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ABSTRACT: The aspect ratio (AR) of filler particles is one of the
most critical determinants for the mechanical properties of particle-
reinforced polymer composites. However, it has been challenging to
solely study the effect of particle AR due to the difficulties of controlling
AR without altering the physical and chemical properties of the particle.
Herein, we synthesized PCN-222, a zirconium-based porphyrinic
metal—organic framework (MOF) with preferential longitudinal growth
as a series of particles with ARs increasing from 3.4 to 54. The synthetic
MOF conditions allowed for the chemical properties of the particles to
remain constant over the series. The particles were employed as
reinforcers for poly(methyl methacrylate) (PMMA). MOF—polymer
composite films were fabricated using doctor-blading techniques, which
facilitated particle dispersion and alignment in the PMMA matrix, as
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revealed by optical microscopy and wide-angle X-ray diffraction. Mechanical measurements showed that both elastic and dynamic
moduli increased with particle AR and particle concentrations but started to decrease as particle loading increased beyond 0.5 wt %
(1.12 vol %). The data obtained at low particle loadings were fitted well with the Halpin—Tsai model. In contrast, the percolation
model and the Cox model were unable to adequately fit the data, indicating the mechanical reinforcement in our system mainly
originated from efficient load transfer between particles and the matrix in the particle orienting direction. Finally, we showed that the
thermal stability of composite films increased with the addition of MOF particles because of the high thermal degradation

temperature and restricted polymer chain mobility.
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B INTRODUCTION

Lightweighting of materials was first introduced to decrease the
cost of manufacturing and construction due to the scarcity of
traditional raw materials. The unexpected consequence was
increased research in the development of new materials classes
such as engineered plastics, ceramics, and composites with
great benefits across many industries.' " Of these, polymer
composites (PCs), a class of materials consisting of a polymer
matrix and dispersed particulate phase, exhibit favorable
properties, such as low mass and a wide range of mechanical
performance.”™ Expansive research has been conducted to
design PCs using a wide range of filler particles, including
clays,""™"* cellulose nanocrystals (CNCs),">'* carbon nano-
tubes (CNTs),"”™"” and graphene-related nanomaterials.'®"?
Mechanically reinforced PCs have been applied in a variety of
industries, such as automotive manufacturing,zo_22 aerospace
engineering,m’24 and medical devices.”>*°

The properties of PCs are governed by several aspects,
including particle dispersion, particle orientation, particle—
matrix interactions, particle shape, and particle aspect ratio
(AR).”” Among those, AR, defined as the ratio of the length to
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the diameter of rod-like particles or the length to the thickness
of plate-like particles, is hypothesized to play the critical role in
determining the mechanical performance of PCs. Increased
particle AR is often associated with significant enhancement in
the composite mechanical properties (e.g,, composite Young’s
modulus, E_), owing to efficient load transfer.””* ™! Effort has
been devoted to correlate the mechanical properties of PCs
and particle ARs using standard particles such as CNTs*>~*!
and CNCs*** because of their wide range of obtainable ARs.
However, altering ARs of these materials often results in
changed physical and/or chemical properties. With CNTs, one
approach to produce different AR particles is to utilize physical
methods such as ultrasonication, ball milling, and grind-
ing.**"* Mechanical methods can separate and fragment
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CNTs into different lengths but also damage CNTs and
change their morphology.” Another approach is to use
chemical treatments, such as acid hydrolysis, to break CNTs
into various ARs.** Chemical oxidation can lead to CN'Ts with
a narrow size distribution; however, it changes their physical
properties (e.g., defect level)*® and introduces functionalities
on the surface (e.g, carboxyl groups).” ™' Furthermore,
CNTs with high AR often become wavy in morphology, and
such waviness is known to decrease the mechanical properties
of the PC.>***°*%3 In the case of CNCs, obtaining different
ARs often requires extraction of CNCs from different sources,
which results in crystals with inherently different proper-
ties.">** The alterations in the intrinsic properties of the CNT's
and CNCs affect their mechanical properties and the interfacial
interactions in composite systems; therefore, it has been very
challenging to solely characterize the importance of AR on
mechanical reinforcement of PCs.

