PAN Confined Polymerization in Mesoporous Hexagonal p-
Phenylenesilica with Crystalline-like Order in their Walls
and Thermal Transformation of the Nanostructured Material
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ABSTRACT: Mesoporous ordered p-phenylene silica provided an ideal channel-like reaction vessel for the polymerization of acrylonitrile by
a confined radical process. The prismatic nanospaces, permeable to monomers in the hybrid covalent framework, exhibit a hexagonal cross-
section of 5 nm and faces decorated with alternating organic/inorganic siloxane layers. The resulting high-molecular-mass PAN polymer fills
the channels at high yield and forms an ordered nanostructure of polymer nanobundles enclosed in the hybrid matrix. During the transfor-
mation of PAN into rigid polyconjugated and, eventually, into condensed polyaromatic carbon nanofibers, the periodic architecture is re-
tained up to high temperatures. The matrix evolves simultaneously showing a thermal condensation of the aromatic layers and cleavage of
carbon-silicon bonds: this gives rise to graphitic-carbon/silica nanocomposites containing hyper-oxydrilated silica nanoparticles, which are
thus generated in situ under the architecture constraints. The 3D hexagonal mesostructure survives in the carbonaceous material, but with
homogeneous shrinkage at such extreme temperatures. Several solid-state techniques, such as variable temperature synchrotron XRD, TEM
and 1D/2D multinuclear MAS NMR combined with 13C-labelling, allowed us to understand the chemical and periodic order of the
nanostructured material with confined polymer-chains and an intimacy between host and guest nanophases. The exploitation of porous mate-
rials, of high capacity and a hybrid nature, for polymerization in the confined state, followed by high temperature treatments, allowed us to
achieve unique and sophisticated, but still precisely fabricated, nanostructures, thus paving the way for the construction of fine-tuned elec-

tronic and light-harvesting hybrid nanostructures.
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formation of nanostructured materials, nanocomposites and inter-
penetrated polymers.’ Furthermore, mesoporous silicas have been

INTRODUCTION

Polymerization in nanospaces has recently attracted considerable

interest as a novel route to fabricating functional materials' and to useful in hard templating processes as starting mold for the for-

control polymer architecture over hierarchical levels, such as mi- mation of mesoporous carbons or polymeric micro-objects, giving
crostructure, morphology and nano- and micro-object generation,
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thus gaining access to properties that are distinctly different from one material to the other.

the unique opportunity to transfer the regular mesostructure from

those of the corresponding bulk phases” In this context, Mesoporous organosilicas deserve particular attention because
mesoporous materials have been used as a valid platform for the they join the stiffness of inorganic structures with the wide applica-



tion fields of organic chemistry. These materials can be realized by
the post synthetic grafting of functional organic groups on silica
mesopores, or by co-condensation of silanes and organosilanes in
template synthesis.* However, with these methods there is the diffi-
culty of homogeneous distribution and the high-loading of organic
moieties, and this represents a severe limitation. New hybrid and
mesoporous materials obtained by homocondensation of bis-
substituted organosilanes could achieve the goals.® Additionally,
the bis-substituted organosilane can self-organize in an ordered
way, resulting in crystal-like channel walls, called periodic
mesoporous organosilica materials (PMOs).” Indeed, the presence
of different organic moieties in PMO frameworks deeply influences
the chemical and physical properties of such materials, and new
functional materials such as optical systems for light harvesting and
photonics,® materials for drug-delivery in pharmaceutical applica-
tions’, scaffolds for nanocomposites in medical and biological re-
search' and molecular rotor systems have been discovered.'' Nev-
ertheless, despite the large number of applications confined-
polymerization is a novelty in the field of mesoporous organosilicas
with crystalline-like order in their walls.

Here we propose the use of ordered mesoporous p-phenylenesilicas
containing nanochannels, lined with aromatic rings as reaction ves-
sels, for in situ solid-state polymerization and the fabrication of
novel nanostructured materials (Scheme 1). The framework topol-
ogy provides parallel and independent mesochannels that are prone
to efficiently capture a large amount of monomer that can easily
polymerize, forming aligned polymer chains or nanofibers within
the hybrid framework. Acrylonitrile was successfully polymerized
within  the channels, fabricating an organosilica-polymer
nanocomposite endowed with a hierarchical order: aligned PAN
chains in each hexagonal mesochannel and an ordered array of
PAN bundles in the hybrid hexagonal framework.
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—

Scheme 1. Schematic representation of the in situ polymerization in
mesoporous ordered organosilica.

