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ABSTRACT 
 

 Soft, peelable hydrogels and organogels formed from partially hydrolyzed poly(vinyl 

acetate)s and different crosslinkers have been developed, characterized, and evaluated for 

cleaning treatments on works of art.  Partially hydrolyzed poly(vinyl acetate)s were crosslinked 

with either borax to form hydrogels in aqueous glycol ether solutions or with aryl-diboronic 

acids to form organogels in organic liquids. According to 1H nuclear magnetic resonance 

spectroscopy, the aggregates of short-chain glycol ethers were not affected by incorporation into 

the gel network. The effect of short-chain glycol ether aggregation on the gel network was also 

investigated by 11B nuclear magnetic resonance spectroscopy, small angle neutron scattering, and 

rheology. The stability, crosslinking, polymer conformation, and bulk physical properties of the 

hydrogels were dependent on the structure of the glycol ether. 

 The organogel systems crosslinked with benzene-1,4-diboronic acid and 4,4’-

biphenyldiboronic acid were found to gel a wide range of organic solvents. The crosslinking and 

bulk physical properties were studied as a function of solvent and concentration of polymer and 

crosslinker using 1H NMR, fluorescence, and rheology. These organogels could be peeled off a 

surface easily, leaving no residue detectable by UV–vis spectroscopy.  

 The potential of these hydrogels and organogels for use in cleaning objects of cultural 

heritage was assessed: while the addition of glycol ethers did not substantially enhance the 
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cleaning efficacy of the hydrogel (as measured by the removal of artificial soil from a paint 

layer), the organogels were able to soften and remove deteriorated coatings from works of art. 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. In both cases, these organogels were able to 

soften and remove coatings that could not be removed by traditional moistened-swab methods. 

Atomic force microscopy and scanning electron microscopy images of other delicate surfaces 

(i.e., acrylic paint or brass sheet) before and after cleaning showed that the gel cleaning method 

is gentle and can avoid the formation of scratches and pinholes. 
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1. INTRODUCTION TO SOFT MATTER AND POLYMER GELS 

 
 
1-1. A brief introduction to soft matter and gels 

 This introduction is intended to provide a foundation for the information provided in the 

subsequent chapters of the thesis. Supramolecular assemblies are formed from the aggregation of 

molecules into larger entities. The nature of the resulting system is typically a result of both the 

properties of the molecules themselves and their arrangement in three-dimensional space. 

Generally, materials composed of supramolecular assemblies respond to external forces in a 

different manner than those of the same molecules in an alternate arrangement. Soft condensed 

matter is a field which investigates the properties of and the effect of external stimuli on these 

types of structures (with distance scales ranging from several nanometers to microns).1 

 Colloidal systems are homogeneous, two-component mixtures in which one substance is 

dispersed throughout the other. For example, a foam consists of a gaseous network dispersed 

throughout a liquid, whereas a gel is prepared by dispersing a solid network throughout a liquid. 

In general, for a material to be regarded as a gel, it must: a) be composed of a large fraction of 

liquid and a small fraction of gelator, b) be comprised of a continuous structure that extends to 

macroscopic dimensions (and this structure must remain consistent on a sufficiently long 

timescale to be studied analytically), and c) be characterized as having solid-like properties.2 A 

colloidal material with liquid-like, rather than solid-like, character is referred to as a 'sol,' and 

sols can sometimes be transformed into gels by either increasing the concentration above a 

'critical gelator concentration' or changing the system temperature.3 Typically, this involves 

decreasing the temperature to below the gelation temperature, TG. 
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 Some materials flow upon deformation, and the viscosity of a substance is its resistance 

to this deformation. Newtonian fluids exhibit a viscosity that is independent of an applied stress. 

Non-Newtonian fluids can be divided into two categories: shear-thickening substances that 

increase in viscosity upon an increase in the rate of shear strain, and shear-thinning substances 

that decrease in viscosity upon an increase in the rate of shear strain. The ability of materials to 

undergo shear-thickening or shear-thinning can be useful for certain applications. For example, 

wall paint is typically shear-thinning: it flows easily upon spraying or rolling onto a surface, but 

resists flow once applied so the paint can form an even coating upon drying.4 On the other hand, 

liquid body armor is shear-thickening; upon application of a force, it increases in viscosity to 

resist deformation.5 Viscosity is useful for describing the response of a liquid to an external 

force, but for viscoelastic materials that do not flow over easily-measured timescales, the shear 

storage (G’) and shear loss (G”) moduli may provide more insights. G’ and G” represent the 

solid- and liquid-like responses to a shear force, respectively. When a shear force (i.e., stress) is 

applied to a material, the resulting displacement (i.e., strain) can be measured to determine G' 

and G": 

G'  =  �
� cos �       (1-1) 

G"  = �
� sin �       (1-2) 

where �, �, and � represent stress, strain, and the phase lag between stress and strain, 

respectively. For a low viscosity liquid, there is a large phase lag between the applied stress and 

the strain. Therefore, G” is larger than G’. However, for a very high viscosity, solid-like 

material, there is a negligible phase lag between stress and strain, and G’ is larger than G”. Note 

that the measured values of G' and G" are not independent of angular frequency. A gel is 
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characterized by a G’ value larger than G” over a wide range of frequencies. Monitoring G’ and 

G” with time for the transformation of a sol to a gel allows for the point at which the phase 

change occurs to be determined. For example, as a polymer solution, with G”>G’, undergoes 

crosslinking reactions, the intersection of G’ and G” denotes the point of gelation.6  

  

1-2. Introduction to polymer gels 

 Upon dissolution in a solvent, polymer chains experience inter- and intra-molecular 

interactions, such as physical entanglements (in which chains in motion wrap around each other). 

If the concentration of polymer is very low, individual chains undergo limited interaction with 

their nearest neighbors. However, if the concentration of polymer is sufficiently high to increase 

the probability of polymer chains interacting with their nearest neighbors, chain entanglements 

can propagate on long length scales, and the viscosity of the solution normally increases. The 

formation of crosslinks between polymer chains can further increase the number and/or timescale 

of interactions between polymer chains. When a network of crosslinks leads to long distance 

interactions throughout the system, a bulk material with solid-like properties can result.  

Moreover, a gel is formed if it resists flow to the extent that G’>G”. An evenly dispersed array 

of crosslinks can produce a three-dimensional sponge-like network that can entrap solvent by 

capillary forces and surface tension, thereby immobilizing the solvent on a bulk scale.3 

 Crosslinking can be achieved through physical entanglements, van der Waals 

interactions, and covalent, ionic, or hydrogen bonds. Based on the type of crosslinks that connect 

polymer chains, gels are designated into two categories: physical and chemical gels. Physical 

gels rely on dynamic interactions to form crosslinks (e.g., van der Waals interactions, ionic, or 
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hydrogen bonds), typically resulting in networks that can be formed (i.e., leading to a gel) and 

broken (i.e., leading to a sol) repeatedly upon changes to the environment of the system.7 

Chemical gels are formed through covalent crosslinks, usually producing static networks that 

cannot be reformed if broken. However, some covalently crosslinked polymer networks can 

swell, without dissolution, to varying degrees upon changes in either the solvent quality, the gel 

network (e.g., crosslinking density) or the environment (e.g., temperature or pH).8 Generally, 

crosslinked polymers and 'low molecular weight gelators' have gelator concentrations less than 

10 wt%.3 

 When a hydrophilic polymer is used to immobilize water or an aqueous liquid on the bulk 

scale, a 'hydrogel' is formed. Conversely, when an organic solvent constitutes the liquid portion, 

the resulting material is termed an 'organogel.' A range of gelator structures and solvents have 

been systematically studied in an attempt to discern the structural requirements necessary for a 

molecule to gel an organic liquid.9 Fundamental studies addressing these structural requirements 

tend to focus on 'low molecular weight organogelators' and how their aggregation, without 

covalent crosslinking, extends to form a three-dimensional network capable of gelling a liquid 

solvent.10 Organogels formed from polymeric networks have been classified into three 

categories: those that require the addition of crosslinking agents, those that rely on crosslinking 

via conformational changes, and those that self-assemble into gelation-causing segments.11  

 Changes to the gelator structure can result in bulk materials that undergo specific changes 

in response to certain stimuli. By using temperature-sensitive crosslinkers, materials that undergo 

gel–sol phase transitions at specific temperatures can be produced. Some polymers, such as 

poly(N-isopropylacrylamide), become less water-soluble as the temperature increases.11 
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Covalently crosslinked gels formed from these types of polymers shrink as the temperature 

increases or swell as the temperature decreases. The temperature at which these changes occur, 

the lower critical solution temperature, can be tuned through structural alterations to the polymer 

structure.12 Alternatively, certain hydrogels swell at higher temperatures and shrink at lower ones 

(e.g., interpenetrating networks formed from poly(acrylamide–co-butyl methacrylate) and 

poly(acrylic acid)).13  

Combining temperature-responsive hydrogels with other technologies allows for the 

fabrication of new types of materials. For example, core–shell microgels, composed of a water-

insoluble particle coated with a temperature-sensitive gel layer, rely on core structure for light 

scattering behavior and gel structure for temperature-dependent stability.14 Structure–function 

relationships continue to be explored in the design of new types of gels. 

 The use of biocompatible gelators for the formation of hydrogels has been applied to a 

range of applications. Many hydrogel systems can respond to external stimuli (e.g., temperature, 

light, pressure, ultrasound, or changes in pH, ions, or other specific molecules of interest) under 

physiological conditions for the release of drugs in specific locations.12 Injectable hydrogels, 

from either natural (e.g., collagen, alginate, and agarose) or synthetic (e.g., polypeptides, 

poly(vinyl alcohol), or poly(acrylic acid)) sources, hold promise as scaffolds to engineer new 

tissue growth in the human body.15 

 This dissertation describes the preparation, characterization, and potential applications of 

polymer gels formed from polyol systems crosslinked with small boron-based molecules. 

Chapter 2 discusses the complexation of borax or aryl boronic acids with diols and polyols in 

order to introduce the relevant chemical processes that give these materials their bulk physical 
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properties. Those systems, based on polyol/borate, are not defined as true gels because the 

dynamic crosslink sites lead to materials that flow with time under the force of gravity.  

