Chemical amplification of sub-threshold base triggers to drive sol-gel
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ABSTRACT: Chemical amplification has been widely applied in applications ranging from stimuli sensing to advanced
photoresists but is rarely utilized to drive productive mechanical property changes. Here we demonstrate the use of a base
amplifier to drive gelation of a functional polymer solution in response to a sub-threshold base trigger through a
mechanism whereby the trigger drives a dramatic increase in the base concentration driven by base amplification, resulting
in complexation of Fe(Ill) and polymer-bound catechol groups and subsequent gelation of the polymer solution. The
concomitant crystallization of dibenzofulvene, a byproduct of base amplification, led to significant stiffening of the resultant
gel and an unexpected temperature-sensitive change of gel stiffness.

Stimuli amplification is ubiquitous in biology and
common in engineered systems ranging from sensors to
machines.’-* While biology often utilizes a complex
chemical cascade to convert a weak signal into a strong
response,’ engineered systems typically rely on electronics
to amplify weak signals. Interesting emerging examples of
synthetic chemical systems that can amplify weak chemical
stimuli include those chemistries which improve
sensitivity to for example F-¢7 and thiol.# Common to these
and other emerging systems which amplify chemical
stimuli is to use autocatalytic reactions triggered by the
initial signal inputs. In such an approach, the same
chemical species as the initial trigger is released via
autocatalytic decomposition of stimuli amplifier molecules,
sustaining the reactions till full consumption of the stimuli
amplifier.? In the sensing space, a majority of such efforts
have been focused on detection and quantification of dilute
analytes.10-12 [t is our postulate, and the focus of the work
presented here, that the concept of application of
autocatalytic amplification reactions to change the
properties of materials is considerably underdeveloped,
and that after appropriate development can be utilized to
trigger chemical reactions that significantly modify
mechanical properties of a material.

We specifically selected bases as the chemical stimuli of
interest. In the presence of a base trigger, autocatalytic
decomposition of a base amplifier (BA) generates one or
more equivalents of base molecules relative to BA
molecules per cycle, leading to an exponential increase in
base concentration. Following the pioneering work of
Arimitsu and Ichimura et al.,'31* diverse chemistries of BAs
have been devised.!5>-17 The versatility of bases in chemical
reactions have led to the employment of BAs in
applications  including  photolithography,'81®  resin
curing,?%?! frontal free radical polymerization,???3 and
degradable polyurethanes.'72¢ However, in the published
systems, the amplification reactions occurred at elevated
temperatures and/or a stoichiometric amount of a base
trigger was applied.

Here we apply a base amplifier to amplify a dilute base
trigger (4-benzylpiperidine, BPD) at a moderate
temperature (<40 °C). The BPD concentration was
specifically selected to be at such a low level that it alone
does not result in a measurable change in the mechanical
properties of the host system. Only if the BPD stimulus is
subsequently amplified will there be a productive
mechanical response, i.e., sol-gel transition and stiffening
of a functional polymer solution. To design a responsive
host where the mechanical response is specifically the
result of the amplified change of base concentration, we
deliberately chose catechol-Fe(IlI) complexation as the
reaction which converts the change in base concentration
to a mechanical property change. This reaction occurs
readily at a moderate temperature (<40 °C) and does not
require the presence of any co-catalyst. The nature of the
catechol-Fe(IIl) complexation is a strong function of pH or
base concentration. In an acidic medium, Fe(IIl) tends to
bind catechol in a 1:1 ratio. As base concentration
increases, the complexation ratio (Fe(III) : catechol) shifts
to 1:2 and eventually 1:3. When catechol groups are
tethered to a polymer backbone, formation of bis- and tris-
catechol-Fe(IlI) complexes leads to non-covalent
crosslinks which can induce gelation of the polymer
solution.?
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Figure 1. Base-triggered autocatalytic decomposition of BA.