Metal—organic frameworks (MOFs) are ideal candidates to
study the effect of AR on mechanical reinforcement. MOFs are
crystalline coordination polymers composed of metal clusters
bridged by multidentate organic ligands, resulting in one-,
two-, or three-dimensional porous networks.”*”>® The high
porosity leads to the extremely low density exhibited by
MOFs; for example, MIL-53-NH, and PCN-222 have densities
of 0.35 and 0.52 g/cm?, respectively,””>® substantially lower
than most of the conventional fillers such as clay (2.9 g/ cm®)*’
and cellulose (1.5 g/ em®).%’ The low density in turn leads to
lightweight materials that, due to the other properties of
MOFs, may possess multifunctionality and postsynthetic
modification capability.’”*> Therefore, MOFs have been
incorporated into polymers to form composite materials for
a variety of applications such as gas se6paration, water
purification, and toxic chemical degradation. 5% Tn addition,
MOFs can possess either isotropic or anisotropic growth
behaviors depending on metal—linker composition and
connectivity as well as synthetic parameters.”>*® Tuning
anisotropic growth of MOF particles has been a topic of
recent interest in fields such as gas separation and
catalysis.”’~® We have recently demonstrated the tunability
of AR and length for a zirconium-based porphyrinic MOF,
PCN-222 (Zrg(u5-0)s(OH)s(TCPP),, where TCPP = meso-
tetrakis(4-carboxyphenyl)porphyrin).”” A wide range of AR
was achieved (3.4 to 54) by facilitating anisotropic growth in
the longitudinal direction (c-axis, Figure 1a), during which the
surface chemistry and elemental composition of PCN-222
remain constant. Consistent chemistry, and therewith con-
sistent surface chemistry in the resulting MOFs, is critical for
retaining particle—matrix interactions and the mechanical
properties of PCN-222. Therefore, we can isolate the impact
of AR from other properties and investigate its effect on the
mechanical behavior of composite films.

Herein, we fabricated MOF—polymer composite films
consisting of poly(methyl methacrylate) (PMMA) as the
matrix and PCN-222 with varying ARs as the reinforcer. The
morphology of the films was characterized to reveal the
dispersion and alignment of PCN-222 particles within a
PMMA matrix. We then thoroughly investigated the elastic and
dynamic moduli as well as thermal properties of the composite
films, followed by fitting with mechanical models to unveil the
reinforcing mechanisms and the relation with particle AR in
the absence of other complicating factors.

MetalNode Solvothermal Synthesis
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Figure 1. (a) Schematic illustration of PCN-222 formation and AR
control. The organic linker, TCPP (purple = nitrogen, pink = carbon,
red = oxygen), coordinates with the Zr metal node (red violet)
through carboxylate groups to form rod-like PCN-222 particles
growing along the c-axis (picture on the right, only carbon and Zr are
displayed). (b—e) SEM images of PCN-222 particles with average AR
of 3.4 (P-3.4, b), 7.8 (P-7.8, ¢), 31 (P-31, d), and 54 (P-54, e).

B EXPERIMENTAL SECTION

Materials. All chemicals were purchased from commercial sources
and used without further purification. Poly(methyl methacrylate)
(PMMA, average M, ~ 120000 g/mol) and zirconium(IV)
oxychloride octahydrate (ZrOCl,-8H,0, >99.5%) were purchased
from Sigma-Aldrich (St. Louis, MO, United States). Chloroform
(299.9%) and N,N-dimethylformamide (DMF, >99.9%) were
obtained from Fischer Scientific (Hampton, NH, United States).
Myristic acid (>99.9%) was purchased from Tokyo Chemical Industry
Co., LTD (Tokyo, Japan). meso-Tetra(4-carboxyphenyl)porphyrin
(TCPP, >97%) and difluoracetic acid (DFA, 98%) were purchased
from Frontier Scientific (Logan, UT, United States) and Oakwood
Chemical (Estill, SC, United States), respectively. Dimethyl sulfoxide-
d¢ (DMSO-dy) was obtained from Cambridge Isotope Laboratories
(Andover, MA, United States).

PCN-222 Synthesis. PCN-222 was prepared via solvothermal
synthesis using previously published procedures.”' ZrOCL,-8H,0,
TCPP, and DFA were suspended in DMF in a 6-dram scintillation vial
and then placed in a 120 °C oven for 18 h. The violet powder was
isolated via centrifugation and washed 3X with DMF and acetone.
Finally, the obtained MOF powders were dried in a vacuum oven at
60 °C overnight. Reagent amounts can be found in the Supporting
Information (Table S1).

Postsynthetic Modification of PCN-222. PCN-222 was added
to a 1 M myristic acid (MA) solution in DMF in a 10:1 stoichiometric
ratio of MA to TCPP linker. The mixture was stirred at 60 °C for 18
h, isolated via centrifugation, washed 3X with DMF and acetone, and
dried in a 60 °C oven overnight. MA loading was determined via 'H
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Figure 2. (a) AR and length analysis of PCN-222 obtained from SEM images using Image]J software. (b) PXRD patterns of MA-functionalized
PCN-222 (solid lines) with various ARs (blue: P-54, green: P-31, yellow: P-7.8, red: P-3.4) and respective as-synthesized PCN-222 (dashed lines).
The simulated PXRD pattern of pristine PCN-222 is shown in black. Three distinctive crystal planes are highlighted.