The thermal transformation of the polyacrylonitrile (PAN) and of
host organic moieties in a non-oxidative atmosphere led to the
formation of a nanocomposite with graphitic-like carbon struc-
tures. Both the in situ polymerization and the thermal evolution of
the matrix/polymer nanocomposite until graphitization was stud-
ied by combining techniques such as N, adsorption isotherms, cal-
analysis, solid state NMR of "C-enriched
polyacrylonitrile and TEM. Powder X-ray diffraction using syn-

orimetric

chrotron radiation was applied to follow, in situ, the mesoscale and
molecular order evolution of both the empty matrix and the
nanocomposite from 300K to 1350K, while multinuclear 'H-"C
and 'H-Si SS NMR highlighted the chemical species at distinct
steps and demonstrated the polymer inclusion in the p-phenylene-
siloxane mesochannels. Transmission electronic microscopy re-

vealed the pore-channel structural modifications after thermal evo-
lution.

EXPERIMENTAL SECTION

Synthesis. p-Phenylenesilica material (PPS) was prepared by a tem-
plate synthesis in which the hybrid building blocks, 1,4
bis(triethoxysilyl)benzene (BTEB) self-organizes around amphiphilic
molecules of octadecyltrimethylammonium bromide (ODTMA) in a
sodium hydroxide (NaOH) aqueous solution. The molar ratios of the
reactants are the following: 0.96:1.00:4.03:559.23
C18TMABr/BTEB/NaOH/H,0. ODTMA was dissolved in the sodi-
um hydroxide aqueous solution at 60-70 °C to ensure the complete
dissolution, and then BTEB was added dropwise to the solution under
vigorous stirring at room temperature. The mixtures were treated ultra-
sonically for 20 min to improve dispersion, stirred at room temperature
for 20 h, and then kept at 95 °C for 20 h under static conditions. The
white precipitates were recovered by filtration and dried to yield the p-
phenylenesilica material containing the surfactant molecules. The sur-
factant was removed by stirring 1 g of powder in 250 mL of ethanol and
9 g of 36% hydrochloride aqueous. The complete surfactant removal
was confirmed by DSC and IR-ATR measurements. In IR-ATR spectra
it is clearly visible the loss of signals at 2850 and 2920 cm typical of
long-chain organic ammonium salts, whilst in DSC traces no transition
at about 40-50 °C associated to the surfactant micellar phase was ob-
served. A solution of AIBN (azobisisobutyronitrile, 0.7%) in distilled
acrylonitrile was transferred over the evacuated mesoporous or-
ganosilica. The sample underwent freeze and thaw cycles and was left
in the dark at 273K for 4 days. Excess solution was filtered off and the
collected sample was heated for 4 hours at 373K to activate the polym-
erization. The formation of the mesostructured material (PPS-PAN)
was checked by DSC calorimetric analysis from the exotherm profile in
the range 443-573K. Polymerization in the p-phenylenesilica using a
monomer mixture containing a 20% wt “C-enriched monomer on ni-
trile carbon was performed to yield the labelled nanocomposite (PPS-
'3C-PAN). If present, minor amounts of excess polymer were removed
by washing in DMSO/MeOH. Nanocomposites with excess polymer
(PPS-exc-PAN) were prepared with increasing monomer-to-matrix
ratios avoiding removal of monomer or excess polymer.

Thermal treatment of
mesostructured material. The empty PPS matrix and PPS-PAN were

the organosilica matrix and the

heated as follows. First, the samples were gradually heated (100
K/hour) under N, atmosphere up to 573 K, then they were kept at
573K for 30 minutes. The colour of samples changed from white to
yellow and finally to brown-orange. The PPS and PPS-PAN samples
were heated under argon at 1350 K for 6h for the carbonization process
(denoted, g-PPS and g-PPS-PAN, respectively). The samples appeared
as a black powder. In the g-PPS-PAN, the amount of nitrogen was
measured to be 4% as normalized to PAN content by elemental analy-
sis.

Adsorption isotherms. N, adsorption measurements have been
performed on a 2050 ASAP Micromeritics instrument. Data were
collected from 0.01 to 0.98 P/P, pressure with a delay time of S se-
conds. Surface area was calculated using the Brunauer, Emmet, and
Teller (BET) model. The pore-size distributions were evaluated
following the method developed by Barret, Joyner, and Halenda
(BJH model) for cylindrical pores and by nonlinear density func-
tional theory (DFT) analysis. No hysteresis was apparent through-
out the entire pressure range. The samples were evacuated at 160°C



overnight, except for the PPS-PAN compound, that was heated at
120°C to avoid polyacrilonitrile cyclization.

Calorimetric analysis. TGA and DCS analysis were on a Mettler-
Toledo TGA/DSC 1 Star® system and a Mettler-Toledo DSC 1
Star® system. TGA were performed in air from room temperature to
900°C at 10°C/min.

