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ABSTRACT: We have developed soft, peelable organogels
from 40% hydrolyzed poly(vinyl acetate) (40PVAc) and
benzene-1,4-diboronic acid (BDBA). The organic liquids
gelated include dimethyl sulfoxide, dimethylformamide,
tetrahydrofuran, 2-ethoxyethanol, and methanol. The rheology
of these soft materials can be tuned by altering the
concentration of the polymer and/or crosslinker. Insights into the mechanisms leading to gelation were obtained from 1H
NMR experiments, ﬂuorescence measurements, and studies comparing properties of materials made from BDBA and
phenylboronic acid, a molecule incapable of forming covalent crosslinks between the polymer chains. These organogels can be
easily peeled oﬀ a surface, leaving no residue detectable by UV−vis spectroscopy. They are demonstrated to be eﬀective at
softening and removing deteriorated coatings from water-sensitive works of art and delicate surfaces. They have the needed
characteristics to clean topographically complex surfaces: good contact with the surface, easy removal, and little to no residue
after removal. A 2-ethoxyethanol organogel was used to remove oxidized varnish from a 16th century reliquary decorated with
painted gold leaf, and an ethanol gel was used to remove solvent-resistant coatings from 16th and 18th century oil paintings.
KEYWORDS: polymer, organogel, boron chemistry, cleaning, cultural heritage
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INTRODUCTION
Preserving cultural heritage objects often involves cleaning their
surfaces to remove not only accumulated dirt and soil but also
deteriorated coatings that had been applied for aesthetic and
protective purposes. Their removal from delicate surfaces (e.g.,
paints, plastics, or metals) can be achieved with a range of
methodologies, including dry cleaning methods, such as laser
ablation,1,2 microﬁber cloths,3 and polymeric micropillars,4 as
well as wet cleaning methods employing solvents, surfactants,5
microemulsions,6 and gels.7 When wet methods are necessary,
gel matrixes can attenuate the migration of solvents into
subsurface layers, where they may cause permanent changes.8,9
Although aqueous gels are useful for cleaning a range of types
of surfaces,10,11 organogels are preferred for applications in
which the presence of water is undesirable or ineﬀective.
Organogels, gels in which the solvent system comprises organic
liquids, are capable of promoting selective removal of organic
components while leaving water-soluble and water-sensitive
components unaﬀected. A few types of organogels for cleaning
cultural heritage have been reported in the literature, but they
are either rigid12,13 (and best suited to cleaning ﬂat surfaces) or
soft14,15 (and require addition of a weak acid for their eﬃcient
removal).
Eﬀorts have recently turned to designing soft, peelable
organogels that can conform to delicate, textured surfaces, and
yet be easily removed from them after treatment by peeling.
© 2017 American Chemical Society

The use of a peelable organogel would reduce physical (e.g.,
rubbing) and chemical (e.g., addition of other solutions)
manipulations while also reducing the likelihood of gel residue
being left behind. Peelable, gel-like materials comprising
aqueous solutions of poly(vinyl alcohol) (PVA) and borax as
a crosslinker (after its dissociation to boric acid and borate
ion)16,17 with small amounts of added organic solvent have
been used for cleaning painted surfaces.18 By using partially
hydrolyzed poly(vinyl acetate) (xPVAc, where x denotes the
percent hydrolysis of the acetate groups) in place of PVA (i.e.,
100PVAc), more organic solvent could be incorporated,19 but a
signiﬁcant amount of water is necessary to dissolve the borax.
Although some “dry” gels with borate ester crosslinks have been
made in very high-polarity organic solvents, such as methanol
and dimethyl sulfoxide (DMSO), in which borax is sparingly
soluble, they are very diﬃcult to prepare reproducibly and
contain residual solid borax.20 Water-free gels have been made
with crosslinkers such as trimethyl borate (TMB) and xPVAc,
but they are problematic as wellthey are extremely watersensitive and, thus, unstable under normal atmospheric
conditions.20
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Scheme 1. Reactions of BDBA with Hydroxyl Groups on xPVAc Form Mono- (Yellow) and Diesteriﬁed (Red) Boronate
Species, of which Only the Diesteriﬁed Species Lead to Intra- and Interchain Crosslinks between Polymer Chains (Blue)