Base Amplification in Functional Solutions. The base
amplifier used here is derived from BPD, which, as
demonstrated by He et al.,3 decomposes autocatalytically
in the presence of a base trigger, yielding an additional
equivalent of BPD that continues to trigger decomposition
of remaining BA molecules (Figure 1). Formed as
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Figure 2. Time-lapse UV-Vis spectra of DMSO solutions of (a) 0.2 mM effective BPD, (b) 0.4 mM effective BPD, (c) 0.2 mM effective
BPD + 10 mM BA, and (d) 0.4 mM effective BPD + 10 mM BA. All solutions contain 22 ug/mL FeCls, 44.8 pg/mL pyrocatechol
(pyrocatechol/Fe = 3/1, mol/mol), and 1 mM TFA. Spectra were collected every 5 min for 2 hours at room temperature. The first
and last spectra are highlighted by solid lines in colors of corresponding solutions, and arrows indicate directions of spectral

evolution.

byproducts are dibenzofulvene (DBF) and CO2. While a
base is able to initiate both crosslinking and degradation of
functional polymers,?¢-28 we focused on utilizing a base in a
constructive way to demonstrate the concept of base
amplification in a base crosslinkable chemistry.
Theoretically, base amplification is compatible with any
base-involving reactions that are catalyzed by a base or
that consume the base more slowly than base
accumulation. Catechol-Fe(IlI) complexation was chosen
as a functional manifestation because of its dependence on
base concentration, and formation of the three possible
catechol-Fe complexes can be monitored via UV-Vis
spectroscopy.2529

To confirm compatibility of the two chemistries, reaction
monitoring of base-triggered BA decomposition was
conducted in a DMSO solution of FeCls and pyrocatechol
(pyrocatechol/Fe = 3/1, mol/mol) containing 1 mM
trifluoroacetic acid (TFA) using UV-Vis spectroscopy.
When the amount of the base trigger was barely sufficient
to neutralize TFA, BA-free and BA-containing solutions
both showed minimal spectral changes with the mono-
catechol-Fe(IIl) as the dominant species (Figure S1). The
amount of BPD added in excess of 1.0 mM contributed to
an effective base concentration that triggered
decomposition of BA and further shifting of the
equilibrium of pyrocatechol-Fe(Ill) complexation. In BA-
free solutions, an equilibrium was reached within minutes
(Figure 2(a)-(b)). At an effective BPD concentration of 0.2
mM, the green mono-pyrocatechol-Fe(III) complex formed
in a BA-free solution resulting in an absorption peak at 751

nm. At an effective BPD concentration of 0.4 mM, an
absorption peak at 560 nm associated with the bis-
pyrocatechol-Fe(IlI) complex was observed.?> The
absorption at 398 nm was possibly attributed to formation
of o-quinone from oxidation of catechol by Fe(Ill) in an
alkaline environment.3? Since o-quinone cannot coordinate
with Fe(III), a concomitant decrease of the absorption peak
at 560 nm was observed.

In contrast, when the effective base concentration was
non-zero, the spectra of BA-containing samples kept
evolving within the 2-hour experimental window (Figure
2(c)-(d)). Specifically, absorbance of the mono-
pyrocatechol-Fe(IIl) complex at 751 nm decreased, while
that of the bis-pyrocatechol-Fe(IlI) one at 550 nm
increased even in the case of 0.2 mM effective BPD. The
peak at 550 nm started to blueshift in the end of the 2-hour
measurement, indicating formation of the tris-
pyrocatechol-Fe(Ill) complex. The absorbance increase at
low wavelengths could be due to accumulation of the DBF
byproduct.’® Notably, both BA-containing solutions
reached similar final states despite different amounts of
BPD that were added, because the maximum amount of
BPD was mostly determined by the BA concentration,
which was the same in both solutions and in large excess
relative to the initial base trigger.
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Figure 3. Chemical structure of poly[di(ethylene glycol)
methyl ether methacrylate-co-dopamine acrylamide] (PDD).

Shown in Figure 4(a) is modulus evolution of a PDD
solution containing FeCls and 0.6 M BA upon addition of
various sub-threshold concentrations of BPD. At t = 0, the
base trigger was added to the polymer solution to initiate
the amplification process. After an induction period with
noisy data below the instrument torque limit, an abrupt
modulus increase occurred due to sol-gel transition of the
sample as base amplification proceeded and base
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Figure 4. (a) Modulus development of 10 wt% PDD/DMSO solutions containing FeCls (catechol/Fe = 3/1, mol/mol), 0.6 M BA, and
1 mM TFA upon triggering with different amounts of BPD at 40 °C. Data in the gray area is below the instrument torque limit. (b)
Frequency sweeps of the organogel formed in response to 20 mM BPD during heating (40-140 °C, left) and cooling (140-40 °C,
right). G’ and G” were normalized to G’ at 1 rad/s at 40 °C before the thermal cycle. Data in the gray area is below the instrument
inertia limit, and the dashed line indicates the instrument torque limit.