Solution and solid state NMR.'H and ’C NMR experiments on
extracted polymer were performed on a 400 MHz Varian instru-
ment. The polymer was dissolved in deuterated DMSO and analy-
sis were conducted at 80°C. The solid-state NMR spectra were run
at 75.5 MHz for "°C and at 59.6 MHz for **Si on a Bruker Avance
300 instrument operating at a static field of 7.04 T equipped with
high-power amplifiers (1 kW) and a 4 mm double resonance MAS
probe. The samples were spun at a spinning speed of 15 kHz, and
ramped-amplitude cross-polarization (RAMP-CP) transfer of
magnetization was applied. The 90° pulse for protons was 2.9 ps
(86 kHz). "°C and *Si cross polarization (CP) magic angle spin-
ning (MAS) experiments were performed using a recycle delay of 6
s and a contact time of 2 and 8 ms, respectively. Quantitative fully
relaxed "*C and *’Si single-pulse excitation (SPE) experiments with
dipolar decoupling from hydrogen were run using recycle delay of
60/150 s. Phase-modulated Lee—Goldburg (PMLG) heteronuclear
'"H-"C and 'H-"Si correlation (HETCOR) experiments com-
bined with fast MAS allowed the recording of 2-D spectra with high
resolution both in the hydrogen and rare-nuclei dimensions.
PMLG 'H-"C and '"H-*Si HETCOR spectra were run with an LG
period of 18.9 ps. Quadrature detection in ¢, was achieved using the
time proportional phase increments (TPPI) method. Efficient
transfer of magnetization to the carbon nuclei was performed ap-
plying a RAMP-CP sequence. CP times from 0.5, 2, S and 8 ms
were applied. Carbon and silicon signals were acquired during ¢,
under proton decoupling applying a two-pulse phase modulation
(TPPM) scheme. Quantitative 'H MAS NMR measurements were
performed with a Bruker Avance III 600 MHz instrument operat-
ing at 14.1 T, using a recycle delay of 20 s. A MAS Bruker probe
head was used with 2.5 mm ZrO, rotors spinning at 33 kHz.

Synchrotron X-ray diffraction. In-situ synchrotron X-ray powder
diffraction experiments were performed at the European Synchro-
tron Radiation Facility (ESRF) in Grenoble on the BeamLine
Gilda-BMO08, with a Debye-Scherrer type diffractometer equipped
with a gas handling system.34 The radiation wavelength A of the
incident X-rays was 0.78 A; the 20 range was from 0.8° to 15°. The
powder samples were loaded into a glass capillary, inner diameter
0.8 mm. The powder X-ray diffraction patterns were performed at
variable temperature, from room temperature to 1270 K at a heat-
ing rate of 10 K/min.

Powder X-ray diffraction. XRD experiments were performed with
a Bruker D8 Advance Diffractometer (Cuy, radiation) instrument.
Data have been collected from 1.5 to 60.0 20 degrees with a step of
0.2 degrees and 20 seconds of step time.

Transmission Electron Microscopy. The TEM images were ob-
tained using a JEOL JEM-3010 with V') 300 kV. Laser light diffrac-
tion analyses were performed using Tri-laser Microtrac $3500 ap-
paratus.

Raman Spectroscopy. Raman measurements were carried out us-
ing a Labra Jobin-Yvon spectrometer in conjunction with 488 nm
Ar laser excitation source at room temperature. Microwave conduc-
tivity measurements were performed exploiting an Agilent network
analyzer, working in the range 500 MHz - 50 GHz, equipped with a
rectangular waveguide cavity resonator and a cylindrical perfor-
mance probe of 9.5 mm in diameter.

RESULTS AND DISCUSSION

Polymerization in p-phenylenesilica nanochannels. The pro-
cess of in situ polymerization was performed in a porous covalent
architecture that guarantees permanent porosity and robustness,
even under severe conditions. The matrix of choice was the hybrid
mesoporous p-phenylenesilica PPS endowed with nanochannels
and crystal-like regularity in the channel walls, as shown by TEM
and XRD (Figure 1a,b and d). A large surface area and porosity are
essential prerequisites for the use of this ordered material as a
polymerization vessel; the accessibility and easy impregnation of
the pores from a fluid phase after short diffusion times is another
advantageous condition of permanently porous materials, allowing
for massive monomer diffusion. Indeed, the open mesoporosity of
the selected host matrix and the potential accessibility of the pores
to monomers was demonstrated by the N, adsorption isotherm at
77K, which exhibits a type-IV curve and indicates a surface area of
725 m’/g by BET analysis, a narrow pore size distribution centered
at 38 A by BJH and NLDFT methods as well as a significant pore
volume capacity of 0.77 cm’/g (Figure 1d). The periodic
mesoporous p-phenylenesilica displays high structural order on
both the molecular and meso scale, as demonstrated by powder X-
ray diffraction. An intense peak at 47.7 A d-spacing, typical of hex-
agonal structures with parallel channels, and three additional peaks
at 7.6, 3.8 and 2.5 A, related to the ordered p-phenylene moieties
along the channel walls, were detected. Indeed, PPS channel walls
are composed by aligned and ordered aromatic rings pivoted be-
tween two siloxane layers, as reported in Figure lc. The fact that
the organic units are homogenously incorporated in the 3D crystal-
line structure, and exposed to the empty channel, allowed us to re-
alize an unprecedented polymerization process that enabled the
fabrication of novel matrix-polymer nanostructured materials with
polymer chains aligned parallel to the surrounding host aromatic
groups.