Therefore, these types of borate-crosslinked hydrogels are described as 'gel-like' and are referred 

to as 'high viscosity polymer dispersions' (HVPDs).16  
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2. INTRODUCTION TO THE REACTION OF DIOLS WITH BORON-BASED CROSSLINKERS 

 
 
2-1. Complexation of borax and diols 

 Upon dissolution in water, borax (i.e., Na2B4O7‧10H2O, the native form of which is 

referred to as ‘tincal’) dissociates to boric acid and the borate anion. The acid and anion exist in 

equilibrium with a pKa of 9.17 Both boric acid and borate are able to react with dihydroxy 

compounds (e.g., 1,2-diols, 1,3-diols, and dicarboxylic acids) to form boronate monoesters, 

which can then react with a second dihydroxy compound to yield a boronate diester. A general 

scheme of a 1,2-diol reacting with a boronic acid or a borate anion is shown in Figure 2-1. After 

a boronic acid reacts with one hydroxyl group of a diol, the ring closure is fast in comparison to 

the reaction with a second hydroxyl group on a second molecule as a result of entropic 

considerations; therefore, the cyclic esters are formed efficiently.18 The equilibrium between the 

boric acid and boronate ester species is highly pH dependent: in the presence of glycols, boric 

acid is favored at pH values lower than 8 and the mono and diesters are favored at higher pH 

values.18 Studies comparing the formation of boronate esters with 1,2-diols and 1,3 diols have 

shown that the cyclic esters of the 1,3-diols are formed preferentially. The greater stability of the 

cyclic esters formed from 1,3-diols is attributed to steric factors: six-membered rings are less 

strained than five-membered rings upon reaction with either trigonal boric acid or tetragonal 

borate.19  

 The chemical structure of the diol also affects the stability of the resulting boronate ester. 

By investigating the formation of monoesterified species formed from a variety of 1,3-diol 

structures, Bachelier et al. found that higher substitution of 1,3-diols decreased the stability of 

the monoesters in aqueous media.20 These results were obtained through titration experiments, 



8 
 

but similar conclusions have been drawn from 11B NMR spectroscopy, which was used to show 

that propane-1,3-diol is complexed slightly more efficiently than butane-1,3-diol with borate.21  

 

Figure 2-1. General reaction scheme for the formation of boronate esters from diols and 

boric acid/borate anion. 

 

Figure 2-2. Reaction scheme for the reaction of poly(vinyl alcohol) with borate to form 

boronate ester crosslinks between polymer chains. 

 The 1,3-diol groups present on poly(vinyl alcohol) (PVA) serve as a site for reaction with 

borate, which can act as a crosslinker to form a three-dimensional network of polymer chains. 

The general reaction scheme of a borate anion reacting with two PVA chains is displayed in 

Figure 2-2.  PVA is a commercially-available, water-soluble polymer that is produced from the 

hydrolysis of poly(vinyl acetate). Various chemical strategies have been used to alter the material 

properties of PVA through the formation of three-dimensional networks: either via physical 
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(achieved through freeze/thaw22,23 or dehydration/rehydration24) or chemical25 crosslinks. 

Importantly here, high viscosity polymeric dispersions (HVPDs) form upon mixing PVA 

solutions and borax. Inter- and intramolecular crosslinks lead to an increase in viscosity of the 

bulk material. Typically, in aqueous solutions, only a small percent of the borate engages in 

crosslinks, and the relative amounts of free borate and complexed borate can be determined by 

11B NMR spectroscopy. The free boron species (representing both boric acid and borate because 

they exchange on a timescale faster than the NMR experiment) exhibit no decrease in line width 

in 11B NMR experiments, suggesting that the HVPD consists of a large, crosslinked polymer 

network distributed through a low-viscosity solvent.26 The boronate ester crosslinks are dynamic, 

leading not only to the ability of the material to self-heal, but also to a decrease in viscosity as 

temperature is increased.27 From rheological experiments studying the frequency dependence of 

G' (the storage modulus) and G" (the loss modulus) at 20 °C, the maximum in the distribution of 

crosslink lifetimes was 0.3 s, and this value was independent of polymer or borate 

concentrations, which were varied from 2.2 to 6.6 wt% PVA and 0.5 to 3.7 wt%  sodium 

borate.28 Time correlation functions from dynamic light scattering experiments showed a 

bimodal decay rate, and the authors attributed cooperative diffusion to the fast decay and a 

relaxation mode to the slow decay; moreover, the relaxation time determined from the slow 

decay correlated well with the relaxation times obtained from angular frequency sweeps in 

rheological experiments.29 Small angle neutron scattering (SANS) of PVA–borate HVPDs 

showed correlation lengths (i.e., the distance between polymer entanglements) that were greater 

than the radius of gyration of individual PVA chains, indicating that PVA clusters were present 

in both the gel state and the sol state (which was probed by increasing the temperature).30 
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 HVPDs can also be obtained by combining partially hydrolyzed poly(vinyl acetate) 

(xPVAc, where x denotes the percent of hydrolysis) and borax in solution. 100PVAc (i.e., PVA) 

is commercially synthesized through the hydrolysis of poly(vinyl acetate). Therefore, 

hydrolyzing only partially results in a copolymer with a random distribution of hydroxyl groups 

and acetate groups. Rheological experiments have shown that the distribution of crosslink 

lifetimes is unaffected by the percent hydrolysis of the polymer.28 By using xPVAc (with values 

of x, the % of hydrolysis, less than 100), organo-aqueous HVPDs can be formed with up to 50 

wt% of the solvent system consisting of organic solvents such as ethanol, 1-propanol, 2-

propanol, and acetone.31 HVPDs formed by xPVAc (with x < 100) crosslinked with boric acid-

borate are temporally less stable than those in which the solvent is water and x = 100. Thus, 

HVPDs composed from 88PVAc and sodium borate decreased in viscosity over time due to a 

loss of complexation between xPVAc and boron, which has been attributed to a decrease in pH 

resulting from the slow hydrolysis of xPVAc under alkaline conditions.26 

 The usefulness of xPVAc–borate HVPDs for specific applications can be expanded 

through the addition of components. Some of these additives are intended to interact with the gel 

network for enhanced physical properties, while others are intended to provide a function 

without interacting with the gel network. For example, cellulose nanoparticles and nanofibers 

added to PVA–borate HVPDs acted as multifunctional crosslinking agents, causing an increase 

in the stiffness and elasticity of the material, as measured through oscillatory rheology.32 On the 

other hand, the surfactant-driven dissolution of fluorescent dyes into the aqueous solvent system 

of PVA–borate HVPDs resulted in thermochromic hydrogels.33 Although no changes in physical 
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properties upon addition of dye and/or surfactant were reported, no instrumental techniques were 

used to investigate changes in the gel network.  

 Surprisingly, we have been able to find only one study in which the physical effects of 

adding surfactants to PVA–borate HVPDs has been explored. Singh34 studied the addition of two 

surfactants to an aqueous PVA–borate network: an anionic surfactant, sodium dodecyl sulphate 

(SDS), and a nonionic surfactant, TX-100 (a poly(ethylene oxide)-based surfactant). Frequency 

sweeps of the materials showed a decrease in the elastic modulus upon incorporation of both 

SDS and TX-100 at concentrations above the critical micelle concentration, suggesting that the 

micelles destabilize crosslinks in the gel network. The surfactants were also found to lower the 

gel-sol transition temperature. In this dissertation, the changes to the gel network upon addition 

of a nonionic surfactant and short-chain glycol ethers are evaluated, adding to the small body of 

research pertaining to surfactant-loaded xPVAc–borate HVPDs. 

 

2-2. Complexation of aryl boronic acids and diols 

 Boronic acids are boron-containing molecules that consist of one alkyl substituent and 

two hydroxyl groups bound to the boron. In aqueous solutions, boronic acids are in equilibrium 

between the planar, neutral form and a tetragonal, hydroxyboronate anion form. Phenylboronic 

acid has a pKa of 8.9 in water, but the pKa of boronic acids can range from 4.0 to 10.4, depending 

on substituents.35 Both the boronic acid and hydroxyboronate anion are capable of reacting with 

1,2- and 1,3-diols (Figure 2-3), as well as with biologically-relevant molecules, such as 

saccharides, glycoproteins, and dopamine.36 Boronic acids act as Lewis acids in that the vacant 

p-orbital on the boron is capable of accepting electrons from Lewis bases (e.g., hydroxide 
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anions) and electron-donating centers (e.g., nitrogen or oxygen). Enhanced binding of boronic 

acids with diols at neutral pH is thought to occur due to a solvent insertion mechanism—a protic 

solvent molecule donates electrons to a boronic acid center to form a zwitterionic species that 

stabilizes the boronate species.37 Yan et al.38 studied the binding affinity (as determined from 

changes in fluorescence intensity of Alizarin Red S in the presence of boronic acids upon 

addition of the studied diols39) of 25 arylboronic acids to glucose, fructose, and catechol and 

proposed three conclusions regarding the relationship between pKa, pH, and binding constants: 

1) the pKa values of monosubstituted phenylboronic acids correlates with the Hammett values of 

different substituents; (2) the optimal pH for binding is dependent on several factors, including 

the pKa of the boronic acid, the pKa of the diol, and the effects of the solvent, buffers, and 

intermolecular interactions, such as steric factors and hydrogen bonding; and (3) boronic acids 

with lower pKa values do not always show greater binding affinities for diols. These conclusions 

seem to raise more questions than they answer, but they do demonstrate the complexity of these 

interactions.  

 

Figure 2-3. Esterification of a phenylboronic acid via reaction with a 1,2-diol.  
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 The reversibility of the reaction between boronic acids and diols indicates that the 

boronate esters are susceptible to hydrolysis. This can occur in bulk water or via interactions 

with atmospheric water. A series of phenylboronic esters was studied by Bowie and Musgrave, 

who showed that hindered phenylboronic esters are more resistant to hydrolysis than unhindered 

ones, and that six-membered cyclic boronate esters are slower to hydrolyze than their five-

membered analogues.40 The reversibility of the reaction of boronic acids with diols is also pH 

dependent: high pH typically favors ester formation over acid formation. This is thought to be 

due to the increased concentration of boronate ions at high pH values, at which the tetragonal sp3 

boron hybridization allows for a release of angle strain in cyclic boronate esters (i.e., ~120° 

versus ~109° bond angles), as is displayed in Figure 2-4.39 A decrease in Lewis acid strength of 

the boronic acid upon reaction with diols was also reported. For example, phenylboronic acid has 

a pKa of 8.8, and the glucose ester of phenylboronic acid has a pKa of 6.8.39 

 

Figure 2-4. pH-dependent equilibrium for the formation of boronate esters from 

phenylboronic acid and 1,2-diol. 