Aesar, >98%) were used as received. Acrylic paint (Grumbacher,
Academy Acrylic, thalo greena chlorinated copper phthalocyanine
pigment), canvas sheet primed with acrylic primer (Fredrix, canvas
pad, medium texture real artists canvas), and a boar bristle brush
(Winsor & Newton, Rathbone Filbert #3) were used to create acrylic
paint samples for residue studies.
Preparation and Characterization of Organogels. Organogel
samples were prepared by dissolving 40PVAc and BDBA separately in
an appropriate organic solvent. The BDBA solution was transferred
with a pipette into the 40PVAc solution, and the mixture was stirred
vigorously with a spatula for approximately 30 s.
1
H NMR Spectroscopy. 1H NMR spectra were acquired at 25 °C,
unless otherwise noted, on a Varian-MR 400 MHz NMR
spectrometer. For these measurements, gels were prepared using a
syringe to disperse a BDBA/DMSO-d6 solution throughout a
40PVAc/DMSO-d6 solution in an NMR tube, stirring with the syringe
needle. For NMR temperature studies, samples were allowed to
equilibrate at each temperature for 5 min before beginning an
experiment.
Rheological Measurements. Rheological measurements were made
on samples 2 days 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 linear viscoelastic regions,
frequency sweeps were recorded in the range of 0.01−100 rad/s.
Fluorescence Measurements. A Photon Technology International
ﬂuorimeter was used to collect excitation and emission spectra of
samples in a front-face geometry in a 1 cm triangular quartz cuvette.
N2 was bubbled through the 40PVAc and BDBA solutions before
mixing them; all other experiments were conducted in air.
Residue Study. One coat of acrylic paint (∼0.05 mm thick after
drying) was brushed onto a primed canvas sheet and dried for 5
months under ambient conditions. A 1 cm2 square was cut from the
prepared canvas sheet and placed into a vial with 5 mL of acetonitrile
for 60 s, after which the solvent was placed in a 1 cm quartz cuvette,
and a UV−vis spectrum was acquired using an Agilent 8453
spectrophotometer. This procedure was repeated for a second paint
sample, except before placing the sample into an acetonitrile-ﬁlled vial,
a 6 wt % 40PVAc/0.2 wt % BDBA in 95:5 ethanol/water organogel
was placed directly on the surface of the paint for 2 min, the bulk of
the organogel was removed, and a paper towel was gently pressed to
the surface of the paint to remove any remaining pieces of organogel.
Because acetonitrile extracted UV-absorbing components from the
paint sample, this procedure was repeated on paint samples that were
“prewashed”they were ﬁrst soaked for 60 s each in three sequential
5 mL aliquots of acetonitrile.
Cleaning a Painted and Gilded Reliquary. A spatula was used
to place an aliquot of 6 wt % 40PVAc/0.2 wt % BDBA 2ethoxyethanol gel onto the object’s surface. After 10 min, the bulk
of the gel was removed by lifting it oﬀ using a spatula, and small
residual pieces were removed by gently pressing a paper towel to the
surface. Finally, an ethanol-moistened swab was rolled over the surface
where the gel had been placed.
Removing a Shellac Varnish from an Oil Painting. A spatula
was used to place an aliquot of 6 wt % 40PVAc/0.2 wt % BDBA in

Here, to make gels that combine the stability of the aqueous
xPVAc−borax materials and the organic nature of the xPVAc−
TMB ones, we have employed benzene-1,4-diboronic acid
(BDBA) as a crosslinker: it is soluble and stable in many
organic liquids and combines with hydroxyl groups of xPVAc in
esteriﬁcation reactions to form inter- and intrachain crosslinks.
Previously, PVA has been mixed in aqueous media with small
boronic acid molecules to form microspheres21 and ﬁbers,22
and with boronic acid-functionalized polymers to produce
hydrogels23−25 and ﬁlms26,27 that disassemble with the addition
of a sugar or a decrease in pH. However, the use of organic
solvents in xPVAc-based gels has been limited to those from
PVA in DMSO/water mixtures28 and from PVA and BDBA in
DMSO.29 To the best of our knowledge, organogels from
xPVAc with x < 100 have not been reported in the literature,
and they are expected to have the qualities sought by
conservators to clean several types of works of art in which
aqueous gels cannot be employed.
We describe here the syntheses and characterizations of the
structural and viscoelastic properties of gelled systems in which
the solvent consists of organic liquids and only the water
molecules (one per esteriﬁcation reaction) produced as side
products in the crosslinking reactions between an xPVAc and
BDBA (Scheme 1). Furthermore, we demonstrate their utility
in cleaning applications for works of art that require
nonaqueous solvents, including aprotic ones and alcohols.
Because the rheological properties of the organogels depend on
the concentrations of the polymer and crosslinker, the
viscoelastic properties of the organogels can be tuned to suit
speciﬁc applications.

■

MATERIALS AND METHODS

Materials. 40PVAc (Kuraray Co., Ltd.; poly(vinyl acetate); 40%
hydrolyzed, molecular weight unknown) was puriﬁed by rinsing with
ice-cold deionized water, ﬁltering, and vacuum drying (∼125 mmHg)
at room temperature. The organic solvents used include dimethyl
sulfoxide (Sigma-Aldrich, >99.5%), 2-ethoxyethanol (Sigma-Aldrich,
99%), dimethylformamide (DMF; EMD, ACS grade), methanol
(Sigma-Aldrich, ACS grade, >99.8%), 1-methyl-2-pyrrolidinone (Alfa
Aesar, ACS grade, 99.0%), tetrahydrafuran (Sigma-Aldrich, anhydrous,
>99.9%), dichloromethane (Fisher Scientiﬁc, ACS grade), acetone
(Fisher Scientiﬁc, histological grade), ethanol (Sigma-Aldrich, 200
proof, anhydrous, >99.5%), 95:5 ethanol/water (ethanol, Warner
Graham Co., 190 proof), 1-propanol (Fisher Scientiﬁc, Certiﬁed
grade), 2-propanol (Fisher Scientiﬁc, HPLC grade), ethyl acetate
(Fisher, ACS grade), acetonitrile (Fisher Scientiﬁc, HPLC grade), nbutyl acetate (Alfa Aesar, 99%, semiconductor grade), and cyclohexanone (Sigma-Aldrich, 99.8%). The deuterated NMR solvents used
were DMSO-d6 (Cambridge Isotope Laboratory, 99.9% D) and
methanol-d4 (Sigma-Aldrich, 99 atom % D). Benzene-1,4-diboronic
acid (Sigma-Aldrich, ≥95.0%) and phenylboronic acid (BBA; Alfa
28070
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95:5 ethanol/H2O gel onto the surface of the painting by Sir Joshua
Reynolds, Miss Beatrix Lister (1765). A piece of Mylar sheet was used
to press the gel gently onto the surface to increase contact between the
gel and varnish and to slow the evaporation of the solvent. After 5 min,
the bulk of the gel was removed with a cotton swab and tweezers. The
gel caused the aged shellac to swell, but not to dissolve, and an
ethanol-moistened swab rolled over the surface where the gel had been
placed had little eﬀect. Instead, a sharpened bamboo skewer was used
to gently lift the softened varnish away from the underlying paint
surface, and the pieces of varnish were brushed oﬀ the surface. The
surface during cleaning was recorded with a Hirox digital microscope
(KH-7700), and stillshots from the video are presented herein.