The porous material was soaked with acrylonitrile monomer con-
taining the radical initiator 2,2'-azobisisobutyronitrile and, after
removal of the monomer excess, the sample was heated at 100°C
for 4 hours under inert atmosphere for the polymerization process.
In the nanostructured PPS-PAN we observed a drastic reduction of
both surface area and pore volume, to 95 mz/g and 0.18 cmS/g, re-
spectively, whilst no changes in XRD d-spacing peaks were ob-
served. The diffraction peak at d=47.7 A showed a decreased inten-
sity caused by reduced electron contrast between the walls and the
inner part of channels owing to the polymer occupying the chan-
nels (Figure le). This is the first proof that the polymerization pro-
cess did not disrupt the host matrix, and the polyacrylonitrile was
formed inside the nanochannels.

The polymer content was determined by thermogravimetric analy-
sis: an overall 60% weight loss of the nanocomposite corresponding
to the degradation of both the polymer and the organic phase of the



host matrix was measured (Figure 1f).”” Comparison with the
TGA trace of the empty matrix, showing a weight loss of 40% above
600°C, enabled the estimation of the polymer/host ratio as being
0.56 g/g in the nanocomposite. Independent information concern-
ing the composition of the nanostructured material was obtained
from a *C MAS NMR spectrum, recorded with a long recycle delay
for a quantitative analysis (Supporting Information). This analysis
highlights the formation of the polymer: the characteristic signals of
poly(acrylonitrile) and host matrix were observed selectively. From
the integrals of the peaks, the polymer/host ratio was established to
be 0.59 g/g. The content of included polymer in the hybrid matrix
is high compared to that of confined polymerization in
microporous materials” and corresponds to a pore-filling of about
70% of the pore volume, based on bulk PAN density (d=1.15
g/ cm®) and the total free volume of PPS. From the NMR analysis it
is apparent that the polymerization reaction went to completion as
no monomer signals in 'H or "*C spectra were detected {Support-
ing Information).
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Figure 1. HRTEM images of empty PPS viewed along the channel axis
(a) and perpendicular to the channel axis (b). In the inset the electron
diffraction pattern is reported. c¢) Schematic representation of the
mesoporous organosilica with confined PAN. d) N, adsorption iso-
therms at 77K; e) Powder X-ray diffraction and f) TGA traces. Blue
and green colors correspond to PPS and PPS-PAN, respectively.

The polyacrylonitrile, extracted from the host matrix by etching the
nanocomposite in HF solution, exhibited a molecular mass as high
as 70 kDa, calculated by viscometry in DMSO and applying the
Mark-Houwink equation (K=0.0321 mLg' and a=0.75). The
polyacrilonitrile resulted as being atactic (see 'H and C NMR
spectra in Supporting Information), as expected by the radical
polymerization in the host channels with a large cross-section of 4
nm.

MAS NMR PPS-PAN
nanocomposite clearly proved the intimacy of the polymer chains

Multidimensional spectra of the
with the hybrid host, and the effective inclusion of the polymer
chains in the mesochannels. Indeed, fast magic-angle spinning 2D
'H-"C and 'H-*Si HETCOR NMR spectra (Figure 2), per-
formed under Lee—Goldburg homonuclear decoupling, resulted in
a unique observation of intermolecular relationships across the
host-guest interfaces.”’ The 2D 'H-""C spectra collected at a short
contact time of 0.5 ms emphasized only the correlations of the hy-
drogen and carbon nuclei sitting at covalent bond distances, allow-
ing the assignment of the PPS and PAN resonances (Figure 2¢). In
contrast, the 2D 'H-"C spectrum with a longer contact time exhib-
ited new cross-peaks associated with intermolecular host-guest in-
teractions that occurred through dipole-dipole interactions at short
distances of less than § A.
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Figure 2. 2D 'H-"*C and 'H-**Si HETCOR NMR spectra of PSS-PAN
recorded by applying Phase Modulated Lee-Goldburg decoupling: (a)
'H-"*C and (b) 'H-Si spectra recorded by applying contact times of S
and 8 ms, respectively. c) 'H-"*C spectrum with a short contact time of
0.5 ms. In the carbon and silicon domains **C and **Si CP MAS spectra
at 75.5 and 59.6 MHz are reported, respectively. Blue, green and or-
ange cross-signals correspond to host-host, guest-guest and host-guest
interactions, respectively. d) 600 MHz 'H wPMLG MAS NMR
spectrum of PPS-PAN. A spinning speed of 15 KHz was applied.

