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Summary

By comparing the molecular kinetics of the dynamic boronic ester bond to the mechanical properties of
boronic ester gels, we find that the amide groups, commonly used to link diols to polymers, and anions in
buffers act as internal and external catalysts.

Abstract

In dynamic materials, the reversible condensation between boronic acids and diols provides adaptability,
self-healing ability, and responsiveness to small molecules and pH. Recent work has shown that the
thermodynamics and kinetics of bond exchange determine the mechanical properties of dynamic polymer
networks. However, prior studies have focused on how structural and environmental factors influence
boronic acid—diol binding affinity, and design rules for tuning the kinetics of this dynamic bond are lacking.
In this work, we investigate the effects of diol (or polyol) structure and salt additives on the rate of bond
exchange, binding affinity, and the mechanical properties of the corresponding polymer networks. To better
mimic the environment of polymer networks in our small-molecule model systems, we incorporated
proximal amide groups, which are used to conjugate diols to polymers, and included salts commonly found
in buffers. Using one-dimensional selective exchange spectroscopy (1D EXSY), we find that both proximal
amides and buffering anions induce significant rate acceleration consistent with internal and external
catalysis, respectively. This rate acceleration is reflected in the stress relaxation of gels formed using PEG
modified with different alcohols, and in the presence of salts containing acetate or phosphate. These
findings contribute to the fundamental understanding of the boronic ester dynamic bond and offer new
molecular strategies to tune the macromolecular properties of dynamic materials.



Introduction

The reversible condensation between boronic acids and diols has been applied to sensors,'” drug delivery,*
%6 and dynamic hydrogels® > "' due to its biocompatibility, selectivity, and reactivity under ambient-
temperature aqueous conditions. Among dynamic covalent chemistries, boronic acid—diol exchange offers
the fastest uncatalyzed rates, enabling rapid responses to physical and chemical stimuli."*** In polymer
networks, incorporating boronic acids and diols within polymer chains or at end groups endows self-healing
behavior, stimuli responsiveness, and viscoelasticity. Experiment, simulations, and theory have revealed
that the macroscopic properties of dynamic networks are highly dependent on the thermodynamics and
kinetics of the reversible crosslink.?**° While thermodynamics (binding affinity) determines the stiffness
of the polymer network, the important dynamic behaviors such as self-healing and viscoelasticity are
governed by the kinetics of the reversible reaction (Figure 1a). Therefore, to better control and design
boronic ester-based materials for specific applications, it is essential to understand the molecular factors
that influence both kinetics and thermodynamics of this dynamic bond.

The esterification and hydrolysis of boronic acids and esters occur via multi-step mechanisms and are
sensitive to many factors: pKa of the boronic acid and diol, sterics and dihedral angle of the diol, pH of the
solution, and buffer composition and concentration (Figure 1b).*'* As a result, the reaction landscape
varies significantly depending on the choice of the boronic acid and diol partners as well as the reaction
conditions. Efforts to understand how those factors affect the thermodynamics of the dynamic bond have
focused on maximizing the binding affinity (K.q) at physiological pH.” *** In particular, those studies
have introduced new classes of boronic acids with high binding affinities, such as Wulff-type boronic acid
and benzoxaborole.” ***” In contrast, studies investigating the kinetics of this dynamic reaction are largely
motivated by boronic acid-based receptors and sensors, and thus rely on specific model diols to elucidate
the speciation and pathways of the complex mechanism (see Electronic Supplementary Information (ESI),
Table S1).>'* Unlike the extensive structure-reactivity relationships available for boronic acid—diol
binding affinity, design principles to tune the kinetics of the reaction have not been systematically
developed. Furthermore, factors of particular relevance to polymer networks, such as the conjugation
chemistry used to attach the dynamic bond to polymers or commonly used buffers for hydrogels, are not
typically included in small-molecule model studies. In the only study to directly compare free and polymer-
bound sugars, Auzély-Velty noted differences in their binding constants with boronic acids.”®
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Figure 1. (a) Translation of molecular parameters into macroscopic network properties. The binding
constant (Keq) relates to the rubbery plateau modulus (G,) while the rate of dissociation (&) determines the
viscoelasticity of the network. (b) Summary of factors affecting the boronic acid—diol reversible
condensation. This work focuses on the effect of diol structure and salts on the thermodynamics and kinetics
of the boronic acid—ester equilibrium. (c) This work uncovers internal catalysis in boronic ester networks
by the linker used to conjugate diol to polymer end groups, and external catalysis by buffering anions.

