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Kinetic Insights into Bridge Cleavage Pathways in Periodic

Mesoporous Organosilicas

Zeming Sun, Aine Connolly, and Michael O. Thompson*

Bridging functionalities in periodic mesoporous organosilicas (PMOs) enable
new functionalities for a wide range of applications. Bridge cleavage is
frequently observed during anneals required to form porous structures, yet the
mechanism of these bridge cleavages has not been completely resolved. Here,
these chemical transformations and their kinetic pathways on sub-millisecond
timescales induced by laser heating are revealed. By varying anneal times and
temperatures, the transformation dynamics of bridge cleavage and structural
transformations and their activation energies are determined. The structural
relaxation time for individual reactions and their effective local heating time
are determined and compared, and the results directly demonstrate the
manipulation of different molecules through kinetic control of the sequence of
reactions. By isolating and understanding the earliest stage of structural
transformations, this study identifies the kinetic principles for new synthesis
and post-processing routes to control individual molecules and reactions in
PMOs and other material systems with multi-functionalities.

1. Introduction

Periodic mesoporous organosilicas (PMOs), porous silica net-
works containing organic entities, have attracted tremendous at-
tention both for their well-ordered porous structures with con-
trolled sizes and for the interactions with molecules, atoms,
and ions enabled by tailored bridge structures.!! Since the
discovery of ordered materials!?l and periodic mesoporous
organosilicas,>®! their distinctive features have found use
in a wide variety of applications, including catalysis,!®’! bio-
engineering and drug delivery/® low-k dielectrics,®! adsorp-
tion/separation of metals and gases,[®®! ion exchanges,'! and
optics.[®!

Sol-gel synthesis!!1?) of organic—inorganic PMOs has been
widely investigated to develop a range of functionalities, syn-
thesis routes, and properties.[®81013] Advances include introduc-
ing specific functional bridge components, from simple chain
bridges (methyl,l'*] ethyl,[*>>-22] and ethene)*4#-2] to more
complicated bridges such as benzene,?*?6-28] thiophene,!?*30]
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and ring structures,?!! as summarized in
Table 1. The bridge scheme has been fur-
ther extended to incorporate non-carbon
atoms (e.g., S, Al, N) into bridges us-
ing either co-condensation*>-3! or post-
grafting!*¢] methods, and even expanded to
non-silica-based mesoporous materials, in-
cluding metal-oxide-based®’] and sulfide-
based*®! materials.

The functional bridges are of critical
interest in PMOs due to their varied
functionalities establishing wide-ranging
chemical properties.[641039  Moreover,
additional bridge connections within the
framework provide opportunities for tun-
ing mechanical, dielectric, and optical
characteristics.®4% Additionally, the inte-
gration of these organic bridge motifs can
tailor pore structures for surface properties
at the nano-scale.?!]

However, bridges in PMOs are thermally unstable and may un-
dergo substantial undesirable cleavage during either synthesis or
post-heat treatment.[>*!] Several representative bridge-cleavage
cases using varied bridge structures, templates, synthesis condi-
tions, and post heat treatments are summarized in Table 1. Fac-
tors inducing bridge cleavages include annealing temperatures,
acid or base pH levels, extraction steps, processing environment,
functionality sizes, and pore sizes.

During synthesis, control of pH is critical to minimize bridge
cleavage. The multiple-hour stirring and aging under controlled
pH conditions allow hydrolysis and condensation reactions to oc-
cur in a transient state without affecting bridge components, re-
sulting in minimal bridge cleavage for synthesis temperatures
below 100 °C.[182432] Complicated and large bridges, however,
are challenging to stabilize in the typically strong acid or base
conditions.[*?]

Once the framework is established during synthesis, two ap-
proaches are commonly exploited to remove templates (i.e., poro-
gens) and create porous structures. Low-temperature chemi-
cal extraction is able to avoid loss of bridge moieties inside
the framework,[16-19222426-28] while the calcination approach, a
post-heat treatment for mesoporous silica-class materials,[??! is
challenging.!16192328] Thermal gravimetric analyses (TGA) show
that it is difficult to protect organic bridges even at moderate cal-
cination temperatures (200 — 350 °C) for minute time frames.
At higher temperatures (> 400 °C), the thermal stability of these
materials is a significant issue.