In Figure 2a, the cross-correlations that arise from the aromatic
hydrogens of the host linker (8,,=6.7 ppm) to the carbon nuclei of
PAN guest {8y, 8¢y and 8y, at 121.1, 34.5 and 32.0 ppm) and
from guest hydrogens (8,=3 ppm) to the host matrix (8.=134.0
ppm) are highlighted in orange. From an independent perspective,



the 2D 'H-*Si HETCOR spectrum showed the through space
host-guest interactions. In fact, intense cross correlations between
the guest aliphatic hydrogens and silicon atoms of the host siloxane
groups (85=-71.3 and -80.6 ppm for T* and T° species of siloxane
layers) were observed. These HETCOR NMR experiments bring
to light a unique observation of the through-space communication
at PPS-PAN interfaces, revealing the intimate relationship between
host and guest moieties and the systematic insertion of aligned pol-
ymer bundles in the hybrid framework.

In the PPS-PAN nanocomposite the absence of polymer outside
the mesochannels and the exclusive confinement of the polymer
chains in the matrix was highlighted by calorimetric analysis. In
fact, the DSC run at 10°C/min on PPS-PAN displayed an exotherm
for the cyclization of PAN chains at lower temperature, beginning
at 170°C and centered at 230°C, than in the reference bulk PAN"
(Figure 3). The anticipated transformation temperature (40°C) is
most likely due to the straight cylindrical nanochannels which im-
pose an extended macroconformation to the included polymer
chains and promote the intramolecular cyclization process. Addi-
tionally, the exotherm enthalpy provides the quantitative response
of the confined polymer in the nanocomposite. The comparison
between cyclization enthalpy of confined PAN (about 520 J/g, as
normalized on the polymer content by TGA and MAS NMR) and
that of pure PAN (550 J/g) suggested that PAN was completely
transformed within the mesochannels. A second heating run on the
same sample showed no exothermic phenomenon, indicating that
the cyclization is an irreversible process.

In the PPS-PAN the presence of bulk PAN outside the
nanochannels, which would produce a distinct narrow signal at
270°C, was ruled out and, in fact, such peak was only observed in
samples containing excess PAN (PPS-excPAN) (Figure 3c). Actu-
ally, polymerizations with excess monomer were performed sys-
tematically to construct nanocomposite materials containing PPS-
PAN nanoparticles dispersed in a polymeric continuous phase. The
interface interactions were ensured by polymer chains which partic-
ipate in both the channels and the bulk and firmly anchor the pol-
ymer continuous phase to the porous network. It is worth noting
that no reactants are needed to promote polymer—particle
microadhesion, as frequently proven necessary with non-porous
nanoparticles. Thus the sample containing excess PAN showed the
possibility of constructing by a single polymerization step, a hierar-
chical architecture wherein the first-level nanocomposite, that is,
PAN confined in porous PPS nanoparticles, is embedded in a pol-
ymer bulk forming the second level nanocomposite.

Collectively, the intramolecular cyclization process of confined
PAN in PPS-PAN nanocomposite is an intriguing reaction that
transforms the pristine polymer into the rigid ladder-like polymer
in the nanospace. The first stage of the process involved the reac-
tion of adjacent nitrile groups along the polymer chain, forming
conjugated C=N unsaturations (Figure 3a). Additionally, C=C
unsaturations involving the polymer main chain occur, forming a
doubly
mesoporous organosilica, which is highly stable up to 500°C, be-

polyconjugated polymer.*  Conversely, the host
haves as a chemical nanovessel for the thermally activated chemical
reactions of PAN. Powder X-ray diffraction patterns of the
nanocomposite after the thermal treatment at 300°C show no shift

at either low or high 20 angles, demonstrating that the PAN ther-

mal transformation into the ladder-polymer does not involve the
host matrix at this stage.
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Figure 3. a) Chemical evolution of PAN by thermal treatment. DSC
traces of pure PAN (b), PPS-excPAN (c) and PPS-PAN (d). The green
area corresponds to confined PAN exotherm.