Here, we report the effect of diol structure and salt additives on both kinetics and thermodynamics of the
reversible boronic acid—diol condensation and their impact on the mechanical properties of boronic ester
networks. We measured the exchange kinetics and binding affinity between different diols (or polyols) and
phenylboronic acid (PBA) by one-dimensional selective exchange spectroscopy (1D EXSY) and 'H NMR.
We then synthesized star polymers with analogous diol/polyol and boronic acid end groups and measured



the mechanical properties of the resulting gels using shear rheology. Through these measurements, we
uncovered two new factors that affect the mechanics of boronic ester networks: the presence of amide
groups proximal to the diol, and the composition of the buffer (Figure 1¢). We showed that amide groups
used to conjugate diols to polymers act as internal catalysts via a solvent-insertion mechanism,®
accelerating both esterification and hydrolysis. Additionally, we observed salt-dependent rate constants
correlated to the pKa of the anion’s conjugate acid (Figure 1c). These changes in molecular
thermodynamics and kinetics are translated into gels with a wide range of mechanical properties, with shear
moduli ranging from 1.8 kPa to 27 kPa and relaxation times from 0.1 s to 571 s, based only on changes in
diol structure or salt additive. Our results inform new design parameters that can be used to tune boronic
ester-based dynamic materials and complement existing studies that have focused on the boronic acid
partner. Furthermore, these findings emphasize the importance of designing small-molecule model systems
that capture essential components of the polymer network when relating molecular parameters to network
properties.

Results and discussion
Effect of diol structure on Kinetics of the dynamic covalent reaction

To study the effect of diol structure on boronic ester formation and hydrolysis, we selected a representative
1,2-diol, 1,3-diol, triol, and polyol with varying degrees of flexibility and steric encumbrance (Figure 2a,
“simplified alcohols”). The reaction kinetics of the reversible condensation between PBA and each alcohol
were studied by using 1D EXSY. EXSY NMR detects magnetization transfer via chemical exchange,
allowing quantitative measurement of the rate of dynamic processes occurring slower than the NMR time
scale. In 1D EXSY, a peak of interest is selectively excited, and the intensities of the irradiated and
exchanged peaks are monitored as a function of mixing time. Thus, a series of measurements with different
mixing times tracks the magnetization transfer between exchanging species over time. When the mixing
times are long enough for the exchange to reach equilibrium, the relative intensities of the irradiated and
exchanging peaks become constant.

The dynamic reaction was studied under pseudo-first order conditions by dissolving PBA in a mixture of
acetone-ds and D>O (1.2:1) with excess alcohol (10 equiv.). Under these conditions, we confirmed that the
ortho-protons of the boronic acid and ester are well resolved by '"H NMR and thus can be selectively
irradiated (Figure 2b; see ESI for additional examples). In the 1D EXSY experiment, the ortho-protons of
PBA were irradiated, and the integrated peaks of the acid and the ester were converted to concentrations
for each mixing time using an internal standard, following a literature procedure (Figure 2¢).® The decrease
of in acid concentration with respect to mixing time was fit to a first-order reversible rate law to obtain
pseudo-first-order rate constants for the forward (esterification, kobsr) and reverse (hydrolysis, Aobsy)
reactions. These measurements were repeated at several temperatures to determine the activation energies
for esterification and hydrolysis (Figure 2d, see ESI for details).
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Figure 2. (a) The reversible condensation of PBA and alcohols, and the structures of the alcohols used in
this study. (b) Representative '"H NMR (top, at equilibrium) and 1D EXSY with different mixing times
(bottom) with PBA and NP at 25 °C. The peak at 7.97 ppm (ortho-protons of PBA) is selectively irradiated,
and the integrations of the acid and the ester peak at various mixing times were extracted. (c) Analysis of
1D EXSY data. The concentration change of PBA over mixing time was fitted with a first-order reversible
rate law. (d) Arrhenius plot using the pseudo-first-order rate constants at different temperatures to calculate
the activation energy from the slope.