NMR spectroscopy in DMSO-dy4 upon digestion of the MOF using
concentrated H,SO,.

Powder X-ray Diffraction. Powder samples of PCN-222 were
loaded on a Rigaku Si5S10 sample holder disc and inserted into a
Rigaku Miniflex diffractometer (Cu Ka radiation 4 = 1.5418 A).
PXRD measurements were collected over 20 = 2—50° at a 0.05°
resolution and a 1.0°/min continuous scanning mode.

'H NMR Spectroscopy. PCN-222 (5 mg) was combined in a 2-
dram scintillation vial with DMSO-dg (700 uL) and digested with two
drops of concentrated H,SO,. The mixture was sonicated until fully
dissolved and transferred to an NMR tube, where it was heated at 85
°C for 30 min in a sand bath and allowed to cool to room
temperature. 'H NMR spectra were collected on an Agilent U4-DD2
400 MHz NMR spectrometer.

Preparation of MOF-Polymer Composite Films. Various
amounts of MA-modified PCN-222 particles were dispersed in 1.7
mL of chloroform in a 6-dram vial to obtain different weight loadings.
The suspension was sonicated for 1 min to facilitate particle
dispersion. A stir bar and 0.5 g of PMMA were added to the
suspension, which was further sonicated for 1 min and stirred
overnight. The order of chemicals added to the chloroform played an
important role in determining the dispersion of PCN-222 particles. If
PMMA was dissolved in chloroform prior to PCN-222 particles, the
resultant highly viscous PMMA solution would not be able to disperse
PCN-222 particles, despite post treatments such as ultrasonication
and stirring. To fabricate the MOF—polymer composite films, the
well-mixed dispersion was transferred to an acetone-cleaned glass slide
and was manually cast via the doctor-blading technique. The as-cast
suspension was then air-dried for 6 h and further annealed in a
vacuum oven at 120 °C overnight. Finally, the resultant composite
film was isolated by soaking the glass slide in water.

Scanning Electron Microscopy (SEM). For MOF particles,
fluorine-doped tin oxide (FTO) slides were adhered to an SEM stage
via double-sided copper tape. Carbon-conductive adhesive was
applied to the sides of the FTO slides to increase the electrical
conductivity. An acetone solution containing MOFs was drop-cast on
the FTO slide and dried in air. All SEM stages were coated with a 7
nm thick Pt/Pd layer. Finally, SEM images were collected with a LEO
1550 field-emission scanning electron microscope (Carl Zeiss,
Oberkochen, Germany) at 5.0 kV and a 7.0 mm working distance.

Dynamic Mechanical Analysis (DMA). Mechanical properties
were obtained via the tension mode of DMA Q800 (TA Instruments,
New Castle, DE, United States). The Young’s moduli of the
composite films were measured with the “DMA Controlled Force”
mode at a 3 N/min force ramp rate at 25 °C. Two different testing
methods under the “DMA multi-frequency-strain” mode were used to
determine the dynamic moduli (storage and loss moduli) vs
temperature relationship and the dynamic moduli at room temper-
ature, respectively. The former was determined with the “Temp

Ramp/Freq Sweep” method, where samples were held at 30 °C for 5
min before heating to 150 °C at 3 °C/min ramp rate and a frequency
of 1 Hz. The later was performed under the “Isothermal Temp/Freq
Sweep” method, where a 3 min soaking at 30 °C was employed for
the films followed by 4 sweeps at 1 Hz. For all the mechanical
measurements, the preload force was set to 0.02 N.

Thermogravimetric Analysis (TGA). TGA was used to
determine the thermal stability of composite films and the
decomposition of PCN-222. To remove residual solvent from PCN-
222 particles, MOF powders were dried under vacuum at 120 °C
overnight. A typical TGA measurement was performed with ~10 mg
samples (either films or PCN-222 particles) using a QS00 thermal
analyzer (TA Instruments, New Castle, DE, United States) by heating
from room temperature to 750 °C at 10 °C/min under nitrogen.

Optical Microscopy (OM). To gain information on the particle
distribution within the PMMA matrix, a Nikon ECLIPSE LV100
(Nikon Instrument Inc., Tokyo, Japan) was used to obtain optical
micrographs of the composite films. The images were taken under
transmission mode.