 It should be noted that boronic acids form boroxine species upon dehydration (Figure 

2-5). These arylboronic acid anhydrides form readily upon heating at atmospheric pressure, but 

are rapidly hydrolyzed back to the boronic acid species in the presence of water.41 By using 

diboronic acids, larger-scale structures can be formed: Cote et al. heated a solution of 1,4-BDBA 
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in mesitylene-dioxane at 120 °C for 72 hours to form a covalent organic framework that 

exhibited high thermal stability, permanent porosity, and high surface areas.42 The planarity of 

these boroxine species allows for the formation of two-dimensional covalent organic frameworks 

that can be polymerized on a surface for near-complete monolayer coverage.43 Anhydrous 

conditions are necessary for formation of these boroxines, and we do not anticipate the formation 

of these structures under non-anhydrous conditions. 

 Because boronic acids form complexes with diols and Lewis bases, they have been 

investigated for sensor applications, for which changes in solubility and/or fluorescence can 

indicate binding with specific molecules.44 The first reported use of phenylboronic acid as a 

sensor presented the fluorescent quenching of phenylboronic acid upon addition of KF as 

phenylboronic acid was converted to its hydroxyboronate anion in aqueous solutions.45 

Molecular recognition through monitoring fluorescence intensity was promptly applied to 

binding with diols—fluorescence quenching of boronic acids has also been monitored for the 

addition of saccharide to aqueous boronic acid solutions.46 

 

Figure 2-5. Formation of the boroxine of phenylboronic acid upon dehydration. 

 Soft materials with tunable properties and sensing abilities have been made by reacting 

arylboronic acids with diol-functionalized polymers. The reaction of boronic acid-functionalized 

polymers and PVA in aqueous media can produce hydrogels and films that can be modified by 
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addition of glucose or changes in pH. One of the earliest reports of hydrogels formed from a 

mixture of a boronic acid-functionalized copolymer and PVA described the capability of the 

material to 'sense' glucose via swelling of gel membranes in the presence of glucose,47 and this 

technology was further developed as a glucose-sensing coating on a platinum electrode.48 Thin-

film hydrogels capable of continuous fluorescent sensing of glucose were prepared by 

immobilizing a boronic acid-functionalized quencher and a pyrene-based anionic dye in a thin 

film.49 The dynamic equilibrium between boronic acids and esters allows for the formation of 

self-healing materials in cases where new boronate esters can form over damaged interfaces. 

Self-healing is most efficient when the pH is near the pKa, as this is the pH value at which high 

concentrations of unreacted diols and boronic acid groups are present, but reaction between the 

two to form boronic esters is also favored. By attaching an intramolecular coordinating boronic 

acid, 2-acrylamidophenylboronic acid, to a N,N-dimethylacrylamide polymer backbone, the pKa 

of the boronic acid was lowered to produce gels with PVA that could efficiently self-heal under 

physiological conditions (i.e., pH 7).50  

 Hydrogel materials with structure–function relationships relying on boronic acid–polyol 

chemistries have also been proposed for drug delivery. Boronic acid-functionalized polymers 

have been used in the preparation of layer-by-layer films by alternating deposition of the 

functionalized polymer film with a PVA film. The films disassembled slowly in aqueous 

conditions, and the disassembly rate increased in the presence of glucose. This process may be 

useful for the production of self-regulated insulin delivery technologies.51 Most drug-delivery 

methods have relied on incorporation of drugs by physical entrapment52 (e.g., inside a capsule) 

or binding of a diol-functionalized drug to the hydrogel material itself.53  
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 The materials discussed up to this point rely on mixing two different polymers for gel 

formation, but mixing polymers with small boronic acid molecules also produces materials with 

a range of physical properties. Benzene-1,4-diboronic acid (1,4-BDBA) consists of two boronic 

acid groups, making it capable of reacting with two diol groups on a polymer backbone to form 

inter- and intramolecular crosslinks. The crosslinking of PVA by 1,4-BDBA is displayed in 

Figure 2-6. Experiments have employed 1,4-BDBA as a crosslinker to thicken solutions of guar, 

a naturally-derived polysaccharide.54 By using larger concentrations of diboronic acids and 

polymers, researchers have been able to form soft materials with a range of morphologies. 

Microspheres have been formed by dispensing aqueous PVA droplets into a 1,4-BDBA 

solution55 and the thermal stability of electrospun PVA fibers was increased by dipping them into 

a 1,4-BDBA or phenylboronic acid solution.56 In both of these examples, crosslinking the 

diboronic acids with the PVA imparted temporal and/or thermal stability to the shape of the 

overall material. The reaction between PVA and 1,4-BDBA has also been used for the formation 

of hydrogels, but because 1,4-BDBA is not water-soluble, organogels were first formed in 

DMSO, which were subsequently immersed in water to form the intended hydrogel.57 The 

resulting PVA/1,4-BDBA hydrogel exhibited two benefits for use as a sensor: 1) free diol groups 

on the polymer backbone could be used as sites to attach a fluorescent moiety (i.e., a 

phenylboronic  acid-appended N-dansyldiethylenetriamine for detecting copper ions); and 2) the 

hydrogel could be immersed in water (with pH ranging from 1 to 11) without dissolving for at 

least 3 months at room temperature. By contrast, PVA/borax hydrogels dissolved in water within 

90 minutes.57    
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Figure 2-6. Scheme for the reaction of poly(vinyl alcohol) with benzene-1,4-diboronic acid 

to form boronate ester crosslinks between polymer chains. 
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3. INTRODUCTION TO GELS FOR CONSERVATION SCIENCE 

 
 
3-1. Introduction to the cleaning of cultural heritage 

 An overarching goal of the art conservator is to defend cultural heritage from the 

degradation that occurs throughout the lifetime of an object. Paintings consist of compositionally 

distinct layers (e.g., support, ground, paint, varnish), each of which can undergo physical and 

chemical changes with time. The painted surface is also susceptible to dust, dirt, grease from 

fingerprints, air pollution, and grime from other sources.58 Not only can these contaminants mar 

the appearance of the work of art, but they can also lead to irreversible chemical degradation of 

the surface. For this reason, paintings and other works are periodically cleaned by art 

conservators, either by removing contaminants from the top-most layer or by removing 

deteriorated layers altogether.59 The top-most layer on a painted surface is often a varnish layer 

that has been applied for aesthetic (e.g., increasing contrast and gloss) and protective purposes. 

Varnish layers can be water-based,60 solvent-based,61 or synthetic,62,63 and they typically become 

yellow and brittle, and increase in opacity (obscuring the visibility of the work) upon 

deterioration. The removal of contaminants and deteriorated coatings from delicate surfaces can 

be achieved with a range of methodologies, including dry cleaning methods, such as laser 

ablation,64,65 microfiber cloths,66 and polymeric micropillars,67 as well as wet cleaning methods 

with solvents, surfactants,68 microemulsions,69 and gels.70 The removal of deteriorated varnish 

layers is typically accomplished with organic solvents, whereas removal of dirt and grime from a 

surface is commonly achieved with aqueous methods. To develop further the technologies 

currently available for removing a range of different types of surface contaminants, we expand 
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on research investigating gels for the effective, yet gentle, removal of dirt, grime, and 

deteriorated coatings. 

 

3-2. The use of gels for cleaning cultural heritage 

 Although aqueous solutions and organic solvents are commonly used to clean painted 

surfaces, these treatments can lead to physical changes to the paint surface, such as changes in 

flexibility, composition, and surface appearance.71 Solvent-based methodologies can also cause 

the original paint layer to swell, an effect that can potentially lead to pigment loss.72–74 Gel 

matrixes can attenuate the migration of solvents into sub-surface layers, to which permanent 

changes should be avoided.75–77 Some gels slow the diffusion of solvent across the gel/paint 

interface (in comparison to free solvent); however, only a small number of studies have 

addressed this analytically.78,79 Gels have other advantages in the cleaning of works of art80 as 

well: they can be used on non-horizontal surfaces (e.g., statues, wall paintings, and frescos), 

small pieces can be precisely placed on a surface, their use can lengthen solvent–surface 

interaction time (in comparison to a swab with a volatile solvent), and certain gels can conform 

to topographically complex surfaces. The use of clear or transparent gels allows the surface to be 

monitored as a cleaning treatment takes place. A wide array of gels is used currently by 

conservators of various specialties (e.g., paintings, paper, and objects conservation), and these 

gels exhibit a range of physical properties that are suitable for different treatments; for example, 

carbopolTM gels81 can be painted on a surface for precise application, rigid gels (e.g., based on 

agarose and gellan82) can be cut to shape and lifted easily from a surface after treatment, and 

peelable gels (e.g., based on materials formed by crosslinking poly(vinyl alcohol) (PVA) with 
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borate structures83) can conform to a textured surface and be lifted easily from it after treatment. 

The use of peelable gels reduces physical (e.g., rubbing and pressing) and chemical (e.g., 

addition of alternate solutions for gel removal) manipulations while also reducing the likelihood 

of gel residue being left behind.  

 An attractive feature of gels is that the solvent systems can be modified for specific 

applications. Richard Wolbers has detailed the preparation of various types of aqueous gels that 

can be loaded with enzymes, buffers, surfactants, and organic solvents.75 Components added to 

aqueous xPVAc–borate materials to enhance their cleaning action for specific conservation 

applications include: organic solvents for varnish removal,31,83 chelators to aid in removing metal 

corrosion84 as well as gypsum degradation layers,85 and poly(ethylene oxide) for Paraloid B-72 

removal.86  

 

3-3. The use of organogels for cleaning cultural heritage 

 Although aqueous gels are useful for cleaning a range of types of surfaces, organogels are 

preferred for applications in which the presence of water is undesirable or ineffective. 