■

Figure 1. Gels of 6 wt % 40PVAc/0.3 wt % BDBA in methanol,
DMSO, and THF (left to right) 7 days after preparation.

RESULTS AND DISCUSSION
On mixing 6 wt % 40PVAc and 0.2 wt % BDBA, clear
homogeneous gels were formed in DMSO, dimethylformamide
(DMF), tetrahydrofuran (THF), 2-ethoxyethanol (Cellosolve),
and N-methyl-2-pyrrolidone (NMP) (Table 1). Mixing the

several days. See for example the UV−vis spectra in Figure S1
for a DMSO organogel.
To determine whether the formation of an organogel is due
to crosslinking of 40PVAc polymer chains by BDBA, strain
(Figure S2) and frequency (Figure 2) sweeps of systems

Table 1. Formation and Temporal Stability of 6 wt %
40PVAc/0.3 wt % BDBA Organogelsa
solvent

40PVAc
solubilized?

dimethyl sulfoxide
dimethylformamide
tetrahydrofuran
2-ethoxyethanol
N-methyl-2-pyrrolidone

yes
yes
yesc
yesc
yes

gel
gel
gel
gel
gel

methanol

yesc

ethanol
95:5 ethanol/water
2-propanol
1-propanol
n-butyl acetate
cyclohexanone
acetonitrile
acetone
dichloromethane

yesc
yesc
yesc
yesc
no
no
no
no
yes

gel after incubating at
25 °C overnight
phase separated
gel
phase separated
phase separated

ethyl acetate

no

nature of material

stabilityb
>6 months
5 days
7 days
>6 months
4 h:
returned
to sol
7 days

30 days

no gel; BDBA not
soluble

Figure 2. Frequency sweeps (strain of 1%) of 6 wt % 40PVAc and 0.3
wt % BDBA (black) or 0.45 wt % BBA (red) in DMSO. Closed
squares and open circles represent G′ and G″, respectively. The OH/
BDBA ratio is 19:1 (black), and the ratio for OH40PVAc groups to BBA
molecules is 9:1 (red).

a

Ratio of OH40PVAc groups to BDBA molecules (OH/BDBA) is 19:1,
where “OH40PVAc” refers to the hydroxyl groups on the xPVAc chains.
b
Unless stated otherwise, the stability is the length of time before
syneresis could be detected visibly. cWith heating at ∼55 °C.

consisting of 40PVAc and either BDBA or phenylboronic acid
(BBA) were compared. BBA, with only one boronic acid group,
can react with the hydroxyl groups of 40PVAc but cannot form
crosslinks between polymer chains. The frequency sweep of the
40PVAc/BDBA mixture exhibited a storage modulus, G′, near
1000 Pa and a G′ greater than loss modulus, G″, at all angular
frequencies studied. In contrast, a 40PVAc/BBA mixture (with
a BBA molar ratio twice that of the 40PVAc/BDBA molar
ratio) exhibited small G′ and G″ values, a behavior characteristic of a liquid. These results demonstrate the necessity of
crosslinking by BDBA to induce gelation.
The frequency sweep of the 40PVAc/BDBA mixture in
DMSO (Figure 2) demonstrated that the material was a soft gel
with a long relaxation time, as indicated by the approach
(without crossing) of G′ and G″ at the lowest frequency
examined, 0.01 rad/s. Rheology was used to monitor the
physical changes that arose from varying the concentrations of
40PVAc and BDBA in DMSO (strain sweeps in Figure S3;

solutions resulted in a marked increase in viscosity in less than
1 min. Although an inhomogeneous mixture was formed upon
combining 40PVAc and BDBA methanol solutions, the mixture
became homogeneous after standing for several hours. Upon
mixing 40PVAc and BDBA in ethanol, permanent phase
separation occurred; however, a 95:5 ethanol/water solvent
system produced a clear, stable gel. The organogels were stable
at room temperature in closed vials for various periods: an
NMP organogel returned to a sol after approximately 4 h,
whereas those organogels that were formed in DMSO, DMF,
THF, 2-ethoxyethanol, and methanol exhibited syneresis
(visually noted) after longer time periods, ranging from 5
days to several months (Table 1). Photographs of three
organogels are shown in Figure 1. Although these gels are listed
as “stable” in Table 1 because they did not undergo syneresis,
the organogels with DMSO, THF, DMF, N-methyl-2pyrrolidone, and methanol as a liquid became orange over
28071
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Figure 3. Frequency sweeps (strain of 1%) of (a) 3 wt % (black), 4.5 wt % (red), or 6 wt % (blue) 40PVAc and 0.2 wt % BDBA in DMSO; (b) 6 wt
% 40PVAc and 0.15 wt % (black), 0.2 wt % (red), or 0.3 wt % (blue) BDBA in DMSO; (c) 6 wt % 40PVAc and 0.2 wt % BDBA in either DMSO
(black), DMF (red), or 2-ethoxyethanol (blue); and (d) 6 wt % 40PVAc and 0.3 wt % BDBA in either DMSO (black), DMF (red), or 2ethoxyethanol (blue). Closed squares and open circles represent G′ and G″, respectively. The OH/BDBA ratios for each ﬁgure are (a) 14:1, 22:1,
and 29:1; (b) 38:1, 29:1, and 19:1; (c) 29:1; and (d) 19:1.