After synthesis, PMOs must also tolerate the processing condi-
tions required for many electronic devices and other applications,
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Table 1. Carbon-bridges cleavage conditions for periodic mesoporous organosilicas.

Bridges Templates Sol-gel synthesis Post heat Bridge cleavage Ref.
(Precursors) treatment
Si-CH,-Si CTAB, CTAC Aging (25 °C, 96 h) 400 - 700 °C, Onset at 400 °C; completion [14]
(BTEM¥) 4 h, in air at 600 °C in air
Si-CH,CH,-Si CTAB, CTAC, Multiple stirring (25 °C, >24 h), aging (95 °C, TGA 400 °C in nitrogen; 300 °C in [5]
(BTME® or OTAC 21 h) + extraction (50 °C, 6 h) air
BTEEY)
C,TMACI Multiple stirring (25 °C, >24 h), aging (95 °C, TGA 540 °C in nitrogen; 280 °C in [16]
21 h) + extraction (50 °C, 6 h) air
Brij 76, Brij 30 Stirring (50 °C and 25 °C, >18 h), aging (95 °C, TGA 400 °Cin nitrogen; 338 °Ciin [17]
24 h) + extraction (50 °C, 8 h) air
P123 Stirring (35 °C, 24 h), aging (85 °C, 24 h) + extraction 50 - 800 °C, 175 °Ciin air [19]
(25°C, 10 h) 17 h, in air
- 35-300°C, in 200 - 300 °C in air [20]
air
PEO-PLGA-PEO Stirring (25 °C, 0.5 h), aging (100 °C, 24 h) + extraction 500 °C, 10 h, in 500 °C in nitrogen [22]
(25 °C) nitrogen
Si-CH=CH-Si CTAB Aging (25 °C, 96 h) 40-400°C, 6 h, Onset at 350 °C; completion [3]
(BTEENE?) in air at 400 °C in air
Brij 76 Stirring (50 °C, 12 h), aging (90 °C, 24 h) + extraction 200 - 1000 °C, 200 - 350 °Ciin air [23]
(25 °C) 4 h, in air
P123 Stirring (40 °C, 24 h), aging (100 °C, 24 h) + extraction 40 -400 °C, in 320°Cin air [25]
air
Si-CgH,-Si OTAC Aging (95 °C, 20 h) TGA 500 °C in air or nitrogen [26]
(BTEB®)
C,TMACI Stirring (25 °C, 24 h), aging (92 °C, 24 h) + extraction TGA 500 °C in air or nitrogen [27]
(60 °C, 6 h)
Brij 76 Stirring (50 °C, 12 h), aging (90 °C, 24 h) + extraction 200 - 1000 °C, 600 °Cin air [23]
(25 °C) 4h, in air
P123 Stirring (39 °C, 20 h), aging (100 °C, 24 h) + extraction 250 °C, in air; 550 °Ciin air [28]
(100 °C, 72 h) TGA
Si-C4H,S-Si P123 Stirring (40 °C, 20 h, aging (100 °C, 24 h) + extraction TGA 400 °Cin air [29]
(BTET) (25°C, 6 h)
PEO-PLGE-PEO Stirring (40 °C, 24 h), different acidity, aging (100 °C, TGA 300 - 450 °C in mixed air and [30]
24 h) + extraction (56 °C, 24 h) nitrogen
Carbon rings CTAB Stirring (20 °C, 24 h, aging (80 °C, 24 h + extraction with 300-700°C, in 400 °C in nitrogen [37]
([(EtO),- stirring (25 °C, 48 h) nitrogen
SiCH,13)
Block copolymers PEO-PLGA-PEO Stirring (25 °C, 3 h and 40 °C, 1 h), aging (95 °C, TGA 400 °C in air [33]
24 h) + extraction (25 °C, 2 h), stirring (95 °C, 5 h),
drying (100 °C, 24 h)
Heteroatom CTAC Stirring (25 °C, >12 h), drying (60 °C, 12 h) + extraction TGA 300 °C (no extraction); [34]
cocondensation (25 °C, 6 h), drying (60 °C, 10 h under vacuum) 200 °C (after extraction)
[N-, S -]
[Al-] isopropoxide CTAB Stirring (25 °C, 20 h), aging (100 °C, 24 h) + extraction TGA 300 °Cin air [35]
(25 °C, 6 h)
2 Bis (triethoxysilyl) methane; b Bis (trimethoxysilyl)ethane; 9 Bis (triethoxysilyl) ethane; 9 Bis (triethoxysilyl)ethylene; ¢ Bis (triethoxysilyl) benzene; f) Bis-

