably depending on the type of PIMs; for
example, there was 10.0, 8.8, and 8.3% of nitrogen and 10.3,
12.1, and 15.7% of oxygen for o-PIM, m-PIM, and p-PIM,
respectively. Furthermore, by combining the elemental
composition analysis with the deconvoluted high-resolution
XPS spectra, each element comprising the PIMs was carefully
assigned. For example, the C 1s spectra revealed the presence
of four distinct components, including sp2 carbon (284.4 eV),
C−N group (285.5 eV), amide group (287.4 eV), and imide
group (288.8 eV), which are all in good agreement with the
previous report (Figure S5).18 In addition, the N 1s spectra
demonstrated the peaks attributable to amide (398.8 eV),
aromatic imide (399.8 eV), and protonated N (401.3 eV)

(Figure 2d).19,20 Similarly, the O 1s peaks were assigned to
carboxylic acid (531.2 eV), carbonyl (533.0 eV), and hydroxyl
(535.0 eV) (Figure 2e).21 For nitrogen, the atomic percentage
of the aromatic amide and imide bond was decreased from o-
PIM to p-PIM as the fraction of the C−N bond also decreased.
Taken together, these data again indicated that not only the
morphology but also the chemical composition of the
respective PIMs were distinct with the type of precursors for
the hydrothermal polymerization.
Because of the different chemical compositions, particularly

the ratio of the imide to amide bond, the PIMs displayed a
different chemical resistance in solvents (Figure S6 and Table
S2). For instance, o-PIM having only amide bonds dissolved
readily in polar solvents such as DMF, DMSO, and NMP,
whereas m-PIM with a high fraction of the imide group does
not indicate any solubility in the solvent tested except a partial
solubility in DMSO. This observation clearly demonstrates the
important role of the imide bond for enhanced chemical
resistance in PIMs. Moreover, the thermogravimetric analysis
(TGA) revealed the thermal stability of the PIMs (Figure S7).
The first critical weight loss occurred at 9.5%, 7.9%, and 13.3%
at 240, 250, and 340 °C for o-PIM, m-PIM, and p-PIM,
respectively, which indicated the transition of amide to imide
bonds in accord with the portion of amide bonds present in the
FT-IR data (Figure S4 and Table S3). Even though the
fraction of imide increases, there were still amide bonds
remaining which indicated that the conversion of the amide to
imide bond did not reach 100%. The weight percentage of the
residues after thermal decomposition at 600 °C was 59.6%,
66.1%, and 49.1%, respectively. Interestingly, both m-PIM and
p-PIM maintained their spherical structure even after annealing
at 900 °C, while o-PIM melted and lost its structural integrity
even at 500 °C, suggesting a critical role of the imide group for
enhanced thermal stability (Figures S8 and S9). Although the
amount of remaining residues after annealing at 1000 °C was

Figure 2. (a) FT-IR spectra and (b) X-ray photoelectron spectroscopy (XPS) survey spectra of respective PIMs prepared from different precursors.
(c) Relative ratio of respective peak areas based on FT-IR spectra and (d, e) comparison of the deconvoluted high-resolution spectrum of o-, m-,
and p-PIM in (d) N 1s and (e) O 1s peaks combined with elemental analysis.
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smaller than that of commercial PI (PMDA-ODA)22 due to
amide to imide transition, the weight loss at 600 °C was
similar, indicating a comparable thermal stability with
commercial PI. Moreover, the high solubility of o-PIM
together with the low thermal stability indicates a low
molecular weight oligomeric structure of o-PIM, which was
additionally supported by the ESI-MS (Figure S10). The sharp
X-ray diffraction peaks of o-PIMs and p-PIMs indicated a
crystalline nature. However, m-PIM displayed an amorphous
structure with a broad peak (Figure S11). We attributed this
amorphous nature of m-PIM to the uncontrolled imide and
amide bond formation of MA as a carboxylic acid precursor in
contrast to the high crystallinity obtained by the hydrothermal
polymerization of pyromellitic acid dianhydride as reported
previously.10

