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Abstract

Organogels composed of 40% hydrolyzed poly(vinyl acetate) (40PVAc) and three arylboronic acids have been formed and
characterized in several liquids to gain insights into the role of crosslinker length and structure on the properties of the gels.
Data from 'H NMR, steady-state and time-resolved fluorescence, and rheology have been employed to correlate the degrees of
crosslinking and the bulk physical properties of the gels. Benzene-1,4-diboronic acid (1,4-BDBA) and 4,4'-biphenyldiboronic acid
(bPDBA) formed gels with 40PVAc that were stable for longer periods than those with benzene-1,3-diboronic acid. Surprisingly,
the steady-state and time-resolved fluorescence properties of 1,4-BDBA or bPDBA were affected very little in solution upon
addition of two model diols (1,3-propanediol and 1,2-ethanediol) or even 40PVAc. Furthermore, 40PVAc appeared to form
crosslinks more efficiently, resulting in stiffer gels, with bPDBA than with 1,4-BDBA. We attribute these trends to the greater
length, flexibility, and linearity of bPBPA. Overall, the results reported here demonstrate that minor structural changes in the
crosslinker can alter significantly many of the bulk properties of two-component organogel networks. They also provide a clear
‘blueprint’ for making gels with specific desired properties for a range of applications that require virtually water-free systems.
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Introduction

Both a boronic acid (i.e., R-B(OH,) where R is an alkyl or aryl
group) and its anion are capable of reacting reversibly with 1,2-
and 1,3-diols. [1-3] The reaction of arylboronic acids with
diol-functionalized polymers, especially those in which pairs
of hydroxyl groups are in a 1,3 structural arrangement, can be
exploited to produce soft materials. [4, 5] The reaction of bo-
ronic acid-functionalized polymers and poly(vinyl alcohol) in
aqueous media is known to produce hydrogels [6—8] and films
[9-12] that can be modified by addition of glucose or changes
in pH. The mixing of boronic acid- and glucose-functionalized

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s00396-018-4326-7) contains supplementary
material, which is available to authorized users.

P4 Richard G. Weiss
weissr@ georgetown.edu

Department of Chemistry, Georgetown University,

Washington, DC 20057-1227, USA

Institute for Soft Matter Synthesis and Metrology, Georgetown
University, Washington, DC 20057-1227, USA

polymers has also produced hydrogels that are sensitive to pH.
[13] Thus, boronic acid-functionalized polymeric hydrogels
have been shown to release diols and monosaccharides for
applications in drug delivery. [9, 14-17] Also, the dynamic
equilibrium between boronic acids and boronate esters has
been exploited to form some self-healing materials. [18-20]
Molecules containing two boronic acid groups, such as ben-
zene-1,4-diboronic acid (1,4-BDBA), can form inter- and
intra-molecular crosslinks with polymer chains containing
1,2- or 1,3-diol units. Although 1,4-BDBA is not water-solu-
ble, like boric acid, it is soluble in a wide range of organic
liquids. As a result, it has been used to form hydrogels indi-
rectly, by first creating organogels in DMSO and then immers-
ing them in water. [21] It has been employed, as well, to thick-
en a dilute 0.36 wt% solution of guar, a naturally derived poly-
saccharide. [22] Also, by placing poly(vinyl alcohol) droplets
or fibers into a solution of 1,4-BDBA, it has been possible to
form soft materials with a range of morphologies, including
microspheres and fibers. [23, 24] In them, the 1,4-BDBA is
crosslinked with the poly(vinyl alcohol) to impart temporal
and/or thermal stability to the shapes of the materials.
Previously, we reported the formation of a variety of soft,
‘peelable’ organogels, composed of 40% hydrolyzed
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poly(vinyl acetate) (40PVAc) and benzene-1,4-diboronic acid
(1,4-BDBA) as the crosslinker, which are stable under atmo-
spheric conditions. [25] These gels are important from funda-
mental and applied standpoints because they are virtually
water-free (as opposed to other gels based on poly(vinyl alco-
hol) or partially hydrolyzed poly(vinyl acetate) which have
large contents of water as the liquid component), and they
exhibit bulk properties that are attractive potentially in art
conservation. [25] It should be noted that these organogels
do contain small amounts of water: two molecules of water
are produced per crosslink formed. Here, we expand the range
of these gel structures and properties by employing two addi-
tional aryl boronic acid (ABA) crosslinkers of 40PVAc
(Fig. 1). Benzene-1,3-diboronic acid (1,3-BDBA) was select-
ed to create nonlinear crosslinks, and biphenyl-4,4'-diboronic
acid (bPDBA) was chosen to produce longer and more flexi-
ble crosslinks: it is capable of undergoing torsional motions
about its two phenyl rings whereas the single aromatic ring of
1,3,-BDBA and 1,4-BDBA can twist only about its boronic
acid groups. In this study, only 40PVAc has been employed in
order to allow direct comparisons of the effects of changing
the ABA structures. In this way, the diversity of the liquids
gelated and the resulting physical properties of the gels can be
correlated with the nature of the crosslink sites (Fig. 2). In
addition, '"HNMR spectra are used to investigate the reaction
of these crosslinkers with two monomeric diols, 1,3-
propanediol (PD) and 1,2-ethanediol (i.e., ethylene glycol),
as well as with 40PVAc. Also, because 1,4-BDBA and
bPDPA fluoresce, their photophysical changes when under-
going crosslinking have been probed by steady-state and
time-resolved fluorescence experiments. A comparison of
the properties of materials formed with the ABAs demon-
strates the sensitivity of the crosslinks to the structure of the
crosslinkers. As a result, we have gained a deeper