frequency sweeps in Figure 3). Increasing the concentration of
40PVAc while maintaining a constant BDBA concentration
(Figure 3a) caused an increase in both G′ and G″, and the
shape of the curves underwent no signiﬁcant changes.
Increasing the concentration of BDBA while maintaining a
constant 40PVAc concentration (Figure 3b) not only caused an
increase in G′ and G″, but also appeared to decrease the
crossover frequency: the 0.15 wt % BDBA sample exhibited a
crossover frequency near 0.01 rad/s, and extrapolation of the
moduli to lower angular frequencies for the 0.2 and 0.3 wt %
BDBA samples suggested still lower crossover frequencies.
These results demonstrate that the viscoelastic properties of the
organogels can be tuned easily by varying the concentrations of
the polymer and/or crosslinker.
Strain (Figure S3c,d) and frequency sweeps (Figure 3c,d)
were performed to compare the rheological properties of
organogels in DMSO, DMF, and 2-ethoxyethanol. Figure 3c
shows that, although 6 wt % 40PVAc and 0.2 wt % BDBA

mixtures formed viscoelastic materials in DMSO and 2ethoxyethanol, the DMF sample was a liquid. As expected,
the properties of the solvent play an important role in the
equilibrium between mono- and diesteriﬁed BDBA. By
increasing the concentration of BDBA to 0.3 wt %, viscoelastic
materials with comparable strain and frequency sweeps were
formed in the three solvents (Figures 3d and S3d).
1
H NMR spectroscopy was used to determine the extent of
reaction between BDBA and 40PVAc. BDBA in DMSO-d6
exhibited two signals: one at 8.09 ppm due to the hydroxyl
groups and one at 7.71 ppm from the aromatic protons (Figure
4a). Upon addition of a molar excess of OH40PVAc groups, the
BDBA signals disappeared entirely and were replaced by two
broad signals at 7.64 and 7.76 ppm, as well as at least one
shoulder at 7.88 ppm (Figure 4b). A similar increase in line
width and decrease in signal resolution was apparent through a
comparison of a BBA spectrum before (Figure 4c) and after
(Figure 4d) addition of a molar excess of OH40PVAc groups. To
28072

DOI: 10.1021/acsami.7b09473
ACS Appl. Mater. Interfaces 2017, 9, 28069−28078

Research Article

ACS Applied Materials & Interfaces

Figure 5. 1H NMR spectra of 40PVAc/BDBA in DMSO-d6 at varying
amounts and ratios of the gel components at 25 °C: 8.0 wt % (purple),
6.0 wt % (blue), 2.0 wt % (teal), 1.2 wt % (green), 1.1 wt % (yellow),
1.0 wt % (red) 40PVAc and 0.2 wt % BDBA in DMSO-d6. The OH/
BDBA ratios (top to bottom) are 38:1, 29:1, 10:1, 5.7:1, 5.3:1, and
4.8:1.

Figure 4. 1H NMR spectra in DMSO-d6 of (a) 0.3 wt % BDBA, (b) 8
wt % 40PVAc and 0.2 wt % BDBA, (c) 0.45 wt % BBA, (d) 8 wt %
40PVAc and 0.04 wt % BBA, and (e) 8 wt % 40PVAc, 0.16 wt %
BDBA, and 0.04 wt % BBA. 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.

determine whether the viscosity of the medium played a major
role in increasing the line width, the diﬀerences between the
physical properties of gel-state 40PVAc/BDBA (Figure 4b) and
solution-state 40PVAc/BBA (Figure 4d) were probed.
Speciﬁcally, the eﬀect of viscosity on the line widths of BBA
was examined by combining BDBA, BBA, and 40PVAc (Figure
4e), so BBA was eﬀectively “trapped” in a viscous medium. The
BBA line widths were almost unchanged after the addition of
BDBA, suggesting that bulk gelation was not a large contributor
to the increase in signal broadness.
The spectral changes were studied further by monitoring the
eﬀects of changing concentration (Figures 5 and S5) and
temperature (Figure 6). 1H NMR spectra recorded as a
function of 40PVAc concentration (Figure 5) show that the
broad signals at 7.64 and 7.76 ppm were independent of each
other, as their intensities changed relative to each other, and
may represent the mono- and diesteriﬁed BDBA species. The
presence of both species was not unexpected; mono- and
diesteriﬁed BDBA species were also detected after reaction with
ethylene glycol (Figure S4 and Tables S1 and S2). In some
samples, two small doublets at 6.7 and 7.6 ppm increased in
intensity with aging; a study tracking the appearance of these
peaks (Figure S6) suggests that both the acetate groups and
BDBA are necessary for the eﬃcient formation of this species.
In addition, 1H NMR spectra were recorded at diﬀerent
temperatures to investigate the cause of line width changes
noted in the signals associated with BDBA in the presence of
40PVAc. For that purpose, samples of 6 wt % 40PVAc/0.2 wt
% BDBA in DMSO-d6 (for working at temperatures above 25