Organogels, gels in which the solvent system is comprised of organic liquids, are capable of 

promoting selective removal of organic components while leaving water-soluble and water-

sensitive components unaffected. Only a few types of organogels for cleaning cultural heritage 

have been proposed for use in conservation. Carbon dioxide was shown to be an efficient 

crosslinker of polyallylamine87 or polyethyleneimine88 in the formation of rheoreversible 1-

propanol organogels that could be reconverted to a sol through the addition of a dilute acetic acid 

solution. These soft organogels can be painted onto a surface for precise application, but the 



21 
 

addition of a weak acid for their efficient removal may not be suitable for certain treatments. In 

an effort to develop organogels that can be removed easily from a surface, two rigid organogels 

have been proposed: 1) methyl methacrylate crosslinked with ethylene glycol dimethylacrylate 

for the gelation of ethyl methyl ketone, cyclohexanone, ethyl acetate, and butyl acetate89 and 2) 

poly-3-hydroxybutyrate for the gelation of valerolactone.90 Rigid gels are best suited to cleaning 

flat surfaces, but may not make good contact with textured surfaces. 

 Efforts have recently turned to designing soft, peelable organogels that can conform to 

topographically complex surfaces, and yet be easily removed from them after treatment by 

peeling. 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) in the PVA–borate materials, 

more organic solvent could be incorporated,31 but a significant amount of water (at least ~25 

wt%) was necessary in order to dissolve the borax. 40PVAc–borate organogels have been made 

in high polarity organic solvents, such as methanol and dimethyl sulfoxide (DMSO), in which 

borax is sparingly soluble, but they were very difficult to prepare reproducibly and contained 

residual solid borax.91 Water-free gels have been made with crosslinkers such as trimethyl borate 

(TMB) and xPVAc, but they were problematic as well—they were very water-sensitive and, 

thus, unstable under atmospheric conditions.91 In Chapter 5, we describe the formation of soft, 

peelable organogels formed from xPVAc and aryl boronic acids that are stable under 

atmospheric conditions and are effective for the removal of deteriorated varnishes. 
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3-4. Statement of the problem 

 The experiments described in this dissertation are intended to provide a fundamental 

understanding of how changes in the chemical and physical interactions involving xPVAc and 

boron-based crosslinkers affect the bulk physical properties of these materials. In turn, we seek 

to understand how changes in crosslinking, polymer conformation, and bulk physical properties 

affect the cleaning ability of these materials in the treatment of works of art. Chapter 4 describes 

the incorporation of short-chain glycol ethers into aqueous xPVAc–borate materials, and changes 

in bulk physical properties are correlated with crosslinking, polymer conformation, and solvent 

viscosity. Chapter 5 details the development and characterization of a new type of organogel 

composed of xPVAc and benzene-1,4-diboronic acid, and its bulk physical properties are 

correlated with the crosslinking of the polymer and boronic acid, as well as the concentrations of 

each component used. The bulk physical properties of these materials allow for easy removal 

from painted surfaces, and this attribute is more thoroughly detailed in Chapter 6 by studies 

assessing the presence of residues on painted surfaces after treatment. Lastly, Chapter 7 

illustrates that the crosslinking of xPVAc with boron-based crosslinkers leads to the bulk 

immobilization of cleaning liquids that are useful for the cleaning of painted surfaces. 
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4. INCORPORATION OF GLYCOL ETHERS INTO THE SOLVENT PORTION OF GEL-LIKE MATERIALS 

FROM PARTIALLY HYDROLYZED POLY(VINYL ACETATE) AND BORAX 

 
 Short-chain glycol ethers (SCGEs) were incorporated into HVPD networks to investigate: 

1) how the SCGE aggregates are affected by their incorporation into a gel-like network and 2) 

how the SCGE structures and aggregates affect the polymer conformation, crosslinking of the 

network, and bulk physical properties of the gel-like materials. Five SCGEs were selected for 

this study (Table 4-1): four of the SCGE structures (i.e., E3, C1E3, C4E3, and C1,1E3) consist of a 

short oxyethylene chain in which none, one, or both of the hydroxyl end groups are alkylated, 

and C12E9 is composed of both a longer oxyethylene and a longer alkyl chain. The longer glycol 

ether, C12E9, forms micelles at low concentrations,92,93 and we anticipated the smaller glycol 

ethers would form aggregates at higher concentrations. The specific SCGE structures were 

selected to give insight into the role of hydroxyl groups and alkyl chain length on the resulting 

changes to the HVPD. 

 
Table 4-1. SCGEs incorporated into the solvent systems of HVPDs.

 

Acronym n -R1 -R2 

E3 3 -H -H 

C1E3 3 -H -CH3 

C4E3 3 -H -(CH2)3CH3 

C1,1E3 3 -CH3 -CH3 

C12E9 9 -H -(CH2)11CH3 
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4-1. Methods and materials 

 Water was ultrapure (filtered through an EMD Millipore Direct-Q ultra-pure water 

system). 80PVAc (Kuraray Co., Ltd; poly(vinyl acetate); 80% hydrolyzed, molecular weight84 

47300 g/mol) and 75PVAc (Kuraray Co., Ltd; poly(vinyl acetate); 75% hydrolyzed, molecular 

weight84 7300 g/mol) were rinsed with ice-cold DI water, filtered, and vacuum dried (~125 

mmHg) at room temperature. The SCGEs were used as received: triethylene glycol (E3) (Alfa 

Aesar, 99%), triethylene glycol monomethyl ether (C1E3) (Sigma-Aldrich, >97%), triethylene 

glycol monobutyl ether (C4E3) (Alfa Aesar, 99%), triethylene glycol dimethyl ether (C1,1E3) 

(Sigma-Aldrich, 99%), and nonaethylene glycol monododecyl ether (C12E9) (Sigma-Aldrich, 

purity not stated, but 99.4% of the proton signals in its 1H NMR spectrum, displayed in Figure 

4-1, can be attributed to CnEm molecules; CnEm–type surfactants are typically mixtures of 

homologues94). Borax (sodium tetraborate decahydrate, Fluka, Analytical Ultra, >99.5%) and 

D2O (Cambridge Isotope Labs, 99.9%) were used as received.  
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Figure 4-1. 1H NMR spectrum of C12E9 in D2O showing relevant signal assignments. 

Unidentified signals at 8.1, 4.1-4.3, and 2.2-2.4 ppm account for 0.6% of the total integrated 

area.  

 To prepare HVPDs, 80PVAc was dissolved in ultrapure water by stirring in a glass vial at 

room temperature. The appropriate SCGE was added to the vial, the mixture was stirred for 24 

hours, and an aqueous 3 wt% borax solution was added. Gelation was immediate, and the gel-

like material was stirred vigorously with a spatula for approximately 2 min.  

 Rheological measurements were made two days after HVPD 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 0.08-300 rad/s.   
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 Small-angle neutron scattering (SANS) was performed at the Center for Neutron 

Research at the National Institute of Standards and Technology (NIST, Gaithersburg, MD, USA) 

with the NG7 30 m instrument. Samples were prepared two days before measurements, and were 

loaded one day before into sealed 2 mm path length cells with quartz windows. Scattering was 

measured at a wavelength of 8 Å at 15 m and 6 Å at 4 m and 1 m detector distances to provide a 

range of scattering vectors Q from 0.004 to 0.45 Å-1. The NIST software package,95 in 

conjunction with IGOR Pro 6.32A,96 was utilized to radially average the isotropic 2D arrays.  

 NMR spectra were acquired at 25 °C on a Varian 400 MHz NMR. HVPD samples were 

prepared by using a syringe with a long needle to disperse a borax/D2O solution throughout an 

80PVAc/D2O solution in an NMR tube, stirring with the needle, and heating the sample in a 40 

°C water bath until it was free of bubbles (typically 1–2 days). A standard, consisting of a glass 

capillary filled with either boron trifluoride diethyl etherate for 11B NMR experiments or 

methanol-d4 for 13C NMR experiments, was inserted into the NMR tube. MestReNova software97 

was used to baseline-subtract and calculate all integrals and chemical shifts.   

 To measure the index of refraction of the liquid expelled by some HVPD samples that 

had undergone syneresis, the expelled liquids were removed with a pipette, and the indices of 

refraction of the liquid were measured at room temperature using a Fisher Scientific Abbe 

refractometer (Model 344620). For each measurement, drops were placed on the lens, and the 

index of refraction and temperature were recorded. Different aliquots were used for each of three 

measurements per sample. To create calibration curves, the index of refraction was measured for 

0, 25, 50, and 75 wt% of an SCGE in water. The calibration curves were fitted with a second-

order polynomial function.  
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 An Ubbelohde viscometer was used to measure the kinematic viscosity of SCGEs in 

deionized H2O solutions at 23 °C. The density of the solutions was measured by weighing 1.0 

mL in a volumetric flask. Three measurements of density and kinematic viscosity were 

performed for each SCGE solution.  

 To prepare samples for falling ball studies, an aliquot of an HVPD sample was placed in 

a sample tube (column ~2.5 cm high, 5.2 mm diameter) that was capped with a rubber septum 

and placed in a 40 °C water bath until the sample flowed to the bottom of the tube and was free 

of bubbles (2–3 days). Then, the tube was turned on its side, a small, metal ball bearing (0.26 g, 

0.39 cm diameter) was brought very close to the upper surface using a magnet on the exterior of 

the tube, and the septum was replaced. The tube was then placed vertically into a 23 °C water 

bath and heated at approximately 2.5 °C/min. The time and temperature ranges at which the ball 

touched the bottom of the tube were recorded. The ball bearing was removed and cleaned, and 

the capped sample tube was then placed in a 23 °C water bath for at least 15 min before the ball 

was reinserted and a second (and a third) trial was performed. This procedure was repeated on 

the same sample for two subsequent days. 

 

4-2. Formation of gel-like materials with short-chain glycol ethers (SCGEs) and resulting 

stability 

 Clear or translucent HVPDs consisting of 3 wt% 80PVAc and 0.75 wt% borax in solvent 

systems composed of up to 50 wt% E3, C1E3, C4E3, or C1,1E3 in H2O were prepared. On mixing 

an aqueous 80PVAc/SCGE solution with an aqueous borax solution, the viscosity of the mixture 

increased to form a gel-like material. All samples with up to 25 wt% E3, C1E3, C4E3, or C1,1E3 in 
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H2O were stable for at least 2 months. Over time, HVPDs either slowly returned to a sol-like 

phase (a process taking place over several months) or underwent syneresis. The time of stability 

(Table 4-2) is measured as the period that the HVPD remained a homogenous mixture at room 

temperature in a capped vial. Examples of a homogeneous sample and one that has undergone 

syneresis are displayed in Figure 4-2. 