understanding of how nanoscale changes to gelator compo-
nents can affect the macroscale properties of their gels, espe-
cially in this case, organogels.

The reactions between 1,3-BDBA and 40PVAc (not shown)
are completely analogous to those involving 1,4-BDBA

Materials and methods

Materials Benzene-1,4-diboronic acid (Sigma-Aldrich, >
95.0%), benzene-1,3-diboronic acid (Alfa Aesar, 97%), 1,3-
propanediol (Sigma-Aldrich, 98%), dimethyl sulfoxide
(Sigma-Aldrich, >99.5%), 2-ethoxyethanol (Sigma-Aldrich,
99%), dimethylformamide (EMD, ACS grade), methanol
(Sigma-Aldrich, ACS grade, >99.8), tetrahydrafuran
(Sigma-Aldrich, anhydrous, >99.9%), 2-propanol (Fisher
Scientific, HPLC grade), and DMSO-d (Cambridge Isotope
Lab, 99.9% D) were used as received. Before its use, 40PVAc
(Kuraray Co., Ltd.; 40% hydrolyzed poly(vinyl acetate);
~5 mPa s viscosity of a 4% aqueous solution at 20 °C) was
rinsed with ice-cold deionized water, filtered, and vacuum
dried (~ 125 mmHg) overnight at room temperature.
Attempts to determine the average molecular weight of the
40PVAc and its distribution by gel permeation chromatogra-
phy were unsuccessful because of aggregation in the only
solvent we found that dissolves the polymer and is compatible
with our columns, tetrahydrafuran. Biphenyl-4,4'-diboronic
acid (Alfa Aesar, 95%) (~ 100 mg) was dissolved in ~
20-mL hot 2-propanol and placed in a fume hood until half
of the solvent had evaporated. The white powder that formed
was filtered and dried at reduced pressure (~ 125 mmHg)
overnight at room temperature. "H NMR spectra collected
before and after crystallization are displayed in Fig. S1, along
with an analysis of their purities.
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Fig. 1 Reactions of 1,4-BDBA and bPDBA with hydroxyl groups on 40PVAc form mono- and di-esterified boronate species, of which only the di-

esterified ones lead to intra- and inter-chain crosslinks with polymer chains
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Organogels were prepared by dissolving 40PVAc and an
ABA separately in an organic liquid heated to 40 °C. The
ABA solution was transferred with a pipette into the
40PVACc solution, and the mixture was stirred vigorously with
a spatula for approximately 30 s.