These morphological distinctions between the PIMs are
attributed to the direction of amine groups in the PDA
isomers. Specifically, the differences in amine group orientation
are considered to influence the formation of the cyclic imide
bond of PIMs due to steric hindrance when PDA reacts with
the six potential reaction sites of MA. Moreover, as the
hydrothermal polymerization proceeded, the population of
polar groups such as carboxylic acid and amine groups was
reduced; thus, the polymerization intermediates (e.g.,
oligomers of PIM) would possess a difference in the aqueous
solubility, causing phase separation during the growth. During
this phase separation, the PIMs prefer a spherical morphology
that minimizes the surface area, to be thermodynamically
stable. Here, we noted two chemical structural differences

between amide and imide bonds as the main factors that can
influence the morphology of the resulting PIMs: hydrogen
bond and rotation of C−N bond (Figure 3a).
In order to gain an in-depth understanding of the hydrogen

bonding interactions of PIMs, we performed all-atom
molecular dynamics (MD) simulations of o-, m-, and p-PIMs
under hydrothermal conditions (see computational details in
the Supporting Information, Figure S12 and Table S4). Within
the PIMs, an amide bond has one hydrogen bonding donor
and one hydrogen bonding acceptor, whereas an imide bond
has two hydrogen bonding acceptors without donor (Figure
3a). As expected from the chemical structure of the amide
bond with the donor−acceptor pair, the PIM with a higher
amide group ratio forms more hydrogen bonds; the number of
hydrogen bonds of PIM (i.e., a total of the inter- and
intramolecular hydrogen bonds of PIM molecules) was
calculated to be the highest for o-PIM (806), followed by p-
PIMs (208) and m-PIM (92) (Figure 3b). Also, it is
noteworthy that amide bonds tended to be aggregated with
each other because they form intramolecular hydrogen bonds
(red spheres in Figure 3c−e), while imide bonds did not show
any tendency to form a condensed structure. Since they only
contain hydrogen bonding acceptors, aggregation did not
occur as much as amide bonds. With this result, it is expected
that self-aggregation of o-PIM molecules can induce the rough
surface of o-PIM through abundant hydrogen bonds, while
surfaces of m- and p-PIMs are relatively smooth.
To investigate the rotational behavior of C−N bonds in

PIMs, we systematically compared the energy barrier for the

Figure 3. (a) Chemical and structural differences between amide and imide bonds. (b) Time evolution of the number of hydrogen bonds of o-, m-,
and p-PIMs. (c−e) MD snapshots of (c) o-, (d) m-, and (e) p-PIMs. Water molecules are not shown for clarity. Atoms constituting amide bonds
and imide bonds are red and blue, respectively. Hydrogen bonds are displayed as sky-blue colored sticks. (f−h) DFT-based potential energy profiles
for the ωa, φa, and φi in (f) o-, (g) m-, and (h) p-PIMs.
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rotation through the density functional theory (DFT)
calculations (see computational details in the Supporting
Information). Here, we considered all C−N bonds between
monomers (ωa and φa for amide bond and ωi and φi for imide
bond in Figure 3a) and compared ωa with ωi and φa with φi,
where C−N bonds with the similar local structures
corresponded to each other. Note that we calculated the
potential energy profiles only for ωa, φa, and φi since the
rotation of ωi was restricted by covalent bonds. Regardless of
the o-, m-, and p-PIMs, both ωa and ωi were difficult to rotate
due to the high energy barrier (>23 kcal mol−1) for ωa (orange
lines in Figure 3f−h) and the strong covalent bond for ωi. In
the case of φa and φi, the energy required for the free rotation
depends on the types of PIMs (i.e., o-, m-, and p-PIM). For φa
and φi in m- and p-PIMs, the energy barriers were low (∼4 kcal
mol−1), and thus C−N bonds were expected to rotate;
however, the difference between them is negligible (red and
green lines in Figure 3g and 3h). On the other hand, a
noticeable difference was observed for φa in o-PIM, which
showed the high energy barrier (∼23 kcal mol−1) comparable
to the ωa, due to the steric hindrance between the amide bond
and the adjacent amine group (green line in Figure 3f). In
addition to the hydrogen bonding interactions, this low bond
flexibility of o-PIM is expected to contribute to the rough
surface of o-PIM to some extent.
In this report, we synthesized composition- and morphol-

ogy-tunable polyimide-based microparticles (PIMs) by the
hydrothermal method using mellitic acid and isomers of
phenylenediamine. The chemical composition of PIMs was
highly tunable with the choice of the phenylenediamine
isomers, leading to considerable morphological differences
between PIMs. Finally, the formation mechanism of the PIMs
by the combined molecular dynamics simulation and density
functional theory calculation suggested the relative ratio of
amide to imide bonds in each PIM, and the possibility of C−N
bond rotation influenced the rotational freedom of the
polymeric chains, resulting in the well-defined structures of
respective PIMs.
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