 

Figure 4-2. 3 wt% 80% hydrolyzed poly(vinyl acetate) (80PVAc) and 0.75 wt% borax in 

SCGE/water solvent systems. A homogeneous HVPD sample (left) and one that has undergone 

syneresis (right). 
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Table 4-2. Appearance and stability of HVPDs composed of 3 wt% 80PVAc and 0.75 wt% 

borax in SCGE/H2O solvent systems at room temperature in closed vials.

SCGE wt% SCGE Appearance Stability 

None 0 Clear  No syneresis for at least 2 months 

E3 20 Clear No syneresis for at least 2 months 

C1E3  20 Clear No syneresis for at least 2 months 

C4E3  20 Clear No syneresis for at least 2 months 

C1,1E3 20 Translucent No syneresis for at least 2 months 

E3 25 Clear  No syneresis for at least 2 months 

C1E3  25 Clear  No syneresis for at least 2 months 

C4E3  25 Clear  No syneresis for at least 2 months 

C1,1E3 25 Translucent  Syneresis after 2 months 

E3 50 Clear  Syneresis after 2 weeks  

C1E3 50 Clear  No syneresis for at least 2 months 

C4E3  50 Clear  Syneresis after 3 weeks  

C1,1E3  50 Translucent  No syneresis for at least 2 months 

C12E9 0.1 Clear No syneresis for at least 2 months 
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Figure 4-3. Calibration curves correlating index of refraction with concentration of SCGEs 

(A: triethylene glycol (E3), B: triethylene glycol monomethyl ether (C1E3), C: triethylene 

glycol monobutyl ether (C4E3), and D: triethylene glycol dimethyl ether (C1,1E3)) in water. 

Average indices of refraction and standard deviation (black error bars) calculated from three 

determinations acquired between 22-23 °C. Experimental data (blue circles) were fitted to a 

second-order polynomial function (black line) to result in the equations displayed in the insets. 
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 The composition of the liquid expelled during syneresis was compared to the bulk solvent 

in the HVPD by measuring the indices of refraction of known SCGE/water solutions to construct  

calibration curves (Figure 4-3). The data (Table 4-3) show that the expelled liquids have 

compositions very similar to those of the original HVPD formulations. This observation suggests 

that the addition of the SCGEs in high concentrations destabilizes the HVPDs, an effect which 

leads to syneresis. Rather than preferentially expelling one solvent, as has been reported for 

organo-aqueous HVPDs,84 these HVPDs expel the solvent indiscriminately, which is likely due 

to the high degree of miscibility between water and the SCGEs. 

 
Table 4-3. Calculation of composition of syneresis liquid expelled from HVPDs of 3 wt% 

80PVAc and 0.75 wt% borax in SCGE/H2O solvent systems. 

HVPD solvent composition  

prior to syneresis 

Average Index of 

Refractiona 

Calculated SCGE in 

separated liquid (wt%)b 

50 wt% E3  1.4024 ± 0.0002 48 

75 wt% E3  1.4336 ± 0.0001 73 

25 wt% C1E3  1.3695 ± 0.0001 25 

50 wt% C4E3  1.3997 ± 0.0001 55 

15 wt% C1,1E3  1.3572 ± 0.0001 16 

25 wt% C1,1E3  1.3684 ± 0.0002 25 

a. Average indices of refraction and standard deviation calculated from three determinations 
acquired between 22-23 °C. 
b. Determined from calibration curves in Figure 4-3. 
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4-3. Effect of temperature on high viscosity polymeric dispersions (HVPDs) 

Table 4-4. Falling ball data for HVPDs composed of 3 wt% 80PVAc and 0.75 wt% borax in 

SCGE/H2O solvent systems. 

HVPD Solvent Portion Day Trials T2.5cm (°C) Average T2.5cm (°C) 

25 wt% E3 

1 1, 2, 3 52.5, 47, 47 49 ± 3.0 

2 4, 5, 6 47, 47.5, 46.5 47 ± 0.5 

3 7, 8, 9 47, 46.5, 46 47 ± 0.5 

25 wt% C1E3 

1 1, 2, 3 54, 55, 52 54 ± 1.5 

2 4, 5, 6 52, 52, 52 52 ± 0.0 

3 7, 8, 9 51, 50.5, 49.5 50 ± 0.8 

25 wt% C1,1E3 

1 1, 2, 3 55, 54.5, 52 55 ± 1.6 

2 4, 5, 6 55, 54.5, 52 54 ± 1.6 

3 7, 8, 9 54, 53.5, 51.5 53 ± 1.3 

25 wt% C4E3 

1 1, 2, 3 55, 53, 55 54 ± 1.2 

2 4, 5, 6 55, 54, 54 54 ± 0.6 

3 7, 8, 9 53.5, 51, 51 52 ± 1.4 

100% H2O 

1 1, 2, 3 43.5, 45, 45 45 ± 0.9 

2 4, 5, 6 44, 44, 42 43 ± 1.2 

3 7, 8, 9 43, 43.5, 41.5 43 ± 1.0 

 

 The effect of temperature on the stiffness of the HVPDs was explored by the falling ball 

method. These materials do not exhibit a distinct gel-to-sol transition temperature; rather, they 

slowly decrease in viscosity as the temperature is raised. In all falling ball experiments, a ball 

bearing placed on the top surface of the gel immediately broke through the gel surface at room 

temperature. For this reason, only the temperature at which the balls touched the bottom of the 
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tube (T2.5cm, i.e., the temperature at which the ball had descended through 2.5 cm of material) is 

reported—this value is an indication of the temperature at which the material is a liquid (i.e., the 

ball descends rapidly though the column of sample). While replacing 25 wt% of the solvent 

system with E3 increases the T2.5cm by approximately 4 °C, replacing 25 wt% of the solvent 

system with C1E3, C4E3, and C1,1E3 increases the T2.5cm by approximately 9 °C. The incorporation 

of all SCGEs increases the T2.5cm relative to the T2.5cm of the HVPD with a 100% water solvent 

system. We hypothesize that the addition of the SCGEs stabilizes the borate crosslinks slightly at 

elevated temperatures. 

 

4-4. Formation of SCGE aggregates in solutions and in HVPDs 

 In order to study the formation of aggregates in solution and within the HVPD networks, 

critical aggregation concentrations (cac) were determined in solution by 13C NMR spectroscopy, 

and spectra were also evaluated to investigate whether aggregation behavior changed upon 

incorporating SCGEs into the HVPDs. Critical aggregation concentrations and aggregation 

numbers (numbers of molecules per aggregate) of E3, C1E3, C4E3, and C1,1E3 solutions in D2O 

were determined from 13C NMR chemical shifts (δ) as a function of concentration. For all cac 

and aggregation number analyses, the three signals employed are the ones that underwent the 

largest changes in chemical shift with concentration (Figure 4-4 and Table 4-5). The method for 

determining a cac is like that for determining a critical micelle concentration (cmc) described by 

Muller and Birkhahn, in which δ is plotted as a function of inverse surfactant concentration 

(1/S0) to yield data that can be fitted to two straight line segments that intersect at 1/S0 (equal to 

1/cmc or 1/cac, as reported in this study, because E3, C1E3, C4E3, and C1,1E3 form small 
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aggregates rather than classical ‘micelles’).98 The resulting plots (Figure 4-5) were used to 

estimate the cacs (Table 4-6), which ranged from 7 to 11 wt% (or 0.45–0.57 m). When this 

method was applied to C4E3 in D2O, the resulting cac was calculated to be 8.4 wt%; the reported 

value is 11.2 wt%, which was also extracted from 13C NMR experiments.99 The determination of 

a cac is an estimate: fitting the high concentration data to the non-linear data leads to a subjective 

dependence on the data points included in the determination.  

 
Figure 4-4. 13C NMR peak designations for SCGEs, where C1 is the most downfield peak 

and subsequent upfield peaks are C2, C3, etc. 
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Table 4-5.  Designations of the three signals used for determination of cacs from 13C NMR 

studies of SCGE/D2O solutions at 25 °C.   

SCGE Concentrationa Peakb δ (ppm) Peakb δ (ppm) Peakb δ (ppm) 

E3 0.23 C1 72.589 C2 70.420 C3 61.238 

C1E3 0.20 C1 72.572 C2 71.860 C4 70.335 

C4E3 0.22 C6 69.988 C8 31.601 C10 14.026 

C1,1E3 0.24 C1 71.881 C2 70.453 C3 70.453  

a. Concentration of solution for which chemical shifts are reported. These concentrations are 
below the cac, so small changes in concentration do not lead to large changes in chemical shifts. 
b. Peaks numbered so that C1 is farthest downfield, with subsequent numbers progressively 
upfield. 
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Figure 4-5. 13C NMR chemical shift of signals (see Figure 4-4) as a function of inverse 

concentration for SCGE (A: E3, B: C1E3, C: C4E3, and D: C1,1E3) solutions in D2O at 25 °C. 
For determining the critical aggregation concentration (cac): red, blue, and green points represent 
the low concentration data (used to determine the nearly-horizontal line), the high concentration 
data (used to determine more vertical line), and those not used for the fitting, respectively. The 
green points were not used in the fitting, as their inclusion increases the calculated cac to a 
concentration higher than where changes in the chemical shift are begun to be seen; use of the 
four highest concentration data points leads to cac values of 14.8, 17.6, 17.0, and 16.3 wt% for 
E3, C1E3, C4E3, and C1,1E3, respectively. It is important to note that this analysis provides only an 
estimate of the cac: the calculated cac is dependent on the points selected for analysis. 
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 The average numbers of molecules per aggregate (N) were estimated from the slope of 

plots of ln(Ctδobs) versus ln(δagg - δobs), where Ct is the total SCGE concentration, δobs is the 

observed chemical shift, and δagg is estimated by extrapolating δobs to zero SCGE inverse 

concentration (all δ values are relative to the monomer chemical shifts) (Figure 4-6).100 The 

resulting N (Table 4-6) ranged from 4 to 6 molecules per aggregate for all SCGEs, and N for 

C4E3 is close to the literature value.99 Although NMR studies have been shown to underestimate 

the aggregation numbers of large surfactant molecules,101 they tend to agree well with 

aggregation numbers determined from other methods (e.g., conductivity and light scattering) for 

small aggregates.102 

 
Table 4-6. Critical aggregation concentrations (cacs), as estimated from Figure 4-5, and 

aggregation numbers (N), as estimated from Figure 4-6, determined from 13C NMR 

experiments at 25 °C for SCGEs in D2O. 