The measured kinetic parameters and equilibrium constants for each alcohol are summarized in Table 1;
activation energies are reported in Table S3. As has been previously reported,* the flexible 1,3-diols like
neopentylglycol (NP) exhibited a significantly lower binding affinities for PBA compared to cis-1,2-
cyclopentanediol (CP), which has a locked geometry that favors ester formation. Compared to all other
alcohols studied, CP exhibits a slower esterification rate, likely due to the steric demands of the secondary
alcohols, and a dramatically slower hydrolysis rate that could not be measured directly by EXSY. Increasing
the number of OH groups also enhanced the binding affinity (NP < Tris < Sorb). As the functionality
increases, the rate of esterification increases, and the rate of hydrolysis decreases, albeit to a lesser extent.

Table 1. Equilibrium and rate constants for the reversible esterification/hydrolysis of PBA with various
alcohols.”

Alcohols Keq Kobs,¢ (s™) Kobs,r (s) kre,s ¢ krelr @
' NP ' 0.577 (:0.009) ~ 0.0473 (+0.0004)  0.082 (+0.001) '
Tris 1.389 (£0.006)  0.1100 (£0.0003)  0.0792 (0.0003)
Sorb 7.4 (+0.6) 0.23 (+0.01) 0.031 (£0.002)
cp 15b (+2) 0.0216 (:0.0004)  0.0014¢ (0.0002)
Tris-amide  0.182 (+0.006) 2.20 (+0.04) 12.1 (£0.3) 20 150
NP-amide  0.877 (:0.005)  0.327 (+0.001) 0.373 (£0.002) 6.9 45
(syn)-CP-amide  1.45 (+0.02) 0.210 (£0.002) 0.145 (£0.002) 9.7 100
(anti)-CP-amide 5.4 (+0.4) 0.107 (£0.006) 0.020 (£0.001) 5.0 14
Glu-amide 6.4 (+0.5) 0.70 (£0.03) 0.110 (£0.008) 3.0 35

“ Pseudo-first-order rate constants were determined using 1D EXSY at 25 °C with 19 mM PBA in acetone-de: D20
(1.2:1) and 10 equiv. alcohol. Dimethyl sulfone or ethylene carbonate was used as an internal standard. Equilibrium
constants were determined from the forward and reverse rate constants at equilibrium (Keq = kobs.t/kobs.r). “Estimated
using Keq = ([ester][H20]?)/([acid][diol]) because hydrolysis was too slow for the rate constant to be extracted by
fitting; see ESI for details. ¢ Estimated from Keq using kobsr = kobs,#/Keq. “Calculated by kobs (amide derivatives)/kobs
(simplified alcohols).

Network properties do not correlate to molecular parameters of simplified alcohols