(triethoxysilyl)thiophene.

thatis, heating to temperatures above 400 °C.[**3] Consequently,
although extraction approaches may initially remove templates
without compromising bridges, these bridges may not survive
subsequent processing.***] In most cases, the bridges must be
preserved for their functionalities, while some applications may
benefit from the generation of terminal dangling bonds of bro-
ken bridges.[*13:1431]
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In the literature (Table 1), the onset of bridge cleavage is re-
ported to start between 200 and 600 °C in air; the variations
may be related to variation in processing atmosphere, bridge
type, and template type.l®) Several researchers report thermal
stability increases by 60 — 260 °C heating in nitrogen rather
than air,l>1%7] while other researchers report no significant
changes with atmosphere.[2°?’] Reduced temperature stability
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A ‘1T “$T0T *6789€191

:sdny woxy pap

:sdiy) suonipuo) pue swId ], dyy 2§ “[$70z/60/21] uo Areiqr autjuQ A1 ‘Areiqry Ausioatun [[auI0) AQq £LSOTETOT TIWS/TO0T 0 1/10p/w0d Kd[ia

101/w09" KAIM K

pue-s

QSUAIIT suowo)) d2ANeal) d[qedidde ayy £q pauroaoS ale sa[o1IE YO $asn Jo sajni 1oy K1eiqi] auljuQ Ad[IA UO (¢


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

sl

www.advancedsciencenews.com

(2) i

www.small-journal.com

R
1] A : R
" Si R R
o0 E\O\ / \SI. ) T 5 T \Si/ /R /O\sl./o\/
R\Sl/ oy R \0/5?"/ \Sl—O/é\ \O/T'\ St Lﬁ erSl\o\
T g / sI/R s \ /Si\/R rR° H \/\/\;SI —R
o : AL N 5 O
~N S S| £
A oW D\ VAL T ke g Ly
/ R N \ 0/| So—si —o” \o/s'\ si
R R/I\ R /I\ | ] S0\ l 7 N
Pore Bridge Network Ladder R Network® Bridge Pore

(b)

L

Figure 1. a) 2D chemical structure and b) 3D projection of ethyl-bridged organosilicas, showing the intrinsic carbon-bridges in addition to pore, network,

and ladder motifs.

in air may be a result of reactions between oxygen and carbon
bridges.[61619-29.34] However, water generated by ongoing conden-
sation during post heat treatment!**! may be another source for
bridge attacks, together with possible nitrogen reactions.[1®17:34]
This behavior could explain the lack of significant ambient ef-
fects. Some research even suggests the onset temperature for
bridge cleavages in nitrogen is lower than in air.[2*?8] Although
the influence of the ambient gas is not fully clear, we conclude,
with caution, that heating ambients are a secondary effect influ-
encing bridge cleavage, with temperature dynamics, as investi-
gated in this work, being the primary influence.

The specific chemical structure of the bridge and template
components may affect the overall behavior. For example, ben-
zene bridges show slightly higher bridge-cleavage temperatures
than other bridges (Table 1). Templates primarily impact the
pore size rather than bridge stability; in ethyl-bridged materi-
als, CTAB (~2 nm pore), Brij-76 (=5 nm pore), P123 (=15 nm
pore), and PEO-PLGA-PEO (thicker pore wall) templates show
similar cleavage temperatures at ~300 °C in air. In this work, we
focus on the Brij-76 template which yields medium-size pores,
and ethyl-bridged organosilicas (Figure 1). This combination has
been widely used to make PMO products (Table 1), and the gen-
eral behavioral characteristics can be extended for use in a wide
variety of block*2-33] and graft’*! copolymers.