Figure 6. 1H NMR spectra of 6 wt % 40PVAc/0.2 wt % BDBA
organogels as a function of temperature: (a) in DMSO-d6 at 25 °C
(red), 40 °C (green), 55 °C (blue), and returning to 25 °C after
heating (purple) and (b) in methanol-d4 at 25 °C (red), −10 °C
(green), −30 °C (blue), and returning to 25 °C after cooling (purple).

°C) and in methanol-d4 (for working at temperatures below 25
°C) were employed (Figure 6a,b). Because the signals did not
narrow as the temperature was lowered and there was no
evidence for coalescence at higher temperatures, we infer that
the broad line width of BDBA is due primarily to the
immobilization of the mono- and diesteriﬁed boronate species
associated with crosslinking. However, the temperature range
explored was relatively small, and diﬀerent results might be
obtained in a diﬀerent temperature regime or in diﬀerent
solvents.
Changes that occur in the ﬂuorescence of BDBA when it
reacts with 40PVAc were also monitored. Upon addition of
40PVAc to a BDBA solution (Figure 7), the wavelength
maximum in the excitation spectrum was red-shifted by 4 nm
and the emission was blue-shifted very slightly, by ∼1 nm. This
decrease in the Stokes shift of BDBA can be attributed to the
increase in ground-state energy of BDBA upon reaction with
40PVAc. When BDBA reacts with 40PVAc to form boronate
esters, it becomes conformationally constrained.
28073
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been prewashed with acetonitrile. BDBA was still not detected
on the surface. On the basis of a detection limit study (Figure
S7), this method is capable of detecting as little as 3 μg on a 1
cm2 area of paint. Note that this study pertains to only one type
of painted surface, and diﬀerent results may be expected when
other types of paints and backing materials are employed. Even
so, the results presented here indicate that the organogels with
BDBA oﬀer important advantages over other methods for
limiting residue after gel cleaning: they are peelable and adhere
strongly to cellulosic materials, allowing gel residue to be
removed eﬃciently using a tissue or cotton swab.
Selective removal of a surface layer from an object without
disturbing the layers below, either chemically or physically, has
been and continues to be a challenge for art conservators. Gold
and silver leaf-covered objects are especially diﬃcult to treat in
this regard: they consist of very thin (micrometer range),
delicate sheets of metal foil applied onto surfaces with
adhesives. The foil is sometimes coated with varnish, which
oxidizes, darkens, and loses transparency with time.
Previously, diﬀerent types of organo-aqueous gels have been
employed to soften and remove varnish when the object was
amenable to contact with water.30 Here, we extend the range of
surfaces that may be treated to ones with water-sensitive
components that lie below the surface coating by using an
organogel with no added water. Speciﬁcally, a 6 wt % 40PVAc/
0.2 wt % BDBA in 2-ethoxyethanol organogel was used to
remove aged varnish from a gold leaf surface of a 16th century
Italian, gold leaf-gilded reliquary (Figure 9).31 The artist
adhered the gold leaf with a water-soluble adhesive and then
applied a red paint layer that was scratched oﬀ (in a technique
termed sgraf f ito) to reveal the gold.32 In addition, the surface
had been coated with varnish that had oxidized and darkened
over time. An ethanol-moistened swab with no gel pretreatment did not remove any of the varnish. To remove the varnish
while leaving the red paint and gold leaf unaﬀected, the 2ethoxyethanol organogel was placed on the surface for 10 min.
After lifting the gel from the surface, the varnish had been
softened suﬃciently to allow removal of some of it using an
ethanol-moistened swab that was rolled gently over the surface.
The organogel aided swelling and subsequent removal of
varnish and made the linear sgraf f ito pattern visible.
Importantly, the red paint and gold were revealed on the
surface during the cleaning process (Figure 9f), and there was
no evidence of pigment or gold being removed by the gel or the
swab.
These 40PVAc/BDBA gels are also useful for cleaning
applications in which a high proportion of organic solvent is
required for solubilization. A shellac-based varnish layer on the
edge of a portrait by Sir Joshua Reynolds (Figure 10) was a
challenge to remove using free solvent. However, it could be
successfully and safely removed using a gel to soften the
varnish. The edge of the painting had been overpainted with a
mixture of shellac, drying oils, and pigment (identiﬁed using
pyrolysis−gas chromatography−mass spectrometry (Py−GC−
MS); Figure S8) to match the original background of the
portrait.33 Thus, a 6 wt % 40PVAc/0.3 wt % BDBA in 95:5
ethanol/water gel, covered with a Mylar sheet to slow the
evaporation of the solvent, was placed on this layer for 5 min.
During that time, the varnish began to soften and swell (Figure
10e−g). After pushing the gel together with a cotton swab
(Figure 10h) and carefully using tweezers to remove the bulk of
it (without touching the painted surface) (Figure 10i), an
ethanol-moistened swab was rolled over the surface. Although

Figure 7. Excitation (dashed; λem 320 nm) and emission (solid; λexc
270 nm) spectra of a 0.2 wt % BDBA in methanol solution (black) and
a 6 wt % 40PVAc/0.2 wt % BDBA in methanol organogel 2 days after
preparation (red).