Two-Dimensional Wide Angle X-ray Diffraction (2D WAXD).
2D WAXD experiments were performed using a Rigaku S-Max 3000 3
pinhole WAXD system equipped with a rotating anode emitting X-ray
with a wavelength of 0.154 nm (Cu Ka). The sample-to-detector
distance was 1005 mm for WAXD, and the g-range was calibrated
using a silver behenate standard. The samples were placed in a sample
stage perpendicular to the X-ray beam. Two-dimensional WAXD
patterns were obtained using a 2D multiwire, proportional counting,
gas-filled detector with an exposure time of 2 h. All of the WAXD data
were analyzed using the SAXSGUI software package to obtain
azimuthally integrated WAXD intensity versus azimuth for the
scattering vector (q) range of 1.3- 2.2 nm™" corresponding to the
reflection characteristic of the (100) crystal planes of PCN-222, where
q = (47/2)sin(0), 0 is one-half of the scattering angle and A is the X-
ray wavelength. Hermans order parameter (S) was calculated
according to previously reported literature:”>”?

_ 3(cos?y) — 1
2

S (1)

(cos®y) = 1 — 2{cos” ¢b) 2)

fO”I((ﬁ)sin ¢cos” pdgp
Jy U)sin pp

(cos” ) =
()

where the azimuthal angle, ¢, is referenced from the drawing
direction, and I(¢) is the scattering intensity as a function of ¢.
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Figure 3. (a—f) Photographs of composite films (PMMA-54) filled with P-54 at different particle weight loadings: (a) 0.25 wt %, (b) 0.5 wt %, (c)

0.75 wt %, (d) 1 wt %, (e) 2 wt %, and (f) 4 wt %.

Figure 4. (a—f) Optical micrograph of (a) PMMA-54-0.25 wt %, (b) PMMA-54-0.5 wt %, (c) PMMA-54-0.75 wt %, (d) PMMA-54-1 wt %, (e)
PMMA-54-2 wt %, and (f) PMMA-54-4 wt %. Scale bar: 100 gm. Insets: 2D WAXD data of the respective films.

B RESULTS AND DISCUSSION

PCN-222 was selected as a filler for PMMA composites due to
its highly tunable AR, low density (0.52 g/cm?®), and
postsynthetic modification capabilities. Composed of Zrg oxo
clusters bridged in an 8-connected fashion by TCPP ligands,
PCN-222 exhibits preferential growth along the c-axis (Figure
1a). The resultant AR is controlled by modulated synthesis, in
which a monocarboxylic acid (the modulator) competitively
binds to the metal nodes and inhibits growth on the (100) and
(010) facets. Selecting specific concentrations of the modulator
and ligand results in PCN-222 rods with varying ARs, with
growth on the (001) crystal face. MOF AR was confirmed by
SEM analysis (Figure 1b—e and Figure 2a). The size dispersity
of the particles increases as AR increases (e.g, P-31 and P-54),
mainly due to the brittleness of the particle; these highly stiff
and brittle MOF particles are more susceptible to breakage
under processing steps (e.g., postsynthetic modification).

To increase the dispersity of MOF particles in organic
solvent, as-synthesized PCN-222 underwent postsynthetic

modification. The rods were functionalized with myristic acid
(MA) via solvent-assisted ligand incorporation.64 In this
process, the carboxylate group on the MA binds to the metal
node through substitution of a hydroxyl group. After MA
incorporation, the ratio of MA to TCPP is determined to be
1.43 for a representative sample via 'H NMR, indicating that
MA is anchored not only at the MOF surface but also within
the bulk (Figures SI and S2). The alkyl chain from the MA
provides organophilic character to the MOF surface, which is
then available for interaction with organic solvent. The
improved interaction increases the dispersity of MOF particles
in organic solvent and thus facilitate film casting process and
help produce higher quality composite films. Indeed, we
observed that the composite Young’s modulus (E.) slightly
increased after MA loading (Figure S3). The crystal structure
was retained following functionalization of PCN-222 at all ARs
as determined via PXRD (Figure 2b). "H NMR confirmed that
the chemical structure of PCN-222 remained unchanged
before and after MA loading (Figure S1).
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Composite films were fabricated via doctor-blading. Briefly,
MA-functionalized PCN-222 particles with different ARs were
dispersed in chloroform to form a homogeneous dispersion.
The dispersion was then used to fully dissolve PMMA
powders. The well-mixed PCN-222/PMMA dispersion was
transferred to an acetone-cleaned glass substrate, followed by a
doctor-blade-assisted casting to form composite films. The
films were annealed in a vacuum oven at 120 °C and labeled
based on the particle AR and weight loading; for example,
PMMA-54—0.25 wt % represents a PMMA composite film
composed of PCN-222 with AR of 54 at 0.25 wt % loading.
The resulting films exhibited uniform transparency, which is
consistent with homogeneous dispersion and lack of macro-
phase separation (Figure 3).