The intramolecular cyclization process of confined PAN in PPS-
PAN nanocomposite is an intriguing reaction that transforms the
pristine polymer into the rigid ladder-like polymer in the
nanospace. The first stage of the process involved the reaction of
adjacent nitrile groups along the polymer chain, forming conjugat-
ed C=N unsaturations (Figure 3a). Additionally, C=C
unsaturations involving the polymer main chain occur, forming a
doubly
mesoporous organosilica, which is highly stable up to 500°C, be-

polyconjugated polymer.'*  Conversely, the host
haves as a chemical nanovessel for the thermally activated chemical
reactions of PAN. Powder X-ray diffraction patterns of the
nanocomposite after the thermal treatment at 300°C show no shift
at either low or high 20 angles, demonstrating that the PAN ther-
mal transformation into the ladder-polymer does not involve the
host matrix at this stage.

The chemical transformation of PAN chains inside the
mesochannels was followed by °C MAS NMR. In order to empha-
size the evolution of the newly-formed chemical species involving
the nitrile CN group, the in-situ polymerization in PPS matrix of
BC- labelled acrylonitrile on CN moiety (20% enrichment) was
performed (PPS-"C-PAN nanocomposite). The “C CP MAS
spectrum of the PPS-'*C-PAN, after thermal treatment at 300°C for
30 min, showed two main signals at = 149.9/153.0 ppm, diagnos-
tic of isolated and conjugated C=N groups'* (Figure 4): the new



groups occurred at the expense of the nitrile CN (§,=121.5 ppm).
The integral of C=N signals, as determined from the quantitative
*C MAS NMR spectrum, indicates that about 82% of nitrile groups
reacted and participated in the cyclization reaction. The C=C sig-
nals are hardly detected due to the selective labeling that shows on-
ly the carbons originated by the transformation of nitrile groups.

: 10
50 (ppm)

Figure 4. 1D and 2D MAS NMR spectra of the nanocomposite: a) *C
CP MAS NMR spectrum of enriched-"*C PPS-PAN with 2 ms contact
time. 2D 'H-"C NMR spectra with Phase Modulated Lee-Goldburg
decoupling of b) enriched-*C PPS-PAN and c) PPS-PAN. Both the
samples underwent thermal treatment at 300°C. In the carbon and hy-
drogen domains the *C CP MAS and the "H projections are reported,
respectively. The red peaks in the *C CP MAS spectra correspond to
the newly-formed unsaturated species. Orange cross-signals corre-
spond to host-guest interactions, respectively.

Thus, we recorded the *C CP MAS NMR spectrum of the PSS-
PAN compound without *C-enriched carbons, which showed a
comparable NMR  response for all the carbon species. Actually,
after thermal treatment at 300 °C for 2 hours, two intense and bal-
anced signals for C=C and C=N unsaturation were observed (Fig-
ure 4c). The new unsaturated resonances were also recognized in
the bulk-PAN ladder-structured polymer, demonstrating that the
structural transformation of the PAN in matrix follows a similar
reaction pathway."* The host resonance at §.=134.0 ppm is not
affected by the thermal treatment, confirming that the matrix be-
haves at these temperatures as an inert nanoreactor for the chemi-
cal reaction involving the PAN macromolecules. Notably, 2D 'H-
"“C HETCOR MAS NMR experiments demonstrated the perma-
nent confinement of the ladder polymer in the hybrid matrix: in
fact, distinct cross-peaks between the host hydrogens at $=6.7 ppm
and "C-enriched C=N groups and viceversa from the guest

hydrogens (8= 3 ppm) to aromatic host carbons (8.=134.0 ppm)
were observed, indicating a short distance communication between
the ladder polymer formed in situ from PAN and the framework.
This result clearly demonstrates the persistence of the intimate
host-guest relationships among the components after curing, and
the formation of an innovative material composed by two rigid
structures: stiff and aligned polymer chains surrounded by a 3D
framework.

After thermal treatment at 500°C of the PPS-PAN nanocomposite,
the °C MAS NMR spectrum shows a decrease of C=N and C=C
signal intensities and the disappearance of alifatic signals, indicating
that further PAN evolution towards condensed aromatic species
occurred (Supporting Information), whilst no significant change in
the matrix aromatic units was observed. However, at such a high
temperature the matrix starts modifying its connectivity: in fact, a
small amount of the siloxane T" species, associated with Si-C cova-
lent bonds, transforms into a fully siliceous Q" species, as demon-
strated by the **Si MAS NMR spectrum (Supporting Information).

High temperature curing of the periodically ordered
nanocomposite. Thermal transformations and structural evolu-
tion of PPS-PAN nanocomposite, as compared to the PPS empty
matrix, was followed in situ by powder X-ray diffraction using a syn-
chrotron radiation source (Figure 5).
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Figure S. Powder X-ray diffraction patterns collected using synchro-
tron radiation of a) PPS-PAN nanocomposite and b) empty PPS at
distinct temperatures. Low and high 2K angles are shown in the left and
right frames, respectively.