Studies of thermal decomposition are generally
based on either TGA (weight loss as a function of
temperature),[3514-172023.55-3L33-35]  or  chemical  charac-
terization of bonding changes after thermal cycling
(NMR,[3_5']4'15'25'26'30’31’33’35] FTIR,[4'19’20’26’34] and Raman)[3’29’35].
In this work, we exploit the lateral gradient (single-stripe) laser
spike annealing (IgLSA) techniquel®! to quantify chemical
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transformation (bridge cleavage, fully networked framework
formation, and template removal) following much shorter
timescales of sub-millisecond heating. By studying the struc-
tural development as a function of the heating duration and
peak anneal temperature in this range, we probe the structural
transformations and bridge cleavages kinetics, and determine
individual reaction activation enthalpies. By understanding the
sequence of reactions and their rates, this study identifies new
synthesis and/or post-processing routes to control the framework
and pore formation while minimizing bridge cleavage.

For applications of PMO-class materials (e.g., low-k di-
electrics), it is critical to understand the underlying kinetics of
bridge cleavages, which is the focus of this work. By determin-
ing the activation energies and transformation kinetics of each
inorganic/organic motif, this fundamental work provides guid-
ance to develop heat treatments for PMOs, which would facilitate
their transition to widespread applications. The transformation
diagram and heat treatment design enabled by this work provide
alternative thermal routes to replace the current pH-dependent
synthesis protocols that are time-consuming, relatively unstable,
and difficult for large bridge structures.

To get there, we take advantage of the preeminence of the
FTIR probe, which is effectively correlated with structural de-
velopments, together with the supporting characterization by
XPS on coupon samples. FTIR is highly compatible with the
high-throughput feature for material screening enabled by LSA.
By contrast, NMR spectroscopy, although sensitive to chem-
ical structures, cannot generate enough materials in a high-
throughput manner. In this work, we focus on chemical struc-
ture investigations, though applications would need to link with
the appropriate morphological requirements. Other techniques,

© 2024 Wiley-VCH GmbH
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Figure 2. a) Comparison of FTIR spectra after ambient heating to 400 °C (“low T") and to 21400 °C (“high T”) for 3 ms. b,c) Gaussian peak fits showing
sub-oxide, fully networked ladder structures, Si-C,H,4-Si bridge, Si-C,Hs bridge cleavage, and [CH;+] motifs at 400 °C (b) and ~1400 °C (c).

such as conventional XRD diffraction, do not easily/directly
probe the chemical bondings, which is key here.

In Section 2.1, we first identify seven critical chemical
structures in the FTIR spectra and showcase their structural
dynamics as a function of extended LSA annealing temperature
and time. In Sections 2.2, 2.3, and 2.4, we accurately extracted
the activation energies, effective heating times, and stretched
exponential relaxation times for each structural transformation.
Last, in Section 2.5, we establish the transformation diagram
and process window needed for structural optimization in a
wide range of applications.

2. Results and Discussion

2.1. Transformation Dynamics

FTIR spectra were collected as a function of the peak anneal
temperature (up to ~1400 °C) for heating dwells from 0.5 to
3 ms. Figure 2a compares FTIR data from a sample exposed
only to ambient conditions (400 °C sample chuck temperature)
to one annealed to ~1400 °C for 3 ms. Detailed data for all con-
ditions (LSA peak temperatures from 400 °C to #1400 °C; heat-
ing dwells of 0.5, 1, 1.5, and 3 ms) are included in Figure S1,
Supporting Information. The fully networked Si-O framework
formation, carbon-bridge cleavage, and template removal were
characterized. The Si-O FTIR peaks include the fully networked
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framework at 1072 cm™', sub-oxide SiO,C, at 1035 cm™', and
the ladder-like structure at 1105 cm™!. The carbon-bridge cleav-
age was determined by the change of the Si-CH,-CH,-Si bridge
peak at 1162 cm™ and a newly appearing Si-CH,CHj, ethyl
chain peak at 1220 cm~!. Changes in the template species
were determined from the CH,, (2860 — 2920 cm™') and CH;+
(1275 cm™) organic complexes.*’) These sub-peaks were fit
as Gaussians (Figure 2b,c), with integrated areas calculated for
quantification.