A series of optical microscopic images of PMMA-54 at
different particle loadings further confirmed that particles with
high AR (e.g, P-54) were evenly distributed in the PMMA
matrix without significant aggregation at most of the
concentrations investigated (Figure 4a—e). At 4 wt % loading,
however, particle agglomerates were observed, owing to the
increased solution viscosity and particle—particle interactions
as concentrations of PCN-222 increased (Figure 4f). More
interestingly, the particles were found to be aligned in the
doctor-blade drawing direction at low particle concentration
(below 0.5 wt %, Figure 4a, b). As the concentration increased
beyond 0.5 wt %, particle alignment decreased (Figure 4c—e).
With the aid of 2D WAXD, we were able to quantitatively
study particle alignment in the PMMA matrix. 2D WAXD
probes crystalline information and provides diffraction patterns
as Debye—Scherrer rings, whereas noncrystalline materials do
not show diffraction patterns (e.g., pure PMMA film, Figure
S4a). The anisotropy of the Debye—Scherrer rings shows the
spatial orientation of the material, i.e., isotropic rings represent
random orientation while arcs demonstrate an oriented
sample.”* For our composite films of PMMA-54 series, the
diffraction patterns were confined into arcs oriented normal to
the doctor-blade-drawing direction at low particle concen-
trations (Figure 4a, b insets) while they became more isotropic
as the concentrations increased (Figure 4c—f insets). The
increase in anisotropy of the Debye—Scherrer rings indicated
better alignment of PCN-222 particles at low particle
concentrations. The increased diffraction intensity correlated
to increased particle concentration. As a comparison, pure
PCN-222 powders showed homogeneous diffraction patterns
with high intensity (Figure S4b). The orientation of particles
was characterized by the Hermans order parameter (S)
obtained from the intensity distribution in the azimuthal
angle of diffraction.”””* In theory, S ranges from —0.5 to 1,
with —0.5 resulting from crystals aligned perpendicular to the
director, 0 meaning random orientation, and unity represent-
ing perfect alignment of crystals. To calculate S, we selected
the diffraction signals of the (100) crystal plane of PCN-222
because it was parallel to the longitudinal axis and thus, could
directly indicate the orientation of the MOF particles. All
composite films showed several times higher values of S than
PCN-222 powders and bare PMMA films (Figure S). The
highest S was obtained for PMMA-54-0.5 wt %, and it was
comparable with previously reported values’>”® yet lower than
some other results.”””*’® Several factors can affect particle
orientation, such as drawing speed, solution viscosity, and
particle—polymer interactions.”””” We attribute PCN-222
alignment to the shearing force generated through doctor-
blade drawing. The loss of alignment observed at higher

0.6

0.5 1

04

0.3

0.2 4

0.1 1

Hermans Order Parameter (S)

T

4 6 8
Volume (%)

-

0.0 ¢
0

N -

Figure S. Hermans order parameter (S) of aligned PCN-222 rods
within composite films obtained from WAXD. S of PCN-222 powders
is 0.130.

concentrations was caused by increased particle—particle
interactions which led to aggregation and a more isotropic
distribution.”*”*

Tensile testing was used to evaluate the mechanical
properties of the MOF—polymer composite films and reveal
the effect of particle AR on the mechanical behavior. The
representative stress—strain curves of composite films filled
with 0.5 wt % (1.12 vol %) PCN-222 with different ARs, are
shown in Figure 6a. With the addition of PCN-222 particles, all
composite films exhibited a higher initial slope of stress—strain
curves compared to pristine PMMA. The increased slope of
stress—strain curve indicated an enhanced composite Young’s
modulus (E.), which was calculated from the slope of the
initial linear region of stress—strain curve (typically within 1%
strain). More importantly, particles with higher AR yield better
reinforcement, as indicated by an increased slope in the order
PMMA-3.4 < PMMA-7.8 < PMMA-31 < PMMA-54. The E_ at
various particle concentrations (by volume %) showed that at
low particle volume % (<1.12 vol %), E. increased with
particle content and AR (Figure 6b). At higher concentrations
(>1.12 vol %), however, E. decreased and overlapped with
each other for all the samples regardless of particle AR. The
initial increase in E_ at low particle concentrations was
attributed to the increased amount of PCN-222 particles in
the matrix, while the following decline was due to the presence
of particle aggregates (Figure 4f) and weak interactions at the
particle—matrix interface, which could lead to formation of
voids. Such defects could decrease interfacial friction and
induce inefficient stress transfer, which resulted in weakened
composite films.”**”%”? We also noticed a decrease in both
strength and elongation-at-break as the particle concentrations
increased (Figure S6). The decrease of mechanical strength
with increasing particle concentrations is well-known in the
composite field and can also be explained by the formation of
particle aggregates and the increased particle surface area
providing defects to promote crack propagation.”**’