We next synthesized star polymers with end groups that contain the structures of the simplified alcohols
(Figure 3a; see ESI for synthetic details). Using amide coupling, 4-arm PEG-carboxylate and amine (M
5 kDa) were conjugated to amines or acids containing Tris, CP, and PBA substructures to generate PEG-
Tris, PEG-CP, and PEG-PBA. PEG-CP end groups represent a mixture of diastereomers (4:1 anti:syn;
see ESI for assignment). PEG-NP and PEG-Glu were obtained by ring-opening of pantolactone and
gluconolactone by 4-arm PEG amine. Each alcohol-terminated polymer was mixed with PEG-PBA in a
1:1 ratio to form a 10 w/v% solution in propylene carbonate containing 1% (v/v) D,O. This solvent mixture
was required based on the low binding constants of some of the alcohols tested, which preclude gelation in
fully aqueous environments. The gels were characterized by oscillatory shear rheology within the linear
viscoelastic regime to determine the rubbery plateau modulus (G,, Figure 3b; see ESI for amplitude
sweeps).
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Figure 3. Mechanical and self-healing properties of the gels formed from 4-arm PEG-PBA and PEG-
alcohol (1:1, 10 w/v% in propylene carbonate with 1% D,0). (a) Chemical structures of modified PEG
polymers. PEG-CP contains two diastereomers in a 4:1 ratio (anti:syn). (b) Frequency sweeps at 5% strain
obtained by oscillatory shear rheology. (c) Normalized stress relaxation profiles following 5% shear step
strain. (d) Calculated t for the different gels (bar graph, left axis) and their rubbery plateau moduli, G, (black
dot, right axis). The t values, the time required for the relaxation modulus to reach 1/e of its initial value,
were obtained by fitting the stress relaxation data with a Maxwell model. Mechanical data are the average
of 3 samples; error is the standard deviation of the mean. (e) Photographs of PEG-Tris, PEG-Glu and
PEG-CP gels undergoing self-healing.

In a dynamic network, the number of elastically active polymer strands, which determines Gy, is dictated
by the equilibrium constant (Kq) of the crosslink. Tibbitt recently modified the phantom network model to
directly relate G, to K¢q in dynamic networks and demonstrated the validity of this dynamic model in a
boronic ester hydrogel.*®> Based on the K¢, values obtained for the simplified alcohol in Table 1, we
expected the relative rubbery plateau moduli of the corresponding gels to follow the trend PEG-NP < PEG-



Tris < PEG-Glu < PEG-CP. However, we observed that the moduli followed the trend PEG-Tris <<
PEG-NP < PEG-CP < PEG-Glu (Figure 3d).

To relate the kinetics of the dynamic bond and the viscoelasticity of the gels, we applied a step strain (5 %)
to the gels and measured the stress relaxation over time (Figure 3c¢). These data were fit to a Maxwell model
to obtain the characteristic relaxation time t, which were in good agreement with the crossover frequencies
(o¢) observed in Figure 3b, where experimentally accessible (Table S9). The theoretical foundation
established by Semenov and Rubinstein revealed an inverse relationship between t and the dissociation rate
of the crosslink (t o 1/ kobs,),*"** and experimental studies have confirmed this relationship.?*>% 33 If the
measured kobs; values of the corresponding simplified alcohols correlate to the bulk relaxation time, we
would expect to observe the trend PEG-NP ~ PEG-Tris < PEG-Glu << PEG-CP. However, the observed
trend was PEG-Tris < PEG-Glu < PEG-NP << PEG-CP (Figure 3d).

Analogously, the rate of self-healing ability in the network should be determined by the rate of crosslink
formation (kobs£).>"*%*” We qualitatively compared self-healing of PEG-Tris, PEG-Glu and PEG-CP gels
by cutting them in half and putting them back together (Figure 3e). After 2 h, no fracture was detectable
within the PEG-Tris gel, showing complete self-healing, whereas the fracture was smoothed but visible in
the PEG-Glu gel and clearly visible in PEG-CP gel (PEG-CP < PEG-Glu < PEG-Tris). Based on the
measured kobs ¢ trend, we expect self-healing to occur fastest for PEG-Glu and slowest for PEG-CP. Taken
together, the discrepancies between the small-molecule parameters and the mechanical properties of the
networks led us to re-evaluate the use of simplified alcohols as model compounds.