Instrumentation 'H NMR spectra were acquired at 25 °C on a
Varian-MR 400 MHz NMR spectrometer. Gels were prepared
using a syringe to disperse an ABA solution throughout a
40PVAC solution in an NMR tube, and the material was stirred
with the syringe needle. For variable temperature studies,
samples were allowed to equilibrate at each temperature (as
reported by a thermocouple in the spectrometer) for 5 min
before beginning an experiment. UV—Vis spectra of samples
in 1-cm quartz cuvettes were recorded on an Agilent 8453
UV-Vis spectrophotometer. Rheological measurements were
made on samples 1 day after their preparation on a stress-
controlled Anton Paar Physica MCR 302 rheometer with a
25-mm diameter cone (angle of 2.0°) and plate. Strain sweeps
were measured at 0.08-300% at a constant angular frequency
of 1 rad/s. In the linear viscoelastic regions, frequency sweeps
were recorded in the range 0.01-100 rad/s. A Horiba
FluoroMax-4 fluorimeter was used to collect excitation and
emission spectra of samples in a front-face geometry ina 1-cm
triangular quartz cuvette capped with a Teflon plug. Unless
noted otherwise, N, was bubbled through the samples for
15 min before data collection. After steady-state fluorescence

measurements, time-correlated single photon decays of the
same samples were acquired with an Edinburgh Analytical
Instruments single-photon counting system (model FL900)
and a H, lamp operating at 40 kHz. ‘Instrument response
functions’ were obtained with Ludox® as the scatterer at the
excitation wavelength, 270 nm. Fluorescence intensity was
monitored versus time at either 320 or 383 nm. The fluores-
cence decays had a minimum of 6000 counts in the channel
with maximum counts and were measured over 1024 channels
with a 0.05 ns time per channel. The monomer and excimer
decays were treated with an exponential deconvolution meth-
od to minimize x> using the FAST software supplied by
Edinburgh Analytical Instruments. Fits were deemed accept-
able when x*<1.3 and residual plots showed no systematic
deviations from zero.

Results and discussion

Clear, homogeneous organogels were produced by
crosslinking 40PVAc with the three different ABAs in
DMSO, DMF, and 2-ethoxyethanol (Table 1). Mixing a
40PVAc solution with an ABA solution resulted in a clearly
perceptible increase in viscosity in less than 1 min. Although
an inhomogeneous mixture formed upon combining 40PVAc
and 1,4-BDBA in methanol, the mixture became homoge-
neous after being left undisturbed at room temperature for

Table 1 Solubility of gel

components and gelation of 40PVAc
6 wt% 40PVAc/0.3 wt% ABA. - —
The OHyopyac/ABA molar ratios Organic liquid Solubility
are 19:1 with 1,4-BDBA and DMSO Soluble
1,3-BDBA and 29:1 with DMF Soluble
bPDBA. ‘OHyppyac’ refers to the a
total concentration of hydroxyl 2-Ethoxyethanol Soluble
groups on 40PVAc Methanol Soluble®
THF Soluble?

Nature

40PVAc/1,4-BDBA 40PVAc/1,3-BDBA 40PVAc/bPDBA
Stability? Phase  Stability!  Phase  Stability?

Gel > 6 months Gel ~1 day Gel >2 months

Gel 5 days® Gel ~20 min Gel >2 months

Gel > 6 months Gel ~30 min Gel > 2 months

Gel® 7 days® Sol b Sol b

Gel 7 days® Gel 2 days® b b

#With heating at ~ 55 °C
"No gel formed

¢ The length of time before syneresis was detected visibly
9 The length of time before returning to a sol unless as in (c)

“Became a visually homogeneous gel after resting for 24 h at room temperature
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24 h. Only sols resulted upon mixing 40PVAc and either 1,3-
BDBA or bPDBA in methanol.

The stability of the organogels was monitored visually at
room temperature in closed vials: some of the organogels ex-
hibited syneresis (visually noted) after long time periods,
ranging from 2 to 7 days, while others returned to a sol in as
little as 20 min (Table 1). Also, those organogels that did form
with 1,3-BDBA were significantly less stable than those
formed with 1,4-BDBA or bPDBA, in terms of the amount
of time before the sample either returned to a sol or underwent
syneresis (Table 1). We hypothesize that the geometry of the
1,3-BDBA crosslinks may decrease the ratio of inter-chain to
intra-chain crosslinks. Also, the meta orientation of the boron-
ic acid groups of 1,3-BDBA may result in less stable ester
linkages for steric reasons than those involving the para ori-
ented groups of 1,4-BDBA and bPDBA.