UV−vis spectroscopy was used to determine whether any
BDBA residue remained on an acrylic paint surface after
treatment with an organogel. A 6 wt % 40PVAc/0.2 wt %
BDBA in 95:5 ethanol/water organogel was placed on a primed
canvas coated with acrylic paint. After soaking a sample of the
acrylic paint-out in 5 mL of acetonitrile, a UV−vis spectrum of
the acetonitrile wash showed no discernible BDBA when
compared with the spectrum of an acetonitrile wash from
another piece of the acrylic paint sample that had not been
treated with the gel (Figure 8). However, the analyses are
diﬃcult because the 230 nm peak of BDBA overlaps with a 224
nm peak from the material extracted from the paint-out. In an
eﬀort to reduce the size of the 225 nm peak, this residue
experiment was repeated on two acrylic paint-outs that had

Figure 8. UV−vis spectra of acetonitrile after soaking either an acrylic
paint-out (black) or acrylic paint cleaned for 2 min with a 6 wt %
40PVAc/0.2 wt % BDBA in 95:5 ethanol/water organogel (red). A 40
μM BDBA in acetonitrile solution (green). Because absorbance from
components in the paint-out overlap with where BDBA absorbs (λmax
of 230 nm), the experiment was repeated on paint-outs that were
prewashed with acetonitrile with (pink) and without (blue) gel
cleaning.
28074
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Figure 9. Sixteenth century Italian reliquary coated with gold leaf, paint, and oxidized varnish. (a, b) Object before cleaning. Details of the steps in
the treatment procedure using a 6 wt % 40PVAc/0.2 wt % BDBA in 2-ethoxyethanol organogel: (c) before cleaning, (d) organogel placed on surface
for 10 min, (e) ethanol-moistened swab rolled across the surface, and (f) after treatment. The blue ovals show the area before and after treatment.

swab cleaning removed only a small portion of the swelled layer
(Figure 10j), it was removed eﬀectively with a bamboo skewer
to lift the softened varnish from the underlying paint surface
(Figure 10k) and brushing the pieces away (Figure 10l) to
reveal the paint layer below (Figure 10m).
In a third example, it was found that the xPVAc/borax gellike materials (i.e., containing added water)18,30,34,35 were more
eﬃcient than the dry xPVAc/BDBA ones at removing an oilbased layer. During treatment, a conservator found that a
nonoriginal drying oil layer on Portrait of an Old Woman by
Maarten de Vos (1556) (Figure S9) could not be removed with
solvents. However, gels were eﬀective. Also, a gelled 50:50 wt %

mixture of ethanol/H2O (using 80PVAc/borax) was more
eﬃcient than a 95:5 wt % mixture of ethanol/H2O (using
40PVAc/BDBA). This result highlights the importance of
developing an extensive repertoire of peelable gels for
conservation of objects of cultural heritage and, potentially,
other purposes.

■

CONCLUSIONS
A 40PVAc/BDBA network successfully gelled DMSO, DMF,
THF, 2-ethoxyethanol, N-methyl-2-pyrrolidone, and methanol
in the absence of added water. Generally, the gels were stable
for long periodsall except the one incorporating N-methyl-228075

DOI: 10.1021/acsami.7b09473
ACS Appl. Mater. Interfaces 2017, 9, 28069−28078

Research Article

ACS Applied Materials & Interfaces

Figure 10. Sir Joshua Reynolds, Miss Beatrix Lister, 1765, National Gallery of Art, Washington, DC (a), with a white arrow showing the approximate
location to be cleaned using a 6 wt % 40PVAc/0.3 wt % BDBA in 95:5 ethanol/water gel. Stillshots from a video of the cleaning process: (b) before
removal of the coating, (c) during gel application, and (d) gel with Mylar cover to prevent solvent evaporation and improve contact. Surface changes
can be seen after 3 min (e), 4 min (f), and 4.5 min (g) of gel contact time. The gel was rolled oﬀ the surface with a swab (h); before (i) and after (j)
rolling an ethanol-moistened swab across the surface. At this point, the shellac had softened suﬃciently to scrape it away with a wooden stick (k).
The surface below (l) was coated with mineral spirits (m) to mimic how the surface is expected to look after application of fresh varnish.

objects of value in historical and cultural heritage and, by
extension, other types of objects (such as soft plastics).
Although in this study gels made using only one xPVAc were
investigated, other polymers with diol groups and/or diﬀerent
aromatic boronic acids may yield viscoelastic materials for a
range of uses, and such experiments will be conducted. We
suspect that these peelable gels may be useful in ﬁelds such as
drug delivery,36 sensing,37 coatings,38 or consumer goods.