Internal catalysis by the proximal amide

The key structural difference between the simplified alcohols in Figure 2a and the crosslinkers in the gel
is the presence of amide groups used for conjugation. Previously, our lab has taken advantage of
photoswitchable Lewis basic groups proximal to the boronic ester to modulate the kinetics and
thermodynamics of its dynamic covalent reactions.® '*®” Anslyn has shown that the basic aminomethyl
group in Wulff-type boronic acids catalyzes the addition and elimination of alcohols and water.’> 8
However, analogous internal catalytic effects have not been shown for the diol component of this dynamic
covalent reaction. We hypothesized that the amide groups introduced for polymer functionalization perturb
the rate and equilibrium constants of the esterification and hydrolysis reactions, through inductive effects,
direct coordination to the boron center,”” or internal catalysis.*" "

To test this hypothesis, we synthesized amide derivatives of each alcohol (Figure 1a, “amide derivatives”)
and measured the kinetics of their dynamic reactions with PBA using 1D EXSY (Table 1). Indeed, we
observed dramatic increases in both esterification and hydrolysis rates for the amide derivatives compared
to their simplified alcohol counterparts. These increases ranged from modest (Sorb vs. Glu-amide, ~3-fold
increase in kobs r and kobs ) to an order of magnitude or greater (Tris vs. Tris-amide, 20-fold increase in kobs
and 150-fold increase in kopsy). With Glu-amide, we also observed by EXSY the appearance of a new peak
that undergoes exchange with both acid and ester (Figure S18). When the boronic acid peak is irradiated
at 25 °C, only 5% conversion to this species is observed, but it becomes a major product when the EXSY
experiments are performed at lower temperature. We propose that this species is an intermediate, which is
not observed for any of the other alcohols, and may affect the accuracy of the measured rate constants for
Glu-amide. DFT calculations by Auzély-Velty suggest that there are at least five different binding modes
between PBA and a ring-opened gluconolactone with similar energies; however, these calculations did not
include an amide group.”®



The rate acceleration attributed to the amide group could arise from inductive effects, neighboring-group
effects, or a combination. To obtain insight into the relative contributions of each effect, we prepared the
anti and syn diastereomers of CP-amide and separately measured the reaction kinetics with PBA. Relative
to unfunctionalized CP, the minor isomer of CP-amide (syn) experiences more significant rate acceleration
(9.7-fold for esterification and 100-fold for hydrolysis) than the major isomer (anti) (5.0-fold and 14-fold,
respectively) (Table 1). In (syn)-CP-amide, the amide carbonyl is on the same face of the cyclopentane
ring as the diol and is thus well positioned to activate the diol nucleophile when it attacks the boronic acid
as an intramolecular base catalyst (Figure 4a). Similarly, in the syn isomer, the amide carbonyl can activate
water when it attacks the boronic ester during hydrolysis. In contrast, in (anti)-CP-amide, the carbonyl is
on the opposite face of the cyclopentane ring, which prevents any intramolecular catalysis (Figure 4b).
Nevertheless, the modest rate acceleration in the anti isomer suggests that intermolecular catalysis,
inductive effects, and/or conformational effects can accelerate both esterification and hydrolysis relative to
unsubstituted CP. Both C- and N-linked amides are inductively electron-withdrawing, which is expected
to accelerate the hydrolysis of the boronic ester.”

(a) (syn)-CP-amide
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Figure 4. Proposed mode of activation by the amide carbonyl on CP-amide diastereomers during
esterification and hydrolysis, for (syn)-CP amide (a) and (anti)-CP-amide (b). In the syn isomer, the amide
carbonyl is on the same face of the ring as the diols, thus can activate incoming nucleophiles (i.e. alcohols
and water) towards attack at the boron center.