SCGEa cac (wt%) cac (m)  N 

E3 7.4 0.53 6 

C1E3 8.5 0.45 5 

C4E3 8.4 (lit: 11.2)99 0.45 5 (lit: 7)99 

C1,1E3 10.5 0.57 4 

a. Nonaethylene glycol monododecyl ether (C12E9) not measured here, as values are reported in 
literature: cmc is 0.01 wt%92 and N is ~90.103 
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Figure 4-6.  Plots to determine the aggregation numbers of the SCGEs (A: E3, B: C1E3, C: 

C4E3, and D: C1,1E3) solutions at 25 °C using 13C NMR data. Red, green, and blue signify data 

from three different chemical shifts (see Figure 4-4): A) C1, C2, and C3 of E3; B) C1, C2, and 

C4 of C1E3; C) C6, C8, and C10 of C4E3; and D) C1, C2, and C3 of C1,1E3, respectively.  

 
 13C NMR chemical shift values at a range of concentrations were used to investigate how 

E3, C1E3, C4E3, or C1,1E3 aggregation behavior changes when the aggregates are incorporated into 

an HVPD network (Figure 4-7). A good correlation is noted between the HVPD and solution 

data points; the SCGEs aggregate in a solution-phase and in a gel-phase in a similar manner. 

Importantly, these observations indicate that the calculated cacs in SCGE solutions can be used 

for estimating aggregation in HVPDs. Figure 4-7 displays data for the chemical shift of the 

signal that undergoes the largest change with concentration (thereby comparing different types of 

carbon atoms), and Figure 4-8 tracks the chemical shift of the signal from the same 'type' of 

carbon atoms (at 70.4 ppm, a carbon within the ethylene glycol chain). The same trend is noted 

regardless of which signals were used, but with decreased precision in the latter due to a smaller 

change in chemical shift upon formation of aggregates. The similarity between the trends in 

Figure 4-7 and Figure 4-8 indicates that the change in chemical shift measured for both cases is 

an accurate reflection of the change in chemical environment of the entire molecule upon 

formation of aggregates.  
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Figure 4-7. Chemical shift of one 13C NMR signal from each SCGE (Figure 4-4) as a 

function of inverse concentration of SCGE (A: E3, B: C1E3, C: C4E3, and D: C1,1E3) 

solutions (open, red triangles) and HVPDs (closed, black squares) in D2O. HVPDs were 

composed of 3 wt% 80PVAc and 0.75 wt% borax in SCGE/D2O solvent systems. 
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Figure 4-8. Chemical shift of one 13C NMR peak (near 70.4 ppm, corresponding to a carbon 

within the ethylene glycol chain) as a function of inverse concentration of SCGE (A: E3, B: 

C1E3, C: C4E3, and D: C1,1E3) solutions (open, red triangles) and HVPDs (closed, black 

squares) in D2O. HVPDs were composed of 3 wt% 80PVAc and 0.75 wt% borax in SCGE/D2O 

solvent systems. 
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4-5. Rheological studies 

 Rheology was performed on HVPDs with different SCGE concentrations to probe the 

changes in physical properties of the materials as SCGEs are incorporated. Strain and frequency 

sweeps show that G' and G" increased as the concentration of SCGE was increased, and this 

trend was consistent for addition of E3, C1E3, C4E3, and C1,1E3 (Figure 4-9–Figure 4-12). From 

tanδ (i.e., G"/G') and the crossover frequencies (angular frequencies at which G' = G" as 

extracted from the frequency sweeps collected at 1% strain), two consistent trends were noted as 

the concentration of SCGE is increased: 1) crossover frequencies shifted to lower values 

(indicating an increase in relaxation time corresponding to the applied shear stress; Figure 4-13), 

and the values of tanδ decreased (indicating behavior of a more solid-like material; Figure 4-14). 

Interestingly, the trends in tanδ and relaxation times  were not affected by whether the SCGE 

concentrations were above or below the cacs. To understand what led to the increase in solid-like 

behavior upon addition of either E3, C1E3, C4E3, or C1,1E3 to an HVPD, the relationship between 

changes in polymer conformation, crosslinking, and solvent system viscosity have been studied, 

and the results are presented herein.  

 Strain and frequency sweeps of an HVPD with a 0.1 wt% aqueous C12E9 solvent system 

(a concentration greater than its cmc, ~0.01 wt%92) were also performed (Figure 4-15, red 

curve), and the resulting curves were similar to those of the HVPD without SCGE (Figure 4-15, 

black curve), except at very high strains (>70%). These data indicate that the bulk physical 

properties of the HVPD are not significantly affected by the presence of C12E9 micelles at this 

concentration in the solvent portion of the materials.  

   



43 
 

 
Figure 4-9. Strain sweeps (top; angular frequency = 1 rad/s) and frequency sweep (bottom; 

strain = 1%) of 3 wt% 80PVAc and 0.75 wt% borax HVPDs with E3 incorporated into the 

aqueous solvent system. E3:H2O of 0:100 (black), 5:95 (red), 10:90 (green), 15:85 (blue), 20:80 

(cyan), and 25:75 (magenta) wt%. G' (closed squares) and G" (open circles). 
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Figure 4-10. Strain sweeps (top; angular frequency = 1 rad/s) and frequency sweep 

(bottom; strain = 1%) of 3 wt% 80PVAc and 0.75 wt% borax HVPDs with C1E3 

incorporated into the aqueous solvent system. C1E3:H2O of 0:100 (black), 5:95 (red), 10:90 

(green), 15:85 (blue), 20:80 (cyan), and 25:75 (magenta) wt%. G' (closed squares) and G" (open 

circles). 
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Figure 4-11. Strain sweeps (top; angular frequency = 1 rad/s) and frequency sweep 

(bottom; strain = 1%) of 3 wt% 80PVAc and 0.75 wt% borax HVPDs with C4E3 

incorporated into the aqueous solvent system. C4E3:H2O of 0:100 (black), 5:95 (red), 10:90 

(green), 15:85 (blue), 20:80 (cyan), and 25:75 (magenta) wt%. G' (closed squares) and G" (open 

circles).  
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Figure 4-12. Strain sweeps (top; angular frequency = 1 rad/s) and frequency sweep 

(bottom; strain = 1%) of 3 wt% 80PVAc and 0.75 wt% borax HVPDs with C1,1E3 

incorporated into the aqueous solvent system. C1,1E3:H2O of 0:100 (black), 5:95 (red), 10:90 

(green), 15:85 (blue), 20:80 (cyan), and 25:75 (magenta) wt%. G' (closed squares) and G" (open 

circles). 
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Figure 4-13. Crossover frequencies (from frequency sweeps collected at 1% strain) versus 

percent of SCGE (E3: black squares; C1E3: red circles; C4E3: blue triangles; C1,1E3: 

magenta diamonds) in the aqueous solvent systems of HVPDs composed of 3 wt% 80PVAc 

and 0.75 wt% borax.  
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Figure 4-14. Tanδ (at 1% strain) versus angular frequency for 3 wt% 80PVAc and 0.75 

wt% borax HVPDs with SCGEs. A) E3, B) C1E3, C) C4E3, D) C1,1E3 at varying concentrations 

(black, red, blue, magenta correspond to 0, 10, 20, and 25 wt% SCGE incorporated into the 

solvent systems, respectively).  
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Figure 4-15. Strain sweeps (top; angular frequency = 1 rad/s) and frequency sweeps 

(bottom; strain = 1%) for 3 wt% 80PVAc and 0.75 wt% borax HVPDs with 0 wt% (black) 

and 0.1 wt% (red) C12E9 in the aqueous solvent portion. G' (closed squares) and G" (open 

circles). 
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4-6. Viscosity of SCGE solvent system 

 The kinematic viscosities of SCGEs in H2O solutions (Table 4-7) were measured with a 

viscometer to determine whether the viscosity correlates with the solid-like rheological 

properties of the HVPDs. The densities and kinematic viscosities were multiplied to yield the 

dynamic viscosities. The increase in viscosity of the solutions appears to correlate with the 

overall decreases in crossover frequencies upon SCGE addition to the solvent system. However, 

15 wt% C1E3 in water was less viscous than 15 wt% C4E3, although the 15 wt% C1E3 HVPD was 

more solid-like than the 15 wt% C4E3 HVPD. The viscosity of the SCGE solutions likely plays a 

role in determining the physical properties of the resulting HVPDs, but other factors, such as 

crosslinking of the network and changes in polymer conformation, need to be considered as well 

and were investigated.  

 

Table 4-7. Kinematic and dynamic viscosities of SCGE solutions in H2O at 23 °C. Standard 

deviations are calculated from three trials. 