The effect of AR on E. was estimated using the
reinforcement factor (RF) calculated from E_/E,, (E,, matrix
Young’s modulus) at 1.12 vol % (0.5 wt %) (Figure S7a). The
positive correlation between the RF and particle AR indicated
that more efficient stress transfer was achieved with higher AR
particles. Previous studies have mathematically predicted that
the reinforcing efficiency would increase as AR increased from
10 to 70 and then continue to decrease as AR exceeded 70.
The decrease in reinforcing efficiency with AR is caused by the
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Figure 6. Tensile testing of MOF—polymer composite films. (a) Representative stress—strain curves of MOF—polymer composite films at 0.5 wt %
MOF loading and control pure PMMA film. (b) Composite Young’s modulus (E.) with different filler ARs at various filler concentration (volume
%). 0.25, 0.5, 0.75, 1, 2, and 4 wt % correspond to 0.56, 1.12, 1.67, 2.22, 4.34, and 8.32 volume %, respectively (details of concentration calculation

can be found in the Supporting Information).
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Figure 7. Data fitting with the Halpin-Tsai (H-T) model. (a) Composite Young’s modulus (E.) at low particle concentrations (markers) and the
best H—T model fitting (solid line) by adjusting filler Young’s modulus (E¢). (b) Composite Young’s modulus (E.) for 0.56 and 1.12 vol % filler
concentration vs filler ARs. The dashed line represents the H—T model with shape factor & = (0.5AR)"® at all ARs. The solid line shows modified
H-T model with shape factor & = (0.SAR)"® for ARs larger than 50 and & = 2AR for ARs smaller than 50.

increased connectivity for high AR particles, which leads to a
decrease in the effective AR for each individual particle and
thus less efficient load transfer.””*®"' The PCN-222 particles
used in this work possessed ARs ranging from 3.4 to 54, lower
than the predicted threshold value of 70. Maximum E_ and RF
were obtained for the sample PMMA-54-0.5 wt %, showing a
E. of 2.46 + 0.39 GPa and a RF of nearly 2.0. The results were
compared with other PMMA reinforcers reported in literatures
(Figure 7b). Compared to other common reinforcers such as
CNTs, CNCs, and graphene, our materials showed promising
reinforcing performance at very low particle loading without
polymer grafting (Figure S7b). Notably, Figure S7b shows that
polymer-grafted fillers generally exhibit better reinforcement
compared to nonmodified fillers. Such observation emphasizes
the importance of the particle—matrix interactions because the
polymer-grafted particles would possess enhanced interactions
with polymer matrix.””**** The PCN-222 used in this study
was only functionalized with MA, which did not provide
significant interactions with the PMMA matrix but assisted
particle dispersion in the casting solvent. Therefore, we
hypothesize that PCN-222 reinforced polymer composites
can be further enhanced by functionalizing the particle surface
with polymers or functional groups that can provide strong
specific interactions with the matrix (e.g, hydrogen bonding).

Mechanical models were applied to help understand the
reinforcing mechanism of MOF-composite films. Attempting
to do so, the filler Young’s modulus (E;), an important
parameter in most of mechanical models and not available for
PCN-222, needed to be determined. Because E. could be
experimentally measured, appropriate mechanical models
could be selected to back-calculate E; if the samples showed
good agreement with the model assumptions.'* The Halpin—
Tsai (H—T) model describes a composite system consisting of
oriented short fiber-like particles homogeneously dispersed in
the polymer matrix.">'*** Based on the observations obtained
from optical microscopic images and WAXD data (Figure
3—5), our composite films exhibited similar morphology where
the PCN-222 particles were orientated along the drawing
direction within the PMMA matrix at low particle concen-
tration (<0.5 wt %). Therefore, it was reasonable to use the

H-T model to calculate E. The model is expressed as:

1+

1= ne; (4)
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Em
where @y represent the volume fraction of filler. £ is the shape
factor, given as 2AR for low AR (AR < 50) and (0.5AR)"® for
high AR (AR > 50).°*7% The initial three particle
concentrations (0, 0.25, and 0.5 wt %), where particle
alignment and mechanical reinforcement were observed,
were fit with the H—T model. To find the best-fitting for E,
the & values were calculated and held constant (Table 1); E;