To provide additional evidence for the participation of the amide group, the interaction between boron and
the amide group was studied by ''B NMR. Previously, Anslyn used ''B NMR to show that Wulff-type
boronic esters in alcohol or water form solvent-inserted tetrahedral species that appear at 8—12 ppm (Figure
5a).°7* When NP-amide was mixed with PBA in methanol-ds, we observed the peak for the boronic ester
at 25.1 ppm, along with an additional peak at 7.6 ppm (Figure 5c). When PBA was replaced with a more
electron-deficient boronic acid, para-nitrophenylboronic acid (NPBA), this peak slightly increased in
intensity (Figure 5d), indicating that removing electron density from boron favors the formation of this
species. This minor peak did not appear when PBA and NP-amide are combined in CDCls, a solvent that
cannot undergo insertion (Figure Se). Furthermore, the combination of NP and PBA in methanol-ds did
not reveal any solvent-inserted species (Figure 5f). Taken together, these data suggest that the amide bond
can interact with the boronic ester via solvent insertion (Figure 5a, bold box). While the ''B NMR
experiment in methanol-ds4 does not replicate the conditions used for kinetics and rheology, and the stability
of the solvent-inserted species may differ under those conditions, these experiments suggest that the
carbonyl is sufficiently basic and suitably positioned to act as an internal base catalyst during alcohol and
water attack.



/’ Anslyn and coworkers: N
"B NMR: 8.3 ppm  10.2 ppm

Proposed structure:
7.6 ppm

R s
&

(c) PBA + NP-amide in CD,0D

/o | [\ "
‘ i\
@8‘0:2: . J iy g

(0]

oo . RHN N A .

(d) NPBA + NP-amide in CD,0D !
N

o /‘\ f\.I*
Q: A Ml Yy

RHN —" s UNI, VUG
(e) PBA + NP-amide in CDCl,

(f) PBA + NP in CD,0OD

0
/
B :><
o
DL R A I A
10 5 [}
60 50 40 30 20 10 0

ppm

Figure 5. ''B NMR study with NP-amide and PBA. Inset shows the zoomed region from 0 to 14 ppm. (a)
Reported solvent-inserted species of a Wulff-type boronic acid in methanol-ds with ''B NMR assignments
by Anslyn (left, in the dotted box)® and proposed structure of the solvent-inserted species formed in the
presence of an amide linker (right, in the bold box). (b) PBA in CD;0D (c) PBA with 10 equiv. NP-amide
in CD;0D. (d) NPBA with 10 equiv. NP-amide in CD;OD. (e¢) PBA with 10 equiv. NP-amide in CDCls.
(f) PBA with 10 equiv. NP in CD3;0OD.

Amide derivatives better predict the trend in network properties

The amide derivatives exhibited more pronounced rate acceleration for hydrolysis than for esterification,
except for NP-amide. As a result, the binding constants for Tris-amide, CP-amide, and Glu-amide with
PBA are lower than those of their simplified alcohol counterparts. Therefore, when the amide effect is
considered, the trend in binding affinities for the amide model systems (Tris-amide < NP-amide < CP-



amide < Glu-amide) is consistent with the trend in plateau modulus observed for the gels (PEG-Tris <
PEG-NP < PEG-CP < PEG-Glu). Furthermore, based on the rate constants for the amide derivatives, the
self-healing rates of the networks are qualitatively consistent with the kops r trends. Of the derivatives tested,
PEG-Tris exhibits the fastest self-healing, consistent with Tris-amide having the highest kops .

The kobsr values predict a trend in bulk relaxation times (Tris-amide < NP-amide < Glu-amide < (anti)-
CP-amide) that more closely resembles the gel data (PEG-Tris < PEG-Glu < PEG-NP < PEG-CP). The
ratio of anti:syn isomers in PEG-CP affects the relaxation time, with a greater fraction of syn isomer
(anti:syn = 1.5:1 vs. 4:1) corresponding to faster stress relaxation (t = 355 vs. 571 s), again providing
evidence for the relevance of internal catalysis in the mechanism by which the network relaxes stress
(Figure S36). We note that while the measured rate constant for Glu-amide hydrolysis is ~3-fold slower
than NP-amide hydrolysis based on our EXSY experiments, PEG-Glu relaxes stress ~2-fold faster than
PEG-NP. However, this discrepancy may be ascribed in part to the buildup of an intermediate in the
dynamic reaction of Glu-amide, which may affect the rate constants measured by EXSY.