Sol-Gel Transition of a Base-Amplified System. Now
that compatibility of catechol-Fe(III) complexation and
base amplification was confirmed, sol-gel transition of a
functional polymer (poly[di(ethylene glycol) methyl ether
methacrylate-co-dopamine acrylamide] (PDD), Figure 3)
solution containing BA and FeCls when triggered with a
dilute base trigger was investigated using rheological
characterization. The molar ratio of catechol group to
Fe(Ill) was fixed at 3:1 for all tests, which allowed faster
gelation Kkinetics over other ratios.3! While both base
amplification and catechol-Fe(Ill) complexation can
proceed at room temperature, all measurements were
done at 40 °C to shorten the timeframe of kinetics studies.

When there was only BA or 20 mM BPD in the polymer
solution, no visible phase change was observed after 24 h
at 40 °C (Figure S2), suggesting reasonable thermal
stability of BA at the test temperature in the absence of a
base trigger as well as the inability of 20 mM BPD alone to
induce sol-gel transition. Over 20 mM BPD would induce
immediate inhomogeneous gelation of the solution.
Therefore, in this context, BPD concentrations no higher
than 20 mM are called sub-threshold.

accumulated. Later, storage and loss moduli (G’ and G”
respectively) leveled off, indicating completion of the base
amplification reaction. As a result of the fast transition
process, the crossover point of G’ and G” was buried in the
noisy signals during the induction period. Thus, for
practical purposes, we define the apparent gelation point
as when G’ first reached 100 Pa. When a more dilute BPD
solution was used as the trigger, the induction period
increased correspondingly, which is characteristic of an
autocatalytic reaction.3233 As BPD concentration was
decreased to 5 mM (BA/BPD = 120, mol/mol), gelation
was not observed until several days later. Nonetheless, all
three samples reached very similar plateaus, and the
plateau G’ was on the order of several MPa, which is 2
orders of magnitude higher than the maximum theoretical
value from rubber elasticity theory (27.60 kPa, see SI for
calculation). Such deviation implies contributions of
factors other than catechol-Fe(Ill) complexation to
mechanical properties of the organogel. Note, it was not
possible to collect rheological data on gelation triggered by
5 mM BPD since gelation takes days in that case, and the
solvent partially evaporates. Solvent evaporation is also
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Figure 5. (a) Modulus development of 10 wt% PDD/DMSO solutions containing FeCls (catechol/Fe = 3/1, mol/mol), different
concentrations of BA, and 1 mM TFA upon triggering with 20 mM BPD at 40 °C. Data in the gray area is below the instrument
torque limit. (b) Plateau storage moduli (G’piateau) and gel times (tge1) of samples in (a) against BA concentrations. Dashed lines are
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why we suspect there appears to be multiple plateau
moduli in the system triggered by 10 mM BPD.

Frequency sweeps were performed on the resultant gel
at various temperatures (Figure 4(b)). At low
temperatures, G' and G” showed little frequency
dependence, indicating much slower exchanging kinetics
of catechol-Fe(III) complexes in the resultant organogel
than in a hydrogel?s or in a BA-free organogel prepared by
direct base addition (Figure S3(a)). As the temperature
increased, exchange of catechol-Fe(Ill) complexes was
kinetically unlocked and we observed a viscoelastic liquid
terminal regime of G’ and G” at low frequencies at 120 °C.
When the sample was cooled down back to 40 °C, the
sample returned to its gel state as indicated by G’ > G” over
a broad frequency range down to 0.1 rad/s. However,
neither of the storage and loss moduli recovered to the
original level. In contrast, when a BA-free organogel
prepared by direct base addition was subjected to the
same thermal cycle, an increase in storage modulus was
observed at high temperatures, and after the thermal cycle,
the final storage modulus at 40 °C was higher than the
initial value, likely owing to oxidation of catechol groups
by Fe(Ill) and resultant formation of chemical crosslinks
(Figure S3(b)).

When the same amount of base trigger was used and BA
concentration decreased, the gelation time (tg) increased
linearly; meanwhile, the plateau storage modulus (G’pateau)
decreased exponentially and approached the maximum
theoretical value (27.60 kPa) when the BA concentration
was 0.2 M (Figure 5). In some cases, a small modulus
increase was observed before the main jump, which led to
a low plateau with G’ higher than G”. A similar
phenomenon was observed in the bubble nucleation stage
of polyurethane foaming and can be explained by
formation of bubble network.3435 The gel times and plateau
storage moduli of BA-containing samples triggered by
various concentrations of BPD were summarized in Table
S1.
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Figure 6. Normalized storage moduli of organogels formed
after base amplification (20 mM BPD, 0.2-0.6 M BA) during a
40-140-40 °C thermal cycle. G’ was measured at 1 rad/s and
0.1% strain and normalized to G’ of each sample at 1 rad/s at
40 °C before the thermal cycle.