SCGE in water Kinematic viscosity 

(mm2/s) 

Density 

(g/mL) 

Dynamic 

Viscosity (mPa-s) 

15 wt% E3 1.484 ± 0.007 1.020 ± 0.001 1.514 ± 0.008 

15 wt% C1E3 1.526 ± 0.003 1.011 ± 0.001 1.542 ± 0.004 

15 wt% C4E3 1.698 ± 0.002 1.004 ± 0.001 1.705 ± 0.003 

15 wt% C1,1E3
a 1.573 ± 0.002 1.006 ± 0.001 1.582 ± 0.004 

0.1 wt% C12E9 0.939 ± 0.0004  0.997 ± 0.001 0.936 ± 0.001 

Water 0.937 ± 0.001 0.995 ± 0.001 0.932 ± 0.002 

a. The C1,1E3 solution was translucent, while the others were clear. 
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4-7. 11B nuclear magnetic resonance spectroscopy (NMR) studies 

 The relative peak areas corresponding to esterified (~1.5 ppm) and 'free' boron (~18 ppm) 

in 11B NMR spectra104 were used to estimate the relative amounts of crosslinked boron in the 

HVPDs in the absence and presence of the SCGEs (Table 4-8):  

% crosslinked boron = 100 x areacrosslinked boron / (areacrosslinked boron + areafree boron)        (4-1) 

The 11B NMR spectra in Figure 4-16 were used to determine the relative amounts of crosslinked 

boron in HVPDs with aqueous SCGE solvent systems. Somewhat surprisingly, addition of C1E3 

appears to lead to no significant change in crosslinking, although an increase in crosslinking is 

noted upon addition of E3, C4E3, C1,1E3, and C12E9. These increases are small compared to those 

resulting from the addition of an organic solvent such as acetone (reported to be 45% for 50:50 

acetone:water in a 4 wt% 75PVAc and 1 wt% borax HVPD).16 The percent crosslinking did not 

increase upon C1E3 incorporation as we expected, which suggests that the more solid-like 

behavior of the HVPDs containing C1E3 is not caused by an increase in crosslinking within the 

polymer networks. 
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Figure 4-16. 11B NMR spectra of 3 wt% 80PVAc and 0.75 wt% borax HVPDs with aqueous 

solvent systems consisting of 10 wt% (red), 15 wt% (green) or 25 wt% (blue) SCGE. A: E3, 

B: C1E3, C: C4E3, D: C1,1E3. 
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Table 4-8. Percent of boron engaged in crosslinks as a function of percent SCGE 

incorporated in the 3 wt% 80PVAc and 0.75 wt% borax HVPD solvent systems. Averaging 

data from 3 HVPD samples with 25 wt% C4E3 yielded a standard deviation of 0.4 %.  

 SCGE Crosslinked Boron (%) 

(wt%) E3 C1E3 C1,1E3 C4E3 C12E9 

0 7 7 7 7 7 

0.05 - - - - 11 

0.1 - - - - 13 

10 12 6 8 11 - 

15 13 6 13 10 - 

25 12 8 syna 11 - 

a. Underwent syneresis upon heating; percent crosslinked boron not measured. 
 

4-8. Small angle neutron scattering 

 SANS was used to provide insights into the conformation of polymer solutions and 

HVPD networks. 75PVAc was used rather than 80PVAc so that data could be correlated with 

previous studies (in which similar network formation and physical properties were found for 

80PVAc and 75PVAc HVPDs; SANS was performed only on HVPDs with 75PVAc).16 The 

higher concentrations of both components (4 wt% 75PVAc rather than 3 wt% 80PVAc and 1 

wt% borax rather than 0.75 wt%) were necessary to form a gel-like material due to the lower 

molecular weight of 75PVAc in comparison to 80PVAc. SANS curves of 0, 5, and 10 wt% of 

C1E3 or C4E3 HVPDs in D2O are displayed in Figure 4-17. As the concentration of an SCGE was 

increased, the signal intensity at low Q decreased (behavior related to the decrease in contrast 

between the polymer and background as the D:H ratio changes), and the background increased 
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due to scattering from the SCGE monomers and/or aggregates. Of greater interest is the change 

in shape of the broad hump at Q ≈ 0.02 Å-1, which previously has been assigned to long-distance 

correlations within the polymer network chains.16 While this shape did not change significantly 

upon addition of C1E3, C4E3 caused it to decrease in intensity.  

 In order to probe changes in polymer conformations, Guinier plots (Figure 4-18) were 

constructed in which low-Q data were fitted to ln[I(Q)] = ln[I0] - (Q2RG
2/3) so that a linear fitting 

of the slope gives an estimate of RG
2/3, where RG is the radius of gyration. Also, Porod plots 

were constructed (Figure 4-19) from the high-Q data, fitted to log[I(Q)-B] = log(A) - nlog(Q) so 

that a linear fitting of the slope estimates the Porod exponent.105 These analyses allow calculation 

of RG and Porod exponent for polymer chain conformations (Table 4-9). Accordingly, the 

polymer conformation appears to be unaffected by the addition of C1E3: both RG and the Porod 

exponent remain relatively constant. However, addition of C4E3 resulted in a decrease in both RG 

and the Porod exponent, which may indicate that polymer aggregates are decreasing in size as 

polymer chains unravel and extend further into the liquid component when the number of 

crosslinks increases. The change in the Porod exponent is consistent with conclusions derived 

from the 11B NMR data which showed no change in crosslinking upon addition of C1E3, but a 

small increase upon addition of C4E3. 
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Figure 4-17. Small angle neutron scattering (SANS) curves of 4 wt% 75PVAc and 1 wt% 

borax in 0, 5, or 10 wt% C4E3 (A) and C1E3 (B) in D2O solvent systems. 

 
Figure 4-18. Guinier plots of SANS data of 4 wt% 75PVAc and 1 wt% borax in 0:100, 5:95, 

or 10:90 wt% C4E3 (A) and C1E3 (B) in D2O solvent systems.  
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Figure 4-19. Porod plots of SANS data of 4 wt% 75PVAc and 1 wt% borax in 0:100, 5:95, 

or 10:90 wt% C4E3 (A) and C1E3 (B) in D2O solvent systems. 

 To extract information from the mid-Q range data, the curves were fitted to the 

correlation length model (where ξ, m, and B are the correlation length (i.e., the characteristic 

distance between polymer entanglements), Porod exponent, and background intensity, 

respectively):   

    ��� =  �
������� +  �     (4-2) 

        
The results are tabulated in Table 4-9, and the fitting is displayed in Figure 4-20 and Figure 4-21 

for incorporation of C1E3 and C4E3, respectively. Although the correlation length exhibited no 

consistent changes upon increasing C1E3 or C4E3 concentration, the Porod exponent decreased 

for C4E3 and decreased less so for C1E3. As the correlation length model was not fitted to the 

entire Porod region, the values obtained from the Porod plot are more valid. Correlation lengths 

of 58.9 and 158 Å were previously reported for 4 wt% 75PVAc / 1 wt% borax HVPDs with 

solvent systems of 30:70 and 50:50 acetone:D2O, respectively.16 Because no large change in 
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correlation length was determined, the incorporation of SCGE into the solvent system appears to 

have less of an effect on the structure of the gel network than the incorporation of acetone. 

 
Table 4-9. Analyses of SANS results of 4 wt% 75% hydrolyzed poly(vinyl acetate) 

(75PVAc) and 1 wt% borax with SCGE:D2O solvent systems. 

 SCGE wt% SCGE RG (Å)a 
Porod 

Exponentb 

Correlation 

Length (Å)c 

Porod 

Exponentc 

- 0 37.8 2.5 23.6 3.3 

C1E3 5 36.9 2.4 26.0 3.1 

C1E3 10 37.4 2.5 28.1 2.8 

C4E3 5 35.1 1.7 28.3 2.2 

C4E3 10 27.6 1.5 24.6 1.8 

a. from Guinier plot 
b. from Porod plot  
c. from Correlation Length Model 
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Figure 4-20. SANS of 4 wt% 75PVAc and 1 wt% borax in 0:100, 5:95, or 10:90 wt% 

C1E3:D2O. Dots show experimental data and solid lines show fits to the correlation length 

model. 

 
Figure 4-21. SANS of 4 wt% 75PVAc and 1 wt% borax in 0:100, 5:95, or 10:90 wt% 

C4E3:D2O. Dots show experimental data and solid lines show fits to the correlation length 

model. 
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 SANS data were also acquired for the solution-phase (without borax) and gel-phase 

75PVAc (with borax). By collecting SANS data of 4 wt% 75PVAc in D2O with and without 1 

wt% borax, as displayed in Figure 4-22, comparisons could be made before and after gelation. 

When borax was added to a 75PVAc solution, RG, as determined from a Guinier plot (Figure 

4-23A), decreased from 64 to 38 Å, but the Porod exponent as determined from a Porod plot 

(Figure 4-23B) was unchanged. These values suggest that while the small-length scale chain-to-

chain interactions are unaffected by the addition of borax, the aggregate-to-aggregate interactions 

are affected. The decrease in RG may reflect decreasing aggregate size as polymer chains extend 

into solution and/or aggregates separating into smaller aggregates as crosslinks form within and 

between polymer aggregates.  

 

Figure 4-22. SANS curves of 4 wt% 75PVAc in D2O with (black) and without (gray) 1 wt% 

borax.  
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Figure 4-23. Guinier plot (A) and Porod plot (B) comparing 4 wt% 75PVAc in D2O with 

(black squares) and without (gray circles) 1 wt% borax. 

 Several SANS and 11B NMR observations for HVPDs incorporating increasing 

concentrations of C1E3 or C4E3 and in the absence of an SCGE must be considered:  
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material);  

2) RG of the D2O-HVPD did not change when C1E3 was incorporated into the solvent system, but 

decreased when C4E3 was incorporated;  

3) the Porod exponent remained constant when C1E3 was incorporated into the HVPD, but 

decreased when C4E3 was introduced (perhaps due to chain extensions as more crosslinks 

were formed);  

4) the correlation length remained constant for all HVPDs; and  

5) the extent of crosslinking did not change upon addition of C1E3 and increased slightly as C4E3 

was added.  
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These SANS and 11B NMR results suggest that addition of C4E3 to the HVPD results in an 

overall extension of the polymer chains as more crosslinks form. It is reasonable to assume that 

chain entanglements decrease as crosslinking increases. If correct, this change explains why a 

larger change in the rheological crossover frequencies occurs for the HVPDs with up to 20 wt% 

C1E3 than for the HVPDs with up to 20 wt% C4E3: although the viscosity of the solvent systems 

increases, a reduction in the number of chain entanglements leads to a smaller change in solid-

like behavior in C4E3 than in C1E3. While SANS was not performed on HVPDs with E3 or 

C1,1E3, 11B NMR and rheological data for HVPDs containing E3, C1,1E3, or C4E3 indicate that 

these systems behave in an analogous manner. Clearly, the physical properties of the HVPD 

systems rely on a host of physical attributes, and this study shows that the dynamic physical 

networks of the HVPD systems are susceptible to significant changes upon the addition of glycol 

ethers. 