Overall, our data agree with the paradigm first articulated by Craig for dynamic networks: “strong means
slow”, meaning that the gels that resist flow have slower kinetics for the crosslink-breaking step.?® Previous
studies of supramolecular networks by Craig and Scherman have shown that the frequency sweeps for
chemically distinct networks can be superimposed when scaled to a molecular parameter such as & or Ea
(“time-crosslinker superposition”).*7* However, those metal-ligand and host-guest systems undergo flow
through single-step, dissociative mechanisms. When comparing our boronic ester networks, 1/kps.r and T
do not scale exactly, and it was not possible to superimpose the frequency sweep data by applying 1/kobss
as horizontal shift factors (Figure S35). We ascribe these differences to the complexity of boronic ester
hydrolysis, a multi-step mechanism in which the dominant pathway and speciation can change depending
on the structure of the boronic acid and diol, and environmental factors like solvent and pH.%> 3% 62
Consistent with changes in mechanism or rate-limiting step, the small-molecule activation energies do not
display any trends, and are not consistently lowered by the presence of an internal catalyst (e.g. Earis 20
kJ/mol for Tris and 36 kJ/mol for Tris-amide; sece Table S3).

External catalysis by buffering anions

Many boronic ester-based hydrogels are designed for biomedical applications, so are typically formed and
studied in the presence of buffers or media containing inorganic salts, amino acids, glucose, and vitamins.
While previous studies have focused on the pH of the medium rather than the bufter itself, Springsteen and
Wang showed that the binding affinity of a catechol dye to PBA is sensitive to phosphate buffer
composition and concentration.” Furthermore, London and Gabel showed that the presence of phosphate
anion increased the dissociation rate of 4-fluorophenylboronic esters.”® In the course of our studies, we also
observed significant changes in viscoelasticity of gels based on the identity and concentration of buffer
salts. Therefore, we used 1D EXSY technique to systematically determine the effect of ions on the rate of
boronic ester hydrolysis. NP was used as the model diol for this study, and various salts were introduced to
the solution at a final concentration of 0.0092 M, due to solubility limitations. To eliminate any changes in
rate due to pH, the pH of each solution was adjusted to 7 using either DCI or NaOD as necessary.

The pseudo-first-order rate constants for esterification and hydrolysis in the presence of various salts are
shown in Table 2. Using a common buffer, phosphate-buffered saline (PBS), we observed two orders of
magnitude increase of the rate constants for both the forward and reverse reactions. The effect of phosphate
anion was further confirmed by testing a phosphate salt with a different cation (NBusH,POs), which
revealed very similar rate acceleration. London and Gabel proposed that phosphate anions catalyze proton



transfer from water during hydrolysis.”® We further observed that the extent of acceleration was correlated
with the pKa of the conjugate acid: KOAc provides ~7-fold acceleration, compared to D,O alone, and
Na,SO4 and NBusPFs show no effect. We also did not see any effect in the presence of NaCl or CaCly,
indicating that the rate acceleration does not originate in ionic strength of the medium.

Table 2. Rate constants for the reversible esterification/hydrolysis of PBA with NP in the presence of
different salts at pH 7.”

Salt pKa® Kobss(s™) Kobs,r (s™)
No salt - 0.0473 (+0.0004) 0.082 (+0.001)
PBS (NaH.PO. + Na;HP 5.59 (£0.07) 8.2 (x0.1)
S (NaH2PO4 + NazHPO4) HPOs = 721
NBu4H2PO4 4.90 (+0.06) 7.9 (£0.1)
KOAc CH3COOH = 4.76 0.371 (£0.002) 0.574 (+0.005)
NazS04 HSO4s =1.9 0.053 (+0.002) 0.087 (£0.004)
NBu4PFe - 0.0587 (+0.0006) 0.095 (+0.001)
NaCl 0.051 (£0.001) 0.081 (+0.002)
HCI=-6.3
CaCl: 0.052 (+0.001) 0.084 (+0.003)