Table 1. Shape Factor (€) and the Residual Sum of Squares
from Data Fitting with the H-T Model

sample I3 residuals
PMMA-3.4 & =2AR =68 0.01826
PMMA-7.8 & =2AR =156 0.05028
PMMA-31 £ =2AR =62 0.02140
PMMA-54 &= (0.5AR)' = 377.1 0.00228

was then fit across all four data sets simultaneously with the
lowest fitting error. The fitting results showed that an E; = 138
+ 12 GPa produced the best fit, and the resultant fitting curves
at each AR are shown in Figure 7a. The calculated E; value of
PCN-222 was comparable to the simulated Young’s modulus
of MIL-47 (96.6 GPa) reported elsewhere.”” The fitting errors,
represented by the lowest residual sum of squares, are shown

in Table 1 for all expressions. For better visualization, we
plotted E. vs AR at 0.56 and 1.12 vol % along with the
predicted E. by the H—T model using E; = 138 GPa (Figure
7b). The dashed line represented H—T model with & =
(0.5AR)"® across all ARs, while the solid line showed the
modified H—T model using the two expressions for £ noted
above. Similar approaches have been reported elsewhere to fit
the experimental data obtained from polymer composites
incorporating CN'Ts.”* > The unmodified H—T model fitted
the data obtained at 0.56 vol %, while the modified H-T
model showed closer agreement with results at 1.12 vol %.
Overall, the unmodified and modified H—T models coincided
well with the experimental data at low particle loadings (0.56
and 1.12 vol %). The good agreement at low loading was
consistent with our observations of particle alignment and
dispersion (vide supra), indicating the mechanical reinforce-
ment in our system was mainly resulted from efficient load
transfer between particles and the matrix in the particle
orienting direction as proposed by the H—T model. In
contrast, the model was unable to adequately fit the data at
high particle loading (above 1.12 vol %, Figure S8a), at which
the particle orientation decreased and started to deviate from
the model’s assumptions, and the imperfect particle—matrix
interface also became more significant.

More comprehensive comparisons with other micromechan-
ical models were performed to further understand the
reinforcing mechanisms (details of calculation and fitting
results can be found in the Supporting Information). We first
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Figure 8. Dynamic test results of composite films. (a) Composite storage modulus (E_’) vs temperature at 0.5 wt % filler loading obtained from the
“Temp Ramp/Freq Sweep” method. (b) Quantitative composite storage and loss modulus (E.’ and E.”’) vs filler’s AR for films at 0.5 wt % particle
loading with varying particle ARs. AR being zero represents PMMA films without particle addition. (c) tan § vs temperature obtained from the data
shown in panel a. (d) The peak positions of tan § vs temperature plots are used to determine T,
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Figure 9. TGA results of composite films characterizing thermal stability. (a) TGA data of PMMA and PMMA-54 films at different weight loading.
The experiments were conducted under N,. Inset: Zoomed-in area from 200 to 300 °C. 95% normalized weight was highlighted. (b) Degradation
temperature at 5% weight loss (Tyss) for PMMA-S4 as a function of particle weight percent.

used the modified Halpin—Tsai model (also called the
Halpin—Kardos model) which hypothesized randomly ori-
ented composites as quasi-isotropic laminates, consistin(g of
short fibers uniaxially aligned within four laminates.””*** To
account for random distribution, four laminates were set to
orient at 0, 45, 90, and —45°. We found that the model
underestimates E, obtained from experimental results (Figure
S8b). Because this unoriented H—T model considers the
transverse Young’s modulus as the main contribution of E. and
the longitudinal Young’s modulus as the minor portion, it
overlooks the reinforcement from the longitudinally aligned
MOF particles. We further compared our data with the
percolation model.”> The percolation model assumes a
network formed by interconnected particles after the particle
concentration reaches a critical volume fraction.””*® The
percolation threshold is directly related to AR and is given as
0.7/AR. The composite properties, such as mechanical stiffness
and electric conductivity, would be largely increased upon
reaching the percolation threshold. Our fitting results showed
that the model yielded an underestimation of the experimental
data and the percolation threshold occurred later than the
actual reinforcement volume fraction, suggesting the absence
of percolation network in our composite systems at low
particle concentrations (Figure S8c). The absence of the
percolation network was consistent with the lack of observed
interconnected particles in the optical microscopic images.
Finally, we used the Cox model, also known as the shear lag
model, to study our data.””*~"" It provided a closer prediction
of E. as compared to the random H—T model and the
percolation model; however, it still slightly underestimated the
experimental E. (Figure S8d). Such underestimation is mainly
because of the inaccuracy of the orientation and length factor
(n, and 77;) assumed by the model. In addition, the predicted E;
by the H-T model might be imprecise, which might also
contribute to the inaccuracy.