Figure 6 displayed evolution of storage moduli of
selective gels during a 40-140-40 °C thermal cycle is
displayed in. For each sample, the data was normalized to
G’ at 1 rad/s at 40 °C before the thermal cycle (Table S1).
For all the samples, G’ dropped drastically as temperature
increased. With a lower BA concentration, the extent of G’
recovery after the heating-cooling cycle was higher. Only
when the BA concentration was as low as 0.2 M did the
moduli before and after the heating-cooling cycle
overlapped, despite some extent of hysteresis.
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Figure 7. Enthalpies of melting (AHmeing) and
crystallization (AHcrystanization) of organogels formed after
base amplification (20 mM BPD, 0-0.6 M BA) against BA
concentrations. Samples were subjected to 20-140-20-
140-20 °C heating-cooling cycles at 5 °C/min. The dashed
line is the linear fit of AHmeiting1 (R?=1.00). n=3.

Crystallinity of Organogels. Differential scanning
calorimetry (DSC) was used to study thermal properties of
the organogels formed after base amplification. An
endothermic melting peak was observed at 112-116 °C,
which shifted slightly to a higher temperature as the BA
concentration decreased; when the samples were cooled
down, an exothermic peak was observed at 40-50 °C
(Figure S4). Shown in Figure 7, the enthalpy of melting
(AHmetting) was proportional to the initial BA concentration.
After the first heating-cooling cycle, AHmening decreased,
accompanied by shifting of the endothermic melting peak
to a lower temperature. The fact that the enthalpies of
crystallization  (AHcrystanization) in  both cycles were
significantly smaller than AHmering, together with the
decreasing AHmelting, implies incomplete recovery of sample
crystallinity.
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Figure 8. (a) XRD patterns of organogels formed after base
amplification (20 mM BPD, 0.1-0.6 M BA) at 40 °C (black) and
after another 30 min heating at 140 °C (red). (b) XRD patterns
(from top to bottom) of an organogel formed by direct base
addition to a PDD solution, bulk DBF, an organogel formed
after base amplification (20 mM BPD, 0.6 M BA) at 40 °C, an
organogel formed by direct addition of a BPD solution into a
PDD solution containing DBF (0.62 M BPD, 0.6 M DBF), 1 hour
after mixing 0.62 M BPD and 0.6 M DBF in solution, 8 hours
after mixing 0.62 M BPD and 0.6 M DBF in solution. 1 mM
TFA/DMSO was used as the solvent.

Since DSC measurements indicate some crystallinity in
the base amplified systems, organogels formed after base
amplification at 40 °C were further examined by X-ray
diffraction (XRD). The dominant feature was an
amorphous hump observed in Figure 8(a). Crystalline
peaks were observed in the 20 range from 4° to 14°, which
increased with an increasing BA concentration, confirming
presence of a BA-related crystalline phase. The organogels
were then heated at 140 °C for 30 min and became liquid
because of dissociation of catechol-Fe(Ill) complexes and
melting of the crystalline phase. Samples also turned from
dark purple to brown due to some catechol oxidation. Gels
were recovered when the samples were cooled down and
catechol-Fe(Ill) complexes reformed. The crystalline peak
intensities did not fully recover, which corroborates the
DSC results of reduced crystallinity after heating-cooling
cycles. It is worth noting that the intensity difference of
crystalline peaks in samples before and after heat
treatment decreased with decreasing Cpa - in fact, the
traces before and after heating almost overlapped when
BA concentration was 0.2 M or less. As a control, a BA-free
organogel was prepared by adding a BPD solution, which
contains no crystalline phase as indicated by both DSC
(Figure S5(a)) and XRD (Figure 8(b)).