The temperature-dependent structural transformations as a
function of the laser dwell are presented in Figures S2 and S4,
Supporting Information. The transformation fraction follows the
typical sigmoidal behavior with three temperature regimes: 1)
an incubation range with minimal transformation; 2) an inter-
mediate range with a rapidly increasing transformation frac-
tion; and 3) a saturation regime where the fraction approaches
asymptotically 100% conversion. Depending on the structure’s
thermal stability, the temperature ranges of these stages will
vary.

With increasing temperature, fully networked frameworks
(Figure S2a, Supporting Information) form from organic sub-
oxides (Figure S2b, Supporting Information). In contrast, the in-
tensity of the ladder-like structure (Figure S2c¢, Supporting In-
formation) remains constant with temperature and is not ana-
lyzed further. To minimize influences from slight differences in
the initial concentrations, a transformation ratio was calculated

© 2024 Wiley-VCH GmbH
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Figure 3. Structural transformation dynamics as a function of LSA temperature at different dwells. a) Fully networked framework formation; b) sub-oxide
removal; c) bridge (Si-C,H,-Si); d) bridge cleavage (Si-C,Hs); e) template removal (CH,); and f) complex [CH3+].

temperatures for shorter dwells. For the 0.5 ms dwell, the bridge
peak exhibits minimal changes.

The bridge cleavage can also be quantified by the rise of
the Si-CH,CH, peak (Figure S4b, Supporting Information) with
the fully cleaved intensity estimated by a long-duration hotplate
anneal.*’l The Si-C,H; data (Figure 3d) is consistent with the

as ratio = (loss or gain) / total. The fully networked framework
formation (Figure 3a) and sub-oxide removal (Figure 3b) exhibit
similar transformation ratios with temperature and time.

In contrast, a significant fraction of carbon bridges (Si-C,H,-
Si peak) remain intact even at the highest temperature and dwell
studied (Figure 3c), with the onset of bridge loss shifting to higher
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Table 2. Summary of activation energies (E,) for different structural transformations.

Structural transformation Template removal Fully networked

Bridge cleavage Bridge

Sub-oxide removal Complex [CH;+]

E, [k} mol™"] 58 + 4 53 +25

49+ 1.8 47 +£2.4 44+ 1.6 32+ 1.8

bridge loss data (Figure 3c), confirming the limited loss of bridges
for short dwells. At 0.5 ms dwell, bridge cleavage is minimal until
~1000 °C, while at 3 ms dwell, significant loss is observed even
by ~800 °C. While the onset of loss occurs earlier for long dwells,
the total loss is only 20% for 0.5 ms or 40% for 3 ms dwells at the
highest LSA heating temperature.

The template removal was quantified using the [CH,] FTIR
peak at 2860-2920 cm~! (Figure 3e); as other chemical entities
would also contribute to this peak, we assume full conversion
occurs at the highest temperatures, as evidenced by the satura-
tion of this peak above 1000 °C (Figure S4c, Supporting Informa-
tion). The template removal depends primarily on the peak tem-
perature, with only a weak dependence on the dwell. By 1000 °C,
nearly all the templates are lost for the 1 — 3 ms annealed samples
and >60% for the 0.5 ms sample.

The [CH;+] organic complexes FTIR peak (Figure 3f) is also re-
lated to the template loss but exhibits slightly different behaviors.
This peak shows much stronger dwell dependence and mim-
ics more of the network-forming kinetics. This suggests the sig-
nal arises from multiple entities, including the template, organic
Si0,C, sub-oxide, and carbon bridges.