Because we discovered that the optimal E_ for our materials
occurred at 0.5 wt % particle loading, this concentration was
selected to study the relationship of particle AR and dynamic
mechanical properties of composite films, namely storage (E’)
and loss modulus (E’’). Consistent with E,, E./ also increased
with particle AR, and all of the composite films exhibited
reinforced E.' compared to a pristine PMMA film (Figure 8a).
We also performed multiple measurements at 1 Hz frequency

while the chamber was held at 30 °C to gain more quantitative
results. The results are summarized in Figure 8b, where both
E. and E."" show similar trends with particle AR. The results
further confirmed the positive correlation between mechanical
properties and particle AR.

Interestingly, the DMA results indicated a shift in the onset
of the glass transition to lower temperature as particle AR
increased (Figure 8a). The tan § (equal to E.'/E.") plots for
the composite films were used to quantify the glass transition
temperature (Tg) (Figure 8¢, d). Previous research has shown
that addition of unmodified particles into polymer matrices
resulted in lower T, due to weak particle—matrix interactions
enabling chain mobility at the particle—matrix interface.”” ™" It
was demonstrated that particles with higher specific surface
area generate lower T, Therefore, one might predict that
particles with low AR would exhibit lower T, than the particles
with high AR. In contrast, our results showed the opposite
trend and lowering PCN-222 AR led to higher T,. It was
revealed that, unlike films made from high AR particles (e.g., P-
54), low AR particles (e.g,, P-3.4) tend to aggregate within the
matrix, forming large assemblies with diameters around 6 ym
(Figure SS), whereas larger particles showed less aggregation at
same concentration (Figure 4b). The main cause of
aggregation is the poor interaction between the PCN-222
and PMMA matrix because the short alkyl chains on the
particle surface would cause dewetting.”””> Particle aggrega-
tion at low AR leads to a lower overall available interface,
which may cause higher T,

Finally, the thermal stability of MOF—polymer composite
films was probed by TGA. Representative TGA traces of
PMMA-54 obtained under N, atmosphere are shown in Figure
9a. The initial weight loss occurring from 30 to 200 °C was
attributed to solvent that was trapped within the MOF
particles and the PMMA matrix. Pristine PCN-222 particles
also showed a similar trend of weight loss from 100 to 170 °C
(Figure S9a). Such results indicate that annealing of MOF-
polymer composite films above polymer's T, cannot fully
remove residual solvents inside the pores of MOFs. The onset
temperature of film degradation increased with MOF particle
concentration, suggesting improved thermal stability imparted
by MOF particles. The 95% normalized weight was highlighted
to obtain the degradation temperature at 5% weight loss
(Tys%), which was a direct measurement of material thermal
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stability (Figure 9a inset). We observed that Ty increased
with particle weight percent and reached a plateau of ~272 °C
after 0.75 wt % (Figure 9b). As a comparison, Ty of pure
PMMA and PCN-222 were found to be 252 and 282 °C,
respectively (Figure S9b). The improvement of the delayed
degradation temperature of the polymer upon PCN-222
incorporation resulted from the higher thermal stability of
the MOF particles (Figure S9). In addition, particle inclusion
restricts chain mobility and reduces chain connectivity;
therefore, the degradation temperature increases as the particle
loading becomes higher.””®

B CONCLUSION

In this work, we elucidated the fundamental relationship
between filler AR and polymer composite mechanical behavior
with MOF particles. MOF synthesis conditions allow for
consistent surface chemistry while modifying aspect ratio. In
contrast, work with other filler particles is often limited in
interpretation due to the change in both the chemical and
physical properties of the fillers as AR is tuned. MOF—polymer
composites with PCN-222 particles of varying ARs (3.4, 7.8,
31, 54) were fabricated and examined in terms of particle
orientation and mechanical and thermal properties. The E.
increased with particle AR at low particle concentrations, and
the results showed good agreement with the Halpin—Tsai
model. The E. decreased as the particle concentration
increased due to the loss of particle alignment and particle
agglomeration, which were indicated by optical microscopic
images and Hermans order parameter calculated from 2D
WAXD data. The addition of PCN-222 also impacted E.’ and
E."”, both of which exhibited increases with particle AR at 0.5
wt % loading. The thermal stability of PMMA was enhanced by
the introduction of MOF particles, expanding advantages of
MOF-polymer composites. Knowing the effect of particle AR
on the composite mechanical properties can lead to the
rational design of polymer composites and advance synthesis of
novel particles for mechanical reinforcement. The successful
fabrication of MOF—polymer composites with the promising
mechanical reinforcement (RF ~ 2) at low particle weight
loading showed great potential of applying MOFs as
mechanical reinforcers, especially for lightweight materials.
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