The bulk physical properties of materials formed from
40PVAc and either 1,4-BDBA or bPDBA were compared
by oscillatory rheology 1 day after preparation. Only sam-
ples stable for long periods of time were studied in order to
avoid collecting data on samples that had undergone syner-
esis. Materials prepared with 1,3-BDBA as a crosslinker
were not stable for a sufficiently long period to be studied
in this way. 2-Ethoxyethanol is a high boiling solvent with a
low UV-cutoff wavelength, making it an appropriate choice
for both rheological and photophysical studies. Both the
strain and frequency sweeps of 40PVAc/1,4-BDBA and
40PVAc/bPDBA mixtures showed that gels are formed with
both crosslinkers: G’ is larger than G" at all strain and an-
gular frequency values examined (Fig. 3). Although the
molar concentrations of crosslinker were kept constant,
the organogel formed from 6 wt% 40PVAc and 0.29 wt%
bPDBA was slightly stiffer than that formed from 6 wt%
40PVAc and 0.2 wt% 1,4-BDBA. These data suggest that
the longer, more flexible crosslinker, bPDBA, forms
crosslinks more efficiently with 40PVAc than the shorter,
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less flexible crosslinker, 1,4-BDBA, or the non-linear
crosslinker, 1,3-BDBA.

The reactions between ABAs and 40PVAc were monitored
by 'H NMR spectroscopy as well. The spectra of 40PVAc with
each of the ABAs indicate that the acids reacted completely
with the polymer, as inferred from the lack of apparent signals
from the acids (Fig. 4a, c, and e) after addition of 40PVAc
(Fig. 4b, d, and f). Although the 40PVAc/ABA materials did
not flow for at least 1 min after being inverted, indicating gela-
tion due to the presence of crosslinks, the '"H NMR spectra
showed more signals than would be expected if only di-
esterified species were present. Therefore, the addition of a
molar excess of 40PVAc likely results in a material with some
mono-esterified species as well.

Two of the ABAs, 1,4-BDBA and bPDBA, were reacted
with 1,3-propanediol (PD) to form boronate esters with six-
membered rings, similar to those that were formed upon reac-
tion with 40PVAc. However, the rotational and translational dif-
fusion of the boronate esters formed with 1,3-propanediol are not
impeded severely, as they are when the diol groups are a part of
40PVAc. Thus, signal resolution is not lost. The addition of small
amounts of 1,3-propanediol to 1,4-BDBA led to the formation of
mostly the mono-esterified boronate ester (with a unique boronic
acid proton signal at 8.03 ppm); at PD:1,4-BDBA ratios of 3.1:1
and higher, the di-esterified boronate (Fig. 5a) was formed pre-
dominantly. Similar experiments tracked the reaction of 1,4-
BDBA with 1,2-ethanediol (Fig. S2), which reacts with 1,4-
BDBA to form mono- and di-esterified species with five-
membered rings. The signals were sufficiently well-resolved to
be identified and integrated (Table S1), allowing the portion of
each species present to be estimated (Table S2). Upon addition of
a molar excess of 1,2-ethanediol, only 23% of the 1,4-BDBA
exists in the di-esterified form (with a five-membered ring).
However, upon addition of a molar excess of 1,3-propanediol,
the di-esterified boronate ester species (with a six-membered ring)

is formed more efficiently (Tables S3 and S4): for a 0.2 wt% 1,4-
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Fig.3 a Strain (at angular frequency of 1 rad/s) and b frequency sweeps (at strain of 1%) of 6 wt% 40PVAc and 0.2 wt% 1,4-BDBA or 0.29 wt% bPDBA
in 2-ethoxyethanol. Closed squares and open circles represent G’ and G, respectively. The OHaopya/ABA ratio is constant at 29:1
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Fig.4 "HNMR spectra of ABAs, before and after adding a molar excess
of OHyopvac, in DMSO-d; at 25 °C. a 1,3-BDBA, b 6 wt% 40PVAc and
0.2 wt% 1,3-BDBA, ¢ 1,4-BDBA, d 6 wt% 40PVAc and 0.2 wt% 1,4-
BDBA, e bPDBA, and f 6 wt% 40PVAc and 0.29 wt% bPDBA. The
OHyopva/ABA ratio is always 29:1. All spectra were acquired 24 h
after sample preparation, and the signals with the largest intensities in
the displayed ppm range were normalized with respect to each other for
comparison