2.2. Activation Energies

Taking advantage of an extended temperature range for each
dwell, activation energies were extracted from Arrhenius plots
of the six structural transformations as shown in Figure 4. Data
were fit to the Arrhenius equation

Rate = Ce /¥ (1)

where E, is the activation enthalpy, T is the LSA heating peak
temperature, k is the Boltzmann constant, and C is a con-
stant pre-factor. Activation energies were calculated from the
slopes of the log rate versus 1/ T, with slopes essentially indepen-
dent of the dwell. Table 2 summarizes these critical activation
energies.

We find that template removal and full-network formation re-
quire the highest activation energies (50 — 62 k] mol~!), while re-
moval of sub-oxide and complex [CH;+] show the smallest activa-
tion energies (30 — 46 k] mol~'). The bridge-cleavage indicators
(Si-CH,CH,; and Si-CH,-CH,-Si) exhibit an intermediate range
of activation energies (45 — 51 k] mol™?). This suggests that the
removal of large organic molecules and relaxation of the inor-
ganic framework will be more difficult to kinetically activate than
the local relaxation of small organic structures.

With increasing temperatures and correspondingly shorter
times, processes with high activation energies (template removal
and network formation) will be kinetically accelerated more
rapidly than low activation processes (bridge cleavage and sub-
oxide removal). This provides a kinetic pathway to optimize over-
all film development during thermal annealing.

Small 2024, 20, 2310577
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2.3. Effective Local Heating Time

In contrast to isothermal anneals, LSA temperatures vary rapidly
with time and are characterized by a dwell time (z4,,;). Using
the determined activation energies, the effective time at the peak
temperature (T,,,,) is given by

max

E
= ool | -l g

where E, is the activation energy, k is the Boltzmann constant,
and T(#) is the time-dependent temperature. The time depen-
dence T(t) was determined from heat-flow simulations using
CLASP.[*] As shown in Figure 5a, different laser dwells result in
a distinctive variation in effective heating duration. For a 3 ms
dwell, the effective time is ~40 ms, while 0.5 ms dwell sam-
ples experienced ~1.5 ms effective heating, with small variations
due to the different activation energies. The increase in t.g / Tyyen
with increasing dwell arises from the transition from a thermally
thick substrate (fast quench) to a thermally thin substrate (slow
quench).

2.4. Stretched Exponential Relaxation

While the bridge-cleavage activation energy is not significantly
higher than that for the template removal (Table 2), the structural
dynamic data (Figure 3c,d) demonstrates that bridge cleavage is
substantially minimized under sub-millisecond heating. Under-
standing this behavior requires determining the fundamental
processes that control structural transformations in PMOs and
their detailed kinetic rates.

Structural transformations require a continuous supply
of reactive species that diffuse from the bulk surface or
that are generated within the film. For disordered transfor-
mations with a range of activation energies, the stretched
exponential is commonly used to model transformation
kinetics.¥’5!l The PMO structure contains both ordered
and periodic features (pores separated by Si-O-based wall
as shown in Figure 1), with carbon-bridge motifs randomly
inserted in the networked wall.l%1% This complex system is
expected to follow a diffusion-controlled stretched exponen-
tial expression featuring random-distributed, time-dependent
diffusion.

Transformation dynamics were fit by a stretched exponential
(Figure 5b)

x=1-ep|-(2)] o)

where X is the transformation ratio, t is the time, 7 is a char-
acteristic time constant (required relaxation time), and f is an
index that reflects the coupling of relaxation processes. Details
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Figure 4. Arrhenius plots and activation energies for the structural transformation. a) Fully networked framework formation; b) sub-oxide removal; c)
bridge cleavage via Si-CH,CH; formation; d) bridge cleavage via loss of Si-CH,CH,-Si; e) template (porogen) removal (CH,); and f) organic complex
loss [CH;+]. Datasets for bridge cleavage and bridge motifs are taken at a transformation range from 10% to the highest transformation limit; all other
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Figure 5. Kinetic analysis of structural transformation. a) Effective local heating time for various laser dwells and structural transformations at
Trax = 1400 °C. b) Example of fitting the stretched exponential for sub-oxide removal. c) Relaxation time for transformations as a function of tem-
perature. d) Onset temperature for 10% transformations as a function of heating duration.

of fitting for different motifs are included in Figure S5, Support-
ing Information, together with the summarized parameters in
Tables S1 and S2, Supporting Information.