Synchrotron radiation, given its high energy beam and intense re-
sponse, allowed us to efficiently follow in situ the evolution of the
structures. Consequently, structural changes during heating was
unveiled. The samples were put into a quartz capillary tube, which
was heated with a scanning rate of 10 K/min under inert atmos-
phere. During the thermal treatment XRD patterns of PPS-PAN
nanocomposite show a d-spacing value of 47.7 A, associated with
the mesopore order, that persists up to 800K. At higher tempera-
tures a progressive shrinkage of the mesoscale peak was observed,
reaching 37.7 A after prolonged curing at 1000K for 30 min. Inter-
estingly, the molecular order is still present at such high tempera-
tures. The decrease at high temperature of the d-spacing led to 20%
contraction of the lattice constant (2 =43.5 A) of the 2D hexagonal
arrangement, consistent with a condensation process of the matrix
aromatic moieties and the formation of polycyclic fused rings. A
parallel behavior is observed in the empty PPS matrix (Figure Sb),
although the nanocomposite shows a lower intensity, indicating
that the nanochannels are occupied by polycyclic aromatic
nanofibers as derived by PAN evolution.

Moreover, both the nanocomposite and the pure matrix were sub-
jected to prolonged thermal treatment for several hours, at about
1350 K under argon atmosphere, yielding graphitic-like materials
denoted as g-PPS-PAN and g-PPS, respectively. The N, adsorption
isotherm of g-PPS showed a BET surface area of 633 m’/g, with a
reduced pore size of 26 A, while in the g-PPS-PAN compound the
absorption values were reduced by 5 times due to the carbon fibers
that occupy the mesochannels (Figure 6). The TGA measure-
ments, performed in air, indicated weight losses of 50% and 30% at
500°C for g-PPS-PAN and g-PPS, respectively, owing to the com-
bustion of the reacted host-guest and pure host organic compo-
nents, respectively. The occurrence of oxidative degradation at the
same temperature in both compounds indicates that a common
process occurred, unlike the untreated nanocomposite and pure
matrix in which the thermal transformations followed distinct

pathways.
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Figure 6. a) Schematic representation of thermal transformation of
PPS-PAN to the graphitic-like structure. b) N, adsorption isotherms at
77K of g-PPS and g-PPS-PAN (highlighted in blue and green, respec-
tively) and ¢) TGA analyses.

C MAS NMR of g-PPS-PAN revealed important features of the
organic component transformation of both the polymer and the
matrix, showing one resonance at §.=124 ppm, typical of graphitic-
like structures'® (Figure 7). No residual signals due to C=C and
C=N groups, or aliphatic carbons, were observed. Also the matrix
evolves to the aromatic-condensed structure: in fact, pristine p-
phenylene moieties would yield a narrow signal at 134 ppm, which
is absent in the C MAS spectra of both the graphitic-like
nanocomposite and the matrix (Supporting Information). The
Raman spectrum of g-PPS/PAN reveals two peaks that represent
typical features derived from graphitic-like structures.'® The peaks
at 1350 and 1600 cm are associated with a breathing mode of gra-
phitic carbon atoms (D peak) and an in-plane bond-stretching mo-
tion of the aromatic carbons (G peak), respectively. The D peak is
not eliminated as in extended graphite because of the nanometric
width of the organic domains obtained in the constrained geome-
tries. A similar I{G)/I(D) ratio is due to the breaking of the transla-
tion symmetry of the graphite planes, as in the case of in-plane lim-
ited extensions of the domains in which the graphitic carbons be-
come responsive to the domain borders.
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Figure 7. NMR and Raman spectroscopy of g-PPS-PAN: a) ’Si CP
MAS NMR recorded with a 8 ms contact time (chemical shifts of T2,
Q’, @ and Q' species at -71.5, -91.4, -101.1 and -112.0 ppm, respec-
tively). b) *C MAS NMR performed with a 60 s recycle delay. c) High
resolution 600 MHz "H MAS NMR spectrum (spinning speed of 30
KHz): the silanols resonate at 8'H = 2.4 ppm. d) Raman spectrum: the
typical D and G signals are indicated.