BDBA solution, >80% of the 1,4-BDBA is in its di-esterified
form when PD:1,4-BDBA is >3.1:1 (i.e., > 0.3 wt%).

i (O

vi

"HNMR spectra from the addition of small amounts of 1,3-
propanediol to bPDBA (Fig. 5b) showed a similar trend.
Addition of 1,3-propanediol to a 0.3 wt% bPDBA solution
led to the initial formation of the mono-esterified boronate
ester (with a unique boronic acid proton signal at 8.09 ppm),
and a preponderance of the di-esterified species when PD/
bPDBA was >3.4:1 (i.e., 0.3 wt%)). For these reasons, addi-
tional "H NMR and fluorescence spectra were recorded on
samples with a large excess of 1,3-propanediol (to increase
the fraction of di-esterified species).

Figure 6a, b shows the spectra acquired from reacting 1,4-
BDBA or bPDBA with either 1,3-propanediol or 40PVAc.
With both ABAs, a large excess of 1,3-propanediol, as deter-
mined by the results reported in Fig. 5, was added in order to
ensure the presence of predominantly the di-esterified boronate
species. The spectra indicate—but do not demonstrate conclu-
sively—that the aromatic signals from the mono-esterified
boronate resonate farther downfield than those from di-
esterified boronate; our analyses assume this to be the case.
In Fig. 6aiii, the signal resonating near 7.75 ppm appears to
be larger than the one near 7.65 ppm (i.e., there is a greater
amount of mono-esterified than di-esterified boronate ester
present). In Fig. 6biii, the intensities of the signals near 7.65
and 7.88 ppm are similar, suggesting that the mono- and di-
esterified boronate esters are present in comparable quantities.
Insofar as these assignments are correct, bPDBA forms di-
esterified boronate ester crosslinks more efficiently than 1,4-
BDBA. We attribute this to the increased length and flexibility
of the bPDBA: the increased length of the biphenyl ring allows
a greater distance between polymer chains at the crosslinking
points, and the biphenyl rings can undergo torsional motions in
a manner not possible structurally with 1,4-BDBA.

-
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Fig. 5 "H NMR spectra of 1,3-propanediol and ABAs in DMSO-d,. a
0.2 wt% 1,4-BDBA, and upon addition of 0 (i), 0.05 wt% (ii), 0.1 wt%
(iii), 0.2 wt% (iv), 0.3 wt% (v), and 0.4 wt% (vi) 1,3-propanediol. PD/1,4-
BDBA: (i) 0:1, (ii) 0.5:1, (iii) 1.0:1, (iv) 2.2:1, (v) 3.1:1, and (vi) 5.4:1. b

0.3 wt% bPDBA, and upon addition of 0 (i), 0.05 wt% (ii), 0.1 wt% (iii),
0.2 wt% (iv), 0.3 wt% (v), and 0.4 wt% (vi) 1,3-propanediol. PD/bPDBA:
0:1 (1), 0.6:1 (ii), 1.1:1 (iii), 2.3:1 (iv), 3.4:1 (v), and 5.7:1 (vi)
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Fig. 6 '"H NMR spectra of the ABAs at different concentrations of 1,3-
propanediol or 40PVAc in DMSO-d. a 0.2 wt% 1,4-BDBA (i), 0.2 wt%
1,4-BDBA and 3 wt% 1,3-propanediol (ii), and 0.2 wt% 1,4-BDBA and
6 wt% 40PVAc (iii). b 0.29 wt% bPDBA (i), 0.29 wt% bPDBA and
3 wt% 1,3-propanediol (ii), and 0.29 wt% bPDBA and 6 wt% 40PVAc

Fluorescence excitation and emission spectra were recorded to
probe the changes in local environments that accompany reac-
tions between 1,4-BDBA or bPDBA and either 1,3-propanediol
or 40PVAc. We anticipated that comparison between boronate
esters formed with 1,3-propanediol and 40PVAc would provide
such insights because esterification of the polymer might force
the ABAs into more constrained environments.