The relaxation time constants for structural transformations
are presented in Figure 5c as a function of the peak temperature.
The time to induce bridge cleavage (200 — 600 ms) is significantly
higher than that for framework formation, sub-oxide removal,
and template removal (1 - 50 ms). For example, at 1200 °C, the re-
laxation time for bridge cleavage is 300 ms, while for framework
formation and template removal, it is only ~1 ms. This large dif-
ference in relaxation times enables the manipulation of different
structural modifications using the time and temperature trade-
off. This behavior reflects the essentially higher onset tempera-
tures for bridge cleavage than other transformations (Figure 5d).

Table 3 compares the ratio of effective heating at 1200 °C for 0.5
and 3 ms dwells to the relaxation time constant. Even at 1200 °C
for 3 ms, there is insufficient time to significantly impact the
bridge cleavage (t.g / Tyeax = 0.15 % 0.3), while for 0.5 ms there
is already sufficient time for complete network formation and
template/sub-oxide removal.

Small 2024, 20, 2310577

2310577 (8 of 11)

Table 3. Comparison of the ratio of the effective heating time to the struc-
tural relaxation time at 1200 °C for 0.5 and 3 ms dwells.

Laser Bridge Sub-oxide Fully Template
dwell cleavage removal networked removal
0.5 ms 0.005 + 0.3 1+022 2+07 >30
3ms 0.15 £ 03 29 + 0.21 56 + 0.7 >800

2.5. Transformation Diagram and Heat Treatment Design

In order to facilitate PMO applications, the structural transfor-
mation diagram with critical heating temperature versus time is
shown in Figure 6. In these diagrams, the green curve represents
the maximum temperature that can be tolerated with minimal
loss (<10%) of the bridge motif. For each motif, except the bridge,
the onset (<10%), completion (>90%), and 50% transformation
curves are shown. For the bridge cleavage, the 20% and 40%
transformation curves are shown with an estimate for the tem-
perature that would be required to achieve 50% transformation.
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Figure 6. Structural transformation diagram showing critical points during different transformation stages. a) Framework formation; b) sub-oxide re-
moval; c) bridge cleavage (Si-C,Hs); and d) template removal (CH,). The green dash line represents the maximum temperature at each dwell that can
be tolerated with minimized loss of the bridge motif (set by 6¢c). The purple dash line represents the minimum temperature at each dwell that fully

transforms the required framework and template (set by 6a).

To avoid significant loss of bridge structures, the suboxide-to-
network conversion is limited to ~#50% while the template conver-
sion is nearly completed. At the other extreme, the purple curves
show the minimum temperature required as a function of heat-
ing time to fully convert the network. Loss of bridge motif is min-
imized by the shortest heating times, with less than 20% loss for
thear = 1 MS.

3. Conclusion

In summary, the annealing kinetics of bridged PMOs were inves-
tigated as a function of LSA peak temperatures (400 — 1400 °C)
and dwells (0.5 — 3 ms). We established the transformation dy-
namics of bridge cleavage, framework formation, and template
removal, with activation energies of 58 + 4~ k] “mol~! for tem-
plate removal, 53 + 2.5 for formation of the full network, 48 + 2
for bridge loss, and 44 + 1.6 for removal of sub-oxide structures.

While the activation energies for the various processes are sim-
ilar, the kinetics vary significantly quantified by a relaxation time.
At 1200 °C, the relaxation times are 300 ms for bridge cleavage

Small 2024, 20, 2310577
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but only ~ 1 ms for framework formation and template removal.
This large difference in relaxation times allows network forma-
tion to be completed while the bridge cleavage is minimized un-
der heating at sufficiently high temperatures and short times.