Significant structural changes induced in the siloxane-containing
layers by the thermal treatment were observed by *’Si MAS NMR
spectroscopy: the spectrum of g-PPS-PAN displayed a major
amount of Q" groups (from -90 to -110 ppm) at the expense of the
T" species (85=-70 ppm), which are associated to organosilicon
bonds (Figure 7a). This results in a dramatic change of the host
connectivity involving the cleavage of C-Si bonds and the for-
mation of siliceous species.”” The silanol species, including geminal
silanols (Q’ and Q’ units), prevail whilst the fully condensed Q*
units, typical of conventional silica particles, are present in minor
amount. Thus, the siloxane layers that anchor the p-phenylene



units in the pristine hybrid framework evolve after treatment into
purely inorganic nanodomains constituted essentially by silanol
species (Figure 7c). Silicon oxide structures composed exclusively
by silanol Q’ pertain to nanostructures confined to 2D layers, like
fillosilicates, or nanoparticles with extremely low core-to-surface
ratio.® An intriguing kind of carbon-silica nanocomposite was thus
realized by in-situ generation of silica intimately interacting with a
carbonaceous architecture. In particular, the novel nanostructured
material is strenghtened by carbon nanofibers originated from
PAN.

The powder X-ray pattern of g-PPS-PAN showed the disappear-
ance of molecular order and a shrinkage of the mesoscale periodici-
ty of more than 10 A. The low intensity of the signal, as compared
to g-PPS, indicates the homogenous distribution of electron density
in the nanocomposite, confirming the embedding of polycyclic ar-
omatic nanofibers in the restricted spaces provided by the
mesochannels. The mesoscale order retention after treatment at
such extreme temperatures was evident by direct observation of the
contracted hexagonal structure using high-resolution TEM micro-
graphs. The channel walls and the hexagonal shape of the single
‘cells’ can be appreciated with great clarity. A lateral view of the ex-
tended channels helped measure, once again, the channel diameter,
and at the same time it gave an idea of the regularity of the novel
nanostructures. Therefore, TEM images displayed the maintenance
of the 2D hexagonal lattice and highlighted the hexagonal shape of
the individual mesochannels even in the graphitic-like compound,
indicating the formation of a robust material containing a periodi-
cally ordered matrix reinforced by carbon nanofibers. Finally, the
removal of the inorganic component, carried out by HF, ended up
with a fully carbonaceous material wherein the mesoscale order
vanishes although the atomic scale layer-to-layer spacing of 3.4 A
witnesses the formation of nanometric graphitic-like structures.
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Figure 8. a) TEM images of g-PPS-PAN viewed along and perpen-
dicular to the channel axis. ¢) Powder X-ray diffraction of g-PPS-PAN
and g-PPS. d) HRTEM of HF etched g-PPS-PAN.

CONCLUSION

Confined polymerization of acrylonitrile in mesoporous p-
phenylene organosilica was performed for the first time thanks to
the open porosity of the periodically ordered architecture. This
produced an unusual nanocomposite wherein a perfectly hexagonal
honeycomb hybrid structure cooperates with nanometric bundles
of high polymers to construct a sophisticated, yet ordered, texture.
Moreover, the novel frameworks evolve with temperature, since
both PAN and the aromatic channel walls are subjected to intra-
and inter-molecular reactions. The intramolecular nitrile-group
polymerization to yield a ladder polymer occurs with an anticipated
exotherm and the newly formed chemical structures were recog-
nized by 1D and 2D MAS NMR.
nanostructured material was followed in situ by synchrotron radia-

Further reaction of the

tion X-ray diffraction up to high temperatures. A regular shrinkage
of the hexagonal lattice from 5.5 to 4.3 nm, as observed by PXRD
and high resolution TEM, demonstrated the notable persistence of
order in the overall building up to 1350 K. This is clear evidence of
aromatization of the p-phenylene moieties in the walls without a
significant disrupture of the nanometric structure. Simultaneously,
carbon-silicon covalent bonds of the matrix layered architecture are
broken at such high temperatures, forming a hybrid carbon-silica
nanocomposite wherein inorganic nanodomains of totally-
oxydrylated silica cohabit with the condensed poly-aromatic
framework reinforced by carbon nanofibers.

The intriguing variety of materials that could be created by this
strategy to introduce carbon-nanofiber precursors, e.g. aromatic
groups in the host matrix and confined polymer chains, and the
possible cross reactions among the organic components makes it
feasible to envisage new combinations of hybrid matrices and pol-
ymers to produce useful functions. In this particular case, we chose
PAN as the target polymer as it is a well-known precursor of carbon
fibers and graphitic-like materials. The present achievements show
the extremely high degree of control enabled by the precise con-
struction of porous materials with crystal-like order in their walls in
combination with in-situ polymerization and polymer chemical
transformations. The nanophase intimacy realized in the polymer-
matrix ordered nanostructures and the perspective of a wide modu-
lation of both the organic linker in the framework and the guest
polymer make it feasible to conceive tailored architectures for light-
harvesting and opto-electronic materials as well as in bio-medicine
as controlled-released drug carriers.
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