However, reaction between 1,4-BDBA and either 1,3-
propanediol or 40PVAc resulted in only small changes in the
absorbance (Fig. S3a), excitation, and emission (Fig. 7a) spec-
tra. The emission spectra of 1,4-BDBA broadened only very
slightly more upon reaction with 1,3-propanediol than with

Q

Normalized Intensity (a.u.)

85 84 83 8.2 8.1 80 7.9 7.8 7.7 7.6 7.5 7.4 73 7.2 71 7.0

5 (ppm)
(iii). All spectra were acquired 24 h after sample preparation, and the
signals with the largest intensities in the displayed ppm range were
normalized to each other for comparison. The OHyppya/ABA molar
ratio is 29:1, and the OHpp/ABA is 62:1, where ‘OHpp’ refers to the
amounts of hydroxyl groups on 1,3-propanediol

40PVAc. In fact, the differences caused by esterification with
1,3-propanediol and 40PVAc are too small to conclude that
there is a significant environmental difference. The reaction of
bPDBA with either 1,3-propanediol or 40PVAc led to similar-
ly small differences in absorbance (Fig. S3b), excitation, and
emission spectra (Fig. 7b). Although the emission spectra
show different ratios of intensity for the excimer and mono-
mer, they may arise from traces of dioxygen that remain
after the purging with nitrogen (Fig. S5). Thus, there are
no dramatic effects in the emission spectra of the ABAs
upon their esterification with the monomeric or polymeric
diol source.

Normalized Intensity (a.u.)

T T T T T T T T T T T
200 250 300 350 400 450
Wavelength (nm)

Fig. 7 a Excitation (dashed lines; A, 330 nm) and emission (solid lines;
Aex 270 nm) spectra of 0.2 wt% (1.1 x 1072 M) 1,4-BDBA in 2-
ethoxyethanol in the absence and presence of 3 wt% 1,3-propanediol or
6 wt% 40PVAc. b Excitation (dashed; A.,, 330 nm) and emission (solid;
Aex 270 nm) spectra of 0.29 wt% (1.1 x 1072 M) bPDBA in 2-
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ethoxyethanol in the absence and presence of 3 wt% 1,3-propanediol or
6 wt% 40PVAc. The OHyopya/ABA ratio is 29:1, and the OHpp/
ABA ratio is 62:1. All intensity values are normalized with respect to
intensities at A,,x. Non-normalized spectra are displayed in Fig. S6
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Fig. 8 Time-resolved fluorescence decays (Ao, 270 nm) of 0.2 wt%
(1.1x% 1072 M) 1,4-BDBA in 2-ethoxyethanol in the absence and
presence of either 3 wt% 1,3-propanediol or 6 wt% 40PVAc at A.y, =

1,2-Ethanediol was also combined with bPDBA in order
to assess potential changes to the emission and excitation
spectra upon the formation of five-membered boronate ester
rings. Because the previously mentioned '"H NMR studies
indicate that bPDBA is in equilibrium with the five-
membered cyclic boronate ester ring species, the excitation
and emission spectra represent both species in solution.
Similar to the observations when 1,3-propanediol was
employed, no discernible spectral differences were noted be-
tween the emission spectra for bPDBA in the absence and
presence of 1,2-ethanediol (Fig. S7). A slight increase in the
ratio of monomer to excimer may be the result of small con-
centration differences between the acid and ester forms or to

1000 4

1004 <

Counts

Time (ns)

320 nm (a) and 383 nm (b). The OH4ppya/ABA and OHpp/ABA molar
ratios are 29:1 and 62:1, respectively. Instrument response functions (dots
showing shortest decay) are from scattering by Ludox®

the effect of slightly different amounts of dioxygen present in
the nitrogen purged samples. Thus, there are no dramatic
effects in the emission spectra of bPDBA between esterifica-
tion with the 1,2- or 1,3-diol source.