In applying this finding to heat treatment design, a time-
temperature-transformation diagram is developed. The effects of
porosity and reaction routes (see Supporting Information) could
be further studied using this same methodology. The control of
framework and pore formation without bridge cleavage could en-
able new synthesis and post-processing, and facilitate the transi-
tion of PMO-class materials to broad applications.

4. Experimental Section

Sol-Gel PMO-Film Synthesis: 1,2-bis(triethoxysilyl)ethane (BTEE,
96%), Brij-76, and 2-methoxy-1-propanol (PMOH, >99.5%) were
purchased from Sigma-Aldrich and used as received without further pu-
rification.

Ethyl-bridged periodic mesoporous organosilicas (PMOs) were synthe-
sized in PMOH solution at room temperature through a template-directed
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sol-gel process. The precursor BTEE and template (porogen) Brij-76 were
diluted separately in PMOH to a 25 wt% concentration. The template was
added to the BTEE solution at 9-21.5 wt% ratios, and then 0.61 mL nitric
acid (1 m) was added per gram of BTEE. The solution was aged for 15 min.

PMO thin films were prepared by spin-coating nominally undoped bare
Si wafers at 2000 rpm for 90 s. Films were immediately baked at 85 °C
for 2 min on a hotplate, followed by pre-cure baking at 400 °C for 1 h in
a vacuum box oven (Yield Engineering Systems, 450PB). This pre-cure al-
lowed the initialization of sol—gel reactions and provided an initial porous
environment with the necessary frameworks for the high-temperature LSA
investigations. After the pre-cure bake, the films were ~300 nm thick.

The sol-gel hydrolysis and condensation reactions of precursors and
templates (porogen) are given in Figure S9, Supporting Information,
and their intermediate structures, as determined by FTIR, are shown in
Figure S10, Supporting Information. Figure S11, Supporting Information,
shows the ideal chemical structure of a resulting film with intrinsic carbon
bridges embedded in the Si—O network.

Characterization: ~Chemical structure changes were determined using
transmission FTIR (Fourier-transform infrared spectroscopy, Bruker Hype-
rion) and XPS (X-ray photoelectron spectroscopy). In order to achieve spa-
tially resolved characterization, FTIR measurements were obtained with a
20 um aperture scanned across the ~700 um laser-annealed lines with
spectra every 25 um. The FTIR spectra were fit to nine Gaussian peaks
(in four sets): precursor peaks of Si-OH at 900 cm~! and Si-OCH,CH,
at 930 cm™'; Si-O framework peaks of sub-oxide at 1023-1035 cm™,
fully networked Si-O framework at 1065-1072 cm™1, and ladder struc-
ture at 1105 cm™'; carbon-bridge related peaks of Si-CH,-CH,-Si at 1150—
1162 cm™! and Si-CH,CH; (bridge cleavage) at 1220 cm~'; and tem-
plate (porogen) peaks of complex CH, at 2860-2920 cm~' and CH;+
at 1272-1275 cm~". Details of the fitting procedure have been published
previouslyl4?] with detailed analyses of the sol-gel reactions after deposi-
tion and pre-cure given in the Supporting Information.

Laser Spike Annealing (LSA):  Following pre-cure, films were annealed
to high temperatures using the lateral gradient (single-stripe) LSA (IgLSA)
technique.[**] A 120 W CO, laser (4= 10.6 um) was focused to a line-shape
beam (x95 um X ~700 um) and scanned across films/substrates mounted
on a 400 °C pre-heated vacuum chuck. The lateral intensity of the laser
was intentionally near Gaussian to establish a lateral temperature profile
across laser scans. Dwell time, defined as the laser FWHM in the scan di-
rection divided by the scan velocity, was varied between 0.5 and 3 ms. Peak
temperature at the center of each stripe was adjusted by the incident laser
power using an optical attenuator, with peak temperatures from 400 °C
(hot stage) to ~1400 °C (Si melt). Temperatures were calibrated using Si
and Au melts coupled with CLASP heat flow simulations.[46]

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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