“Pseudo-first-order rate constants kobs.f and kobsr were measured at 25 °C by 1D EXSY with PBA (19 mM) in the
presence of 10 equiv. NP and salts (0.0092 M) in acetone-ds:D20 (1.2:1). The pH of the solutions was adjusted to 7
with either DCI or NaOD, if necessary. “From pKa data compiled by R. Williams.”™

We anticipated that the dramatic effects on hydrolysis rate would also translate to the viscoelasticity of
boronic ester gels. Indeed, the characteristic relaxation time for the PEG-NP gel in the absence of any salts
is 100 times slower than that of the same gel with 0.01 M KOAc, which in turn is 10 times slower than the
gel with 0.01 M NBwH,PO4 (Figure 6a-b). This 1000-fold range in relaxation times is achieved solely
through the addition of salts, without any change in pH. Visually, it is apparent that the network forms a
self-supporting gel without salt, while it is a viscoelastic liquid with 0.01 M NBusH,PO4 (Figure 6c¢). As
the gels became faster-relaxing, the rubbery plateau moduli also decreased (Figure 6b), consistent with the
effect of the salts on K. in propylene carbonate (Figure S41).°
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Figure 6. Effects of anion coordination on the mechanical properties of the PEG-NP gels (10 w/v% in
propylene carbonate with 1% IM salt in D,O) formed with solution containing different salts (final
concentration of salt: 0.01M). pH of the 1M stock solution of the salt in D,O was adjusted to 7 with either
DCI or NaOD. (a) Frequency sweep with 5% strain. (b) Calculated t (bar graph, left axis) and the rubbery
plateau modulus, G, (dot, right axis). In the case of the viscoelastic liquid formed with NBusH,PO4, G’ at
10 rad/s was used as a plateau modulus is not observed. Mechanical data were obtained on 3 samples; error
is the standard deviation of the mean. (c) Photographs of PEG-NP gels at pH 7 in the absence and the
presence of 0.01M NBusH,POy salts.

Conclusion



Small-molecule model studies, including our own," are often performed with simple diols like ethylene
glycol or fructose in organic solvents such as DMSO, which simplifies analysis. In comparison, the
attachment of diols to polymers requires the installation of non-innocent functional groups like amides.
Furthermore, the resulting materials are often studied in complex aqueous environments like buffer or
media. Our findings suggest that small-molecule model studies based on simple diols in organic solvents
may not sufficiently capture the behavior of materials, particularly in the translation from molecular kinetics
to bulk dynamic mechanical properties.

By comparing the small-molecule kinetics of dynamic covalent reactions to the macroscopic properties of
covalent adaptable networks, we have discovered two factors that affect gel mechanics by accelerating
boronic acid esterification and hydrolysis: proximal amides commonly used to conjugate crosslinkers to
polymers, and anions found in buffers and media. The extent of this rate acceleration can be precisely tuned
through the position of the amide relative to the diol and the basicity of the anion, and therefore can be
viewed as tunable design parameters for dynamic materials. In boronic ester-based gels, the accelerated
hydrolysis rate translates into faster stress relaxation. Accelerated esterification analogously translates to
faster self-healing. Thus, linkage chemistry and buffer composition are essential parameters to consider for
applications of this dynamic bond to stimuli-responsive and self-healing materials. The internal catalysis
effect may extend to other Lewis basic groups used for polymer modification, such as triazoles*’ or
oximes.”” We have also shown that internal or external catalysis affects the stiffness of the polymer network
because rate acceleration is generally more pronounced for hydrolysis than for esterification. These effects
could be exploited in the design of dynamic materials that change physical properties in response to anions
or diols. We envision this work will contribute to a growing understanding of the boronic ester dynamic
bond and provide strategies to molecularly engineer dynamic materials.
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