pyrrolidone were stable for at least 5 days. The 40PVAc/BDBA
systems were shown to be soft gels whose stiﬀness could be
tuned by changing the concentrations of the polymer and
crosslinker. We hypothesize that the bulk physical properties of
the material can also be altered by using xPVAc of a diﬀerent
percent hydrolysis and/or diﬀerent molecular weight. 1H NMR
spectra showed that BDBA reacted completely if an excess of
40PVAc hydroxyl groups were present, forming both monoand diesteriﬁed boronate species. Fluorescence data indicated
that BDBA became more conformationally constrained
following its transformation into boronate esters.
The peelability of these materials allowed them to be
removed from a surface quickly and easily. This property, in
combination with the adhesiveness of the gels to cotton and
paper, reduces the probability of leaving detectable residue on a
paint surface after treatment. However, the potential for leaving
residue must be explored further with a variety of surfaces. Of
signiﬁcant importance is the ability to combine properties of
neat solvents, structural characterization techniques (e.g., NMR
and ﬂuorescence) at the molecular level, and measurements of
viscoelasticity and adhesion on the bulk level to catalog the
appropriateness of a gel for a speciﬁc cleaning application.
Although we have demonstrated already that the xPVAc/BDBA
organogels can remove oxidized coatings from delicate surfaces
that other cleaning formulations commonly used by conservators did not, additional data to complete the aforementioned “catalog” must be collected and analyzed in future
studies. The greater eﬃcacy of gelled solvents than free
solvents, demonstrated by the three applications included here,
suggests that the gelator may play a chemical role in the
mechanism of the cleaning processes in addition to serving as a
macroscopic immobilizing matrix for the solvents. The success
of the case studies reported here illustrates the potential of
these gels to remove a range of materials on delicate surfaces of

■

ASSOCIATED CONTENT

S Supporting Information
*

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsami.7b09473.
UV−vis spectra with time, strain sweeps of 40PVAc/BBA
and 40PVAC/BDBA in DMSO, strain sweeps of
40PVAC/BDBA in DMSO, DMF, and 2-ethoxyethanol,
1
H NMR spectra of ethylene glycol and BDBA in
DMSO-d6, 1H NMR spectra of 40PVAc/BDBA as a
function of time and concentration, UV−vis from BDBA
residue study, pyro-GC/MS of varnish from Miss Beatrix
Lister by Sir Joshua Reynolds, cleaning of Portrait of an
Old Woman by Maarten de Vos (PDF)

■

AUTHOR INFORMATION

Corresponding Author

*E-mail: weissr@georgetown.edu.
ORCID

Richard G. Weiss: 0000-0002-1229-4515
Notes

The authors declare no competing ﬁnancial interest.
28076

DOI: 10.1021/acsami.7b09473
ACS Appl. Mater. Interfaces 2017, 9, 28069−28078

Research Article

ACS Applied Materials & Interfaces

■

(14) Carretti, E.; Dei, L.; Macherelli, A.; Weiss, R. G. Rheoreversible
Polymeric Organogels: The Art of Science for Art Conservation.
Langmuir 2004, 20, 8414−8418.
(15) Carretti, E.; Dei, L.; Weiss, R. G.; Baglioni, P. A New Class of
Gels for the Conservation of Painted Surfaces. J. Cult. Heritage 2008, 9,
386−393.
(16) Schultz, R. K.; Myers, R. R. The Chemorheology of Poly(vinyl
alcohol)−Borate Gels. Macromolecules 1969, 2, 281−285.
(17) Rietjens, M.; Steenbergen, P. A. Crosslinking Mechanism of
Boric Acid with Diols Revisited. Eur. J. Inorg. Chem. 2005, 2005,
1162−1174.
(18) Carretti, E.; Grassi, S.; Cossalter, M.; Natali, I.; Caminati, G.;
Weiss, R. G.; Baglioni, P.; Dei, L. Poly(vinyl alcohol)−Borate Hydro/
Cosolvent Gels: Viscoelastic Properties, Solubilizing Power, and
Application to Art Conservation. Langmuir 2009, 25, 8656−8662.
(19) Natali, I.; Carretti, E.; Angelova, L.; Baglioni, P.; Weiss, R. G.;
Dei, L. Structural and Mechanical Properties of “Peelable” Organoaqueous Dispersions with Partially Hydrolyzed Poly(vinyl acetate)−
Borate Networks: Applications to Cleaning Painted Surfaces. Langmuir
2011, 27, 13226−13235.
(20) Angelova, L. V.; Leskes, M.; Berrie, B. H.; Weiss, R. G. Selective
Formation of Organo, Organo−Aqueous, and Hydro Gel-Like
Materials from Partially Hydrolysed Poly(Vinyl Acetate)s Based on
Different Boron-Containing Crosslinkers. Soft Matter 2015, 11, 5060−
5066.
(21) Nunes, M. A. P.; Gois, P. M. P.; Rosa, M. E.; Martins, S.;
Fernandes, P. C. B.; Ribeiro, M. H. L. Boronic Acids as Efficient Cross
Linkers for PVA: Synthesis and Application of Tunable Hollow
Microspheres in Biocatalysis. Tetrahedron 2016, 72, 7293−7305.
(22) Nunes, M. A. P.; Martins, S.; Rosa, M. E.; Gois, P. M. P.;
Fernandes, P. C. B.; Ribeiro, M. H. L. Improved Thermostable
Polyvinyl Alcohol Electrospun Nanofibers with Entangled Naringinase
Used in a Novel Mini-Packed Bed Reactor. Bioresour. Technol. 2016,
213, 208−215.
(23) Kikuchi, A.; Suzuki, K.; Okabayashi, O.; Hoshino, H.; Kataoka,
K.; Sakurai, Y.; Okano, T. Glucose-Sensing Electrode Coated with
Polymer Complex Gel Containing Phenylboronic Acid. Anal. Chem.
1996, 68, 823−828.
(24) Meng, H.; Zheng, J.; Wen, X.; Cai, Z.; Zhang, J.; Chen, T. pHand Sugar-Induced Shape Memory Hydrogel Based on Reversible
Phenylboronic Acid−Diol Ester Bonds. Macromol. Rapid Commun.
2015, 36, 533−537.
(25) Piest, M.; Zhang, X.; Trinidad, J.; Engbersen, J. F. J. pHresponsive, Dynamically Restructuring Hydrogels Formed by Reversible Crosslinking of PVA with Phenylboronic Acid Functionalised
PPO−PEO−PPO Spacers (Jeffamines). Soft Matter 2011, 7, 11111−
11118.
(26) Guan, Y.; Zhang, Y. Boronic Acid-Containing Hydrogels:
Synthesis and their Applications. Chem. Soc. Rev. 2013, 42, 8106−
8121.
(27) Zhang, D.; Yu, G.; Long, Z.; Yang, G.; Wang, B. Controllable
Layer-By-Layer Assembly of PVA and Phenylboronic Acid-Derivatized
Chitosan. Carbohydr. Polym. 2016, 140, 228−232.
(28) Kanaya, T.; Takahashi, N.; Takeshita, H.; Ohkura, M.; Nishida,
K.; Kaji, K. Structure and Dynamics of Poly(vinyl alcohol) Gels in
Mixtures of Dimethyl Sulfoxide and Water. Polym. J. 2012, 44, 83−94.
(29) Nishiyabu, R.; Kobayashi, H.; Kubo, Y. Dansyl-Containing
Boronate Hydrogel Film as Fluorescent Chemosensor of Copper Ions
in Water. RSC Adv. 2012, 2, 6555−6561.
(30) Angelova, L. V.; Berrie, B. H.; de Ghetaldi, K.; Kerr, A.; Weiss,
R. G. Partially Hydrolyzed Poly(Vinyl Acetate)-Borax-Based Gel-Like
Materials for Conservation of Art: Characterization and Applications.
Stud. Conserv. 2015, 60, 227−244.
(31) 2-Ethoxyethanol is used by conservators less frequently for
treatments today than in the past due to health concerns. However, a
95:5 wt % ethanol/water organogel (if this solvent system does not
remove water-sensitive material) could also be used in a case such as
this one.