In an effort to extract more information from the emis-
sion of the ABAs, time-resolved fluorescent decays were
collected. The decay times of 1,4-BDBA both with and
without 1,3-propanediol or 40PVAc were virtually indis-
tinguishable at the two emission wavelengths probed, 320
and 383 nm (Fig. 8). The decay curves were fitted to a
sum of exponentials (Table 2) in which there was a minor,
short-lived component of ~2 ns and a dominant decay of
~8-9 ns.

Table 2 Parameters extracted

from fitting the time-resolved Sample Aem (nm) B* f (%) T (ns)° X
fluorescence spectra (Acx 270 nm)
of 0.2 wt% (1.1 x 1072 M) 1,4- 1,4-BDBA 320 0.0171 21 24 1.170
BDBA in 2-ethoxyethanol with 0.0198 79 7.6
and without 3 wt% 1,3- 383 0.3201 33 0.1 1.078
propanediol or 6 wt% 40PVAc. 0.0107 26 2.1
Values in gray italics are for 0.0039 41 3.8
components too short to be .
measured reliably by our 1,4-BDBA + 1,3-propanediol 320 0.0096 12 2.0 1.074
instrumentation 0.0156 88 9.1
383 0.2793 42 0.1 1.019
0.0074 14 1.4
0.0034 43 9.2
1,4-BDBA +40PVAc 320 -02172 4 0.05
0.0134 10 1.9
0.0242 86 8.9
383 1.019" 48 0.06
0.0102 15 1.8
0.0047 37 9.0

# Pre-exponential factor

® Percent contributing to the total decay

¢ Decay constant
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Fig. 9 Time-resolved fluorescence decays (Aex 270 nm) of 0.29 wt%
(1.1 x 10> M) bPDBA in 2-ethoxyethanol in the absence and presence
of 3 wt% 1,3-propanediol or 6 wt% 40PVAc. A, =320 nm (a) and

Although the decays of bPDBA in 2-ethoxyethanol, with
and without the addition of 1,3-propanediol or 40PVAc,
showed no differences at an emission wavelength of
320 nm, the presence of a longer-lived species at an emission
wavelength of 383 nm in the decay of the bPDBA/40PVAc
solution was apparent; it was not present in the bPDBA or
bPDBA/1,3-propanediol solutions (Fig. 9). The decay curves
obtained from excitation at 270 nm and emission at 320 nm
for bPDBA with and without the addition of 1,3-propanediol
or 40PVAc could be fitted well to a major, shorter-lived com-
ponent of ~2 ns and a minor, longer component of ~5-8 ns
(Table 3). However, when collecting decays at 383 nm (i.e.,
primarily from excimer), the longest-lived component of ~
12—-17 ns increased in importance from ~1 to ~18% (i.e., ~
1 to ~16%, as reported in Table 3 when components are in-
cluded that are too short to be measured reliably and may be
from light scatter) upon addition of 40PVAc. An attractive
hypothesis to explain this observation is that there is an in-
crease in the proportion of polymer-bound crosslinker which
should be less capable of undergoing the internal motions
necessary to facilitate internal conversion than the unesterified
bPDBA. However, this hypothesis is not consistent with an-
other observation: a smaller (but clear) increase, from ~ 1 to ~
5% (~ 1 to ~4% as reported in Table 3 when components are
included that are too short to be measured reliably and may be
from light scatter) of the longest-lived component of ~ 12—
17 ns is also observed when the monomeric diol, 1,3-
propanediol, is added to the bPDBA solution. Thus, the source
of the longest-lived decay component is unclear at this time.
Overall, because the observed spectral differences among
bPDBA and 1,4-BDBA esterification/crosslinking reactions
are subtler and smaller than anticipated, we conclude that the
local environments experienced by the ABAs in their free and
crosslinked forms are very similar. This conclusion was unex-
pected for another reason: we anticipated that the acid and
ester forms of the excited singlet states of the ABAs would

@ Springer

10000

1000

Counts

1004 &

Time (ns)

383 nm (b). Instrument response functions (dots showing shortest
decay) are from scattering by Ludox®

exhibit significantly different rates of internal conversion. Our
results indicate that they do not, at least in a solvent of high
polarity like 2-ethoxyethanol.