DBF, a byproduct of base amplification, was synthesized
and dissolved in a PDD + FeCls solution (10 wt% PDD;
catechol/Fe = 3/1, mol/mol), and a BPD solution was
added to form an organogel. DSC analysis of the resultant
gel revealed an endothermic melting peak at ~98 °C
(Figure S5(b)). This melting peak shifted to a lower
temperature in the second cycle with a decreased peak
area, which agrees with what we observed for an
organogel formed after base amplification. This sample
also showed almost identical diffraction patterns to those
of organogels formed after base amplification (Figure
8(b)). Given the susceptibility of DBF to self-polymerize,
the following experiments were performed to rule out DBF
polymerization as the primary mechanism for the
observed organogel stiffening after base amplification. DSC
was performed on bulk DBF over two cycles from 20 °C to
140 °C and back (Figure S5(c)). On the first heat, a sharp
endothermic melting peak was observed at ~53 °C,
followed by a broad exothermic peak likely indicative of
self-polymerization of DBF. A tiny exothermic peak
appeared during cooling around 45 °C, likely due to
crystallization of residual unpolymerized DBF. No
endothermic or exothermic features were observed in the
second thermal cycle. In contrast, in the organogels formed
after base amplification, a melting is observed at 112-116
°C, and a crystallization at 40-50 °C (Fig. S4). As we present
in the following paragraph, it is probably a DBF-BPD
adduct that is melting around 112-116 °C. The fact that
crystallization is observed upon cooling, and melting on
the following heat is strong indication DFB has not largely
polymerized, even after heating to 140 °C. Therefore, we
suggest that room temperature formation of poly(DBF) is
very unlikely to be the reason for the high observed
stiffness of the base amplified systems. To further confirm
the identity of the crystalline phase, a mixture of BPD and
DBF were characterized 1 hour and 8 hours after mixing.
The diffraction patterns resembled that of the organogel
formed after base amplification, and the intensities of the



crystalline peaks increased over time. In contrast, the BA-
and DBF-free organogel formed by direct base addition did
not show any crystallinity, and bulk DBF showed a
different crystalline structure than the crystalline phase in
the organogel formed after base amplification.
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Figure 9. 1H NMR spectra (from top to bottom) of BPD, DBF, a
BPD-DBF mixture at t = 1 hour and t = 8 hours in CDCls. 0.62
M BPD and/or 0.6 M DBF were first dissolved in 1 mM
TFA/DMSO and sampled for 1H NMR.

DBF as a byproduct of Fmoc deprotection is known for
the Michael-type addition reaction with an amine,3¢ which
was confirmed by 'H NMR (Figure 9). After BPD and DBF
were mixed, the DBF peak at ~6.02 ppm gradually
decreased, and a new triplet appeared at ~3.91 ppm,
indicating formation of an adduct from the two
compounds. While little information about the DBF-BPD
adduct can be found in literature, the melting point of the
DBF-piperidine adduct, which has a similar structure, was
reported to be 116-117 °C by Carpino et al3” and 107-109
°C by Akaji et al.,’8 in good agreement with our DSC results.

In summary, it was demonstrated that base
amplification following a sub-threshold base trigger can
successfully drive a macroscopic property change (e.g.,
gelation), as we showed using a solution of a catechol-
bearing polymer and FeCls. The decoupling of stimuli
amplification crosslinking reactions allows a myriad of
combinations of reactions for sensitive responses, without
the need of synthesizing specific and sometimes complex
functionality. The utilization of a base amplifier also allows
modulating gelation kinetics and final gel properties by
different means. A higher concentration of either the base
trigger (BPD) or base amplifier (BA) facilitated faster
gelation of a catechol-bearing polymer solution containing
Fe(IIl) with a shorter induction period. The plateau storage
modulus of the formed organogel was proportional to BA
concentration which decided final concentrations of the
base and hence bis- and tris-catecholato-Fe(III) complexes.
Additionally, the BA concentration determined the
concentration of the DBF-BPD adduct that formed a
crystalline phase contributing to the unusually high
stiffness of the organogel. Hence, besides properties of the
polymer backbone, an additional knob (i.e., physical
properties of the reaction byproduct) can be utilized to

tune material properties. We note, the samples described
in this article were brittle because of the low polymer
content deliberately used. Literature indicates that a
higher polymer content might improve elasticity and
flexibility of the resultant hybrid material.3?

We note, the gradual loss of crystallinity and gel stiffness
after heating-cooling cycles probably does result from self-
polymerization of dibenzofulvene at an elevated
temperature. It would be of interest to improve the
reversibility of melting-crystallization and stiffness
changes, structural modification of the Fmoc group to
reduce the propensity of DBF derivatives for self-
polymerization could be considered.
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