ACKNOWLEDGMENTS
We thank the U.S. National Science Foundation (Grant CHE1502856) for supporting part of this research. T.T.D. thanks
the Achievement Rewards for College Scientists/Metro
Washington Chapter for a scholar award. The Kuraray Co.,
Ltd. is thanked for donating the xPVAc samples employed in
this research. We are extremely grateful to the conservators
who helped us with this work: at the National Gallery of Art in
Washington, DC, Kathryn Harada, Paintings Conservation
Intern, and Kari Rayner, Andrew W. Mellon Fellow in Paintings
Conservation, tested our gels on the two paintings described in
this work; William Adair of Gold Leaf Studios in Washington,
DC allowed us to test our cleaning systems on his reliquary. We
are also grateful to Dr. Christopher A. Maines at the National
Gallery of Art, Washington, DC, for performing the Py−GC−
MS experiments.

■

REFERENCES

(1) Tam, A. C.; Leung, W. P.; Zapka, W.; Ziemlich, W. Laser
Cleaning Techniques for Removal of Surface Particulates. J. Appl. Phys.
1992, 71, 3515−3523.
(2) Siano, S.; Agresti, J.; Cacciari, I.; Ciofini, D.; Mascalchi, M.;
Osticioli, I.; Mencaglia, A. A. Laser Cleaning in Conservation of Stone,
Metal, and Painted Artifacts: State of the Art and New Insights on the
Use of the Nd:YAG Lasers. Appl. Phys. A 2012, 106, 419−446.
(3) Nilsen, S. K.; Dahl, I.; Jorgensen, O.; Schneider, T. Micro-fibre
and Ultra-micro-fibre Cloths, their Physical Characteristics, Cleaning
Effect, Abrasion on Surfaces, Friction, and Wear Resistance. Build.
Environ. 2002, 37, 1373−1378.
(4) Izadi, H.; Dogra, N.; Perreault, F.; Schwarz, C.; Simon, S.;
Vanderlick, T. K. Removal of Particulate Contamination from Solid
Surface Polymeric Micropillars. ACS Appl. Mater. Interfaces 2016, 8,
16967−16978.
(5) Chateau, M. E.; Galet, L.; Soudais, Y.; Fages, J. A New Test for
Cleaning Efficiency Assessment of Cleaners for Hard Surfaces. J.
Surfactants Deterg. 2004, 7, 355−362.
(6) Klier, J.; Tucker, C. J.; Kalantar, T. H.; Green, D. P. Properties
and Applications of Microemulsions. Adv. Mater. 2000, 12, 1751−
1757.
(7) Carretti, E.; Bonini, M.; Dei, L.; Berrie, B. H.; Angelova, L. V.;
Baglioni, P.; Weiss, R. G. New Frontiers in Materials Science for Art
Conservation: Responsive Gels and Beyond. Acc. Chem. Res. 2010, 43,
751−760.
(8) Fife, G. R.; Stabik, B.; Kelley, A. E.; King, J. N.; Blümich, B.;
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