Decays from an experiment conducted on a bPDBA/1,3-
propanediol solution in 2-ethoxyethanol at an excitation

Table 3 Parameters extracted from fitting time-resolved fluorescence
decays (Aex 270 nm) of 0.29 wt% (1.1 x 1072 M) bPDBA in 2-
ethoxyethanol in the absence and presence of 3 wt% 1,3-propanediol or
6 wt% 40PVAc. Values in gray italics are for components too short to be
measured reliably by our instrumentation

Sample Aem (nm)  B? £ T@ms) x

bPDBA 320 0.042 95

0.0012 5

0.0602 10
-0.094 23

0.058 66
0.0003 1

0.0814 11
0.0051 1

0.0420 85
0.0004 3

0.6007 23
0.0382 o4

0.0023 8
0.0004 4

0.048 13
0.043 83

0.0005 4

0.226 9
0.043 60

0.0033 15
0.0011 16

2.5
4.6

0.4
0.5

2.6
12

0.1
0.3

1.9
7.6

0.04
1.8

39
10.7

0.2
1.7

7.3

0.04
1.6

53
16.5

1.282

383 1212

bPDBA + 1,3-propanediol 320 1.135

383 1.124

bPDBA + 40PVAc 320 1.320

383 1.218

# Pre-exponential factor
® Percent contributing to the total decay

¢ Decay constant
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wavelength of 260 nm were virtually indistinguishable from
the corresponding one employing 270 nm excitation (Fig.
S8). At least within this wavelength range, the decays are
independent of excitation wavelength (i.e., the same species
are being excited).

Conclusions

The stability and bulk physical properties of organogels derived
from 40P VAc and three aryldiboronic acids are affected acutely
by the length and structure of the crosslinkers. Thus, the
organogels formed from 40PVAc and either 1,4-BDBA or
bPDBA in a range of organic liquids were stable under normal
atmospheric conditions for long periods, while those formed
with 1,3-BDBA reverted to sols after shorter periods. We hy-
pothesize that the geometry of the crosslinks afforded by 1,3-
BDBA may decrease somewhat the ratio of inter-chain to intra-
chain crosslinks and, more importantly, the meta orientation of
the boronic acid groups of 1,3-BDBA makes their ester linkages
intrinsically less stable for steric reasons than those involving
the para oriented groups of 1,4-BDBA and bPDBA.

Regardless, 'H NMR spectroscopic investigations indicate
that the three ABAs react fully with 40PVAc when a large
excess of OH groups is present. Although the poor resolution
of the gel spectra, a consequence of the lowered mobility that
attends gelation, were not amenable to definitive signal iden-
tifications, a comparison with spectra collected from the
ABAs and 1,3-propanediol did allow for tentative assign-
ments and comparisons: the bPDBA forms boronate di-ester
crosslinks more efficiently than does 1,4-BDBA. This conclu-
sion is consistent with the data from oscillatory rheology that
gels made with bPDBA were slightly stiffer than those
employing 1,4-BDBA as the crosslinker.

Surprisingly, the steady-state spectra and time-resolved
fluorescence decays from solutions of 1,4-BDBA and
bPDBA were affected very little by the addition of 40PVAc
or 1,3-propanediol, despite the fact that the acids and esters
should undergo radiationless decays from their excited singlet
states in very different ways. These results suggest that the
local environments of the ABAs in their free and crosslinked
forms are very similar, that the formation of crosslinks is effi-
cient, and that the acid or ester groups of the ABAs are not
strongly linked electronically to the aromatic parts.
Interestingly, the ABAs are prone to ground-state aggregation
even in media where they are solubilized reasonably well.

The stability of the organogels characterized here suggests
several potential uses for them, including the softening and
removal of varnishes on painted surfaces, [25] and others that
require application of gels that contain virtually no water un-
der atmospheric conditions. Future studies will be directed to
exploit them as well as to design related gels using the infor-
mation obtained here.
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