 

4-9. Conclusions 

 Upon the addition of borax, a xPVAc solution is transformed into a gel-like phase with 

intermolecular and intramolecular crosslinks between polymer chains. Five glycol ethers have 

been incorporated into the HVPD, and the resulting materials have been characterized. From 

results of 13C NMR experiments, it was determined that incorporation into a gel network has 

little or no effect on the aggregation behavior of the SCGEs. SANS data provided insights the 

changes in the polymer network as C4E3 and C1E3 were added. These and other experimental 

observations have led to the following conclusion: within the concentration range investigated, 

the conformations of entangled chains and the extent of crosslinking are affected by the addition 
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of E3, C4E3, and C1,1E3, but not C1E3. However, because addition of C1E3 caused the most 

substantial decrease in tanδ and increase in relaxation time, we suggest that the increase in solid-

like behavior is mainly a consequence of the increase in viscosity of the solvent system; no 

discernible change in the polymer network was evidenced by SANS or 11B NMR spectroscopy 

upon addition of C1E3.  

 The research presented here demonstrates the dynamic properties of the HVPDs: addition 

of components to the solvent system can affect the conformation of the polymer chains in ways 

that lead to physical changes to the three-dimensional network. These changes can either 

enhance or detract from the usefulness of these HVPD materials for specific applications, as will 

be displayed in Chapter 7 for the cleaning of an acrylic paint coated with synthetic soil. 
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5. ORGANOGELS FROM PARTIALLY HYDROLYZED POLY(VINYL ACETATE) AND ARYL BORONIC 

ACIDS 

 
  In an effort to develop soft, peelable organogels that are stable under atmospheric 

conditions, benzene-1,4-diboronic acid (1,4-BDBA) was employed as a crosslinker of 40% 

hydrolyzed poly(vinyl acetate) (40PVAc). 1,4-BDBA is soluble and stable in many organic 

liquids and combines with hydroxyl groups of xPVAc in esterification reactions to form inter- 

and intra-chain crosslinks. Materials formed from 40PVAc with 1,4-BDBA as a crosslinker were 

also compared to those prepared with some other aryl boronic acids (ABAs): phenylboronic acid 

(BBA), which is incapable of forming crosslinks; benzene-1,3-diboronic acid (1,3-BDBA), 

which was selected to form crosslinks of a different phenyl ring geometry; and biphenyl-4,4'-

diboronic acid (bPDBA), which was chosen in an effort to form longer, more flexible crosslinks 

(Figure 5-1). Here, ‘flexibility’ refers to the capability to undergo torsional motions about the 

two phenyl rings. The first section of this chapter focuses on the materials formed from 1,4-

BDBA, 1,3-BDBA, and BBA. The bulk physical properties were studied with oscillatory 

rheology, and these findings are correlated with 1H NMR spectroscopy, which was used to 

investigate the reaction of these crosslinkers with 40PVAc. The second section focuses primarily 

on comparisons between materials formed from bPDBA and 1,4-BDBA to investigate the effects 

of crosslinker length and flexibility on the properties of the organogels (Figure 5-2). In addition, 

comparisons of crosslink formation with two model monomers, ethylene glycol and 1,3-

propanediol, and the ABAs were explored.  The use of fluorescent crosslinkers, 1,4-BDBA and 

bPDPA, also allowed the photophysical changes to the crosslinkers to be probed by steady-state 

and time-resolved fluorescence experiments. 
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Figure 5-1. Structural representations of the esters and crosslinks formed from the reaction 

between 40% hydrolyzed poly(vinyl acetate) (40PVAc) and the four aryl boronic acids 

(ABAs).  

 

Figure 5-2. Reactions of benzene-1,4-diboronic acid (1,4-BDBA) and biphenyl-4,4'-

diboronic acid (bPDBA) with hydroxyl groups on 40PVAc form mono- (yellow) and di-

esterified (red) boronate species, of which only the di-esterified species lead to intra- and 

inter-chain crosslinks between polymer chains (blue).  The reactions between benzene-1,3-

diboronic acid (1,3-BDBA) and 40PVAc are completely analogous the ones shown involving 

1,4-BDBA. 
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5-1. Development and characterization of organogels prepared from 40% hydrolyzed 

poly(vinyl acetate) and either benzene-1,4-diboronic acid or benzene-1,3-diboronic acid  

  
 

5-1-1. Methods and materials 

 The organic solvents for gel experiments included dimethyl sulfoxide (Sigma-Aldrich, 

>99.5%), 2-ethoxyethanol (Sigma-Aldrich, 99%), dimethylformamide (EMD, ACS grade), 

methanol (Sigma-Aldrich, ACS grade, >99.8%), 1-methyl-2-pyrrolidinone (Alfa Aesar, ACS 

grade, 99.0%), tetrahydrofuran (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), n-butyl acetate (Alfa 

Aesar, 99%, semiconductor grade), and cyclohexanone (Sigma Aldrich, 99.8%). The deuterated 

NMR solvents used were dimethyl sulfoxide-d6 (Cambridge Isotope Lab, 99.9% D) and 

methanol-d4 (Sigma-Aldrich, 99 atom % D). 1,3-propanediol (Sigma-Aldrich, 98%), 

phenylboronic acid (Alfa Aesar, >98%), benzene-1,3-diboronic acid (Alfa Aesar, 97%), and 

benzene-1,4-diboronic acid (Sigma-Aldrich, ≥95.0%) were used as received. Biphenyl-4,4'-

diboronic acid (Alfa Aesar, 95%) and 40PVAc (Kuraray Co., Ltd; poly(vinyl acetate); 40% 

hydrolyzed, molecular weight unknown) were purified before use. 

 Biphenyl-4,4'-diboronic acid (~100 mg) was dissolved in hot 2-propanol (~20 mL), and 

the uncapped vial was placed in a fume hood until half the solvent had evaporated. The white 

powder that formed upon cooling and evaporation was filtered and dried under vacuum (~125 
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mmHg) overnight at room temperature. The 1H NMR spectra collected in DMSO-d6 before and 

after purification indicate that the integration ratio of the bPDBA:impurity signals increases from 

3.00:0.21 to 3.00:0.01, so that the percent of proton signal intensity contributing to the spectrum 

from bPDBA increased from 94 to 99.7% (Figure 5-3). This does not indicate that the bPDBA is 

99.7% pure—if the impurity is (4'-hydroxy-[1,1'-biphenyl]-4-yl)boronic acid (a likely candidate 

based on the chemical shift values and splitting patterns), the purity increased from 94% to 98%; 

a more detailed analysis of purity was not performed. 40PVAc was purified by rinsing it with 

ice-cold deionized (DI) water, filtering, and vacuum drying (~125 mmHg) it overnight at room 

temperature. 

 
Figure 5-3. 1H NMR spectra of bPDBA in deuterated dimethyl sulfoxide (DMSO-d6). A) 

After recrystallization from 2-propanol. B) Before recrystallization. Spectra at right are 

magnified in intensity by ~7.5x to show better signals from impurities. 
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 Organogel samples were prepared by dissolving 40PVAc and an ABA separately in an 

appropriate organic solvent. The ABA solution was transferred with a pipette into the 40PVAc 

solution, and the mixture was stirred vigorously with a spatula for approximately 30 seconds.  

 UV-vis spectra of organogels during aging were recorded on a Cary 300 Bio UV-Vis 

spectrophotometer. Spectra were recorded from 300 to 800 nm in 1 cm Pyrex glass cuvettes with 

a screw-top to avoid evaporation and/or contamination. 

 NMR spectra were acquired at 25 °C, unless otherwise noted, on a Varian-MR 400MHz 

NMR spectrometer. Gels were prepared using a syringe to disperse an ABA solution throughout 

a 40PVAc solution in a glass (for 1H NMR) or quartz (for 11B NMR) NMR tube, and the material 

was stirred with the syringe needle. For 11B NMR experiments, two glass capillaries (one filled 

with boron trifluoride diethyl etherate as a standard and one filled with D2O for spectrometer 

locking) were inserted into the quartz NMR tube prior to collection of FIDs. For variable 

temperature studies, samples were allowed to equilibrate at each temperature (as reported by the 

thermocouple in the spectrometer) for 5 minutes before beginning an experiment. 

 Rheological measurements were made on samples two 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 0.01–100 rad/s. 

 Either a Photon Technology International fluorimeter (for studies with a methanol solvent 

system) or a Horiba FluoroMax-4 fluorimeter (for studies with a 2-ethoxyethanol solvent system) 

were used to collect excitation and emission spectra of samples in a front-face geometry in a 1 
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cm triangular quartz cuvette capped with a Teflon plug. N2 was bubbled through the samples for 

15 minutes 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 H2 lamp operating at 40 kHz. “Instrument response 

functions” were obtained with Ludox© as the scatterer at the excitation wavelength. The samples 

were excited at 270 nm, and fluorescence intensity was monitored versus time at either 320 nm 

or 383 nm. The fluorescence decays had a minimum of 6,000 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 method to 

minimize χ2 using the FAST software supplied by Edinburgh Analytical Instruments. Fits were 

deemed acceptable when χ2 ≤ 1.3 and residual plots showed no systematic deviations from zero. 

 

5-1-2. Formation and stability of organogels  

 Clear, homogeneous gels were formed in DMSO, dimethylformamide (DMF), 

tetrahydrofuran (THF), 2-ethoxyethanol (CellosolveTM), and N-methyl-2-pyrrolidone (NMP) 

upon mixing 6 wt% 40PVAc and 0.2 wt% 1,4-BDBA (Table 5-1). A selection of organogels 

were photographed and are presented in Figure 5-4. Mixing the solutions resulted in an increase 

in viscosity in less than 1 min. Although an inhomogeneous mixture formed upon combining 

40PVAc and 1,4-BDBA methanol solutions, the mixture became homogeneous after resting at 

room temperature for 24 h. Mixing 40PVAc and 1,4-BDBA in ethanol resulted in permanent 

phase separation; however, a 95:5 ethanol:water solvent system produced a clear, stable gel. The 
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stability of the organogels was monitored visually at room temperature in closed vials: an NMP 

organogel returned to a sol after approximately 4 h, while organogels formed in DMF, THF, 95:5 

ethanol water, and methanol exhibited syneresis (visually noted) after longer time periods, 

ranging from 5 to 30 days (Table 5-1).  

 Upon mixing 40PVAc with 1,3-BDBA, homogeneous organogels formed in a number of 

solvents (i.e., DMSO, DMF, THF, and 2-ethoxyethanol), but not in some of the solvents that had 

been used to form organogels successfully with 1,4-BDBA (i.e., NMP and methanol). Also, 

those organogels that did form with 1,3-BDBA were significantly less stable, in terms of the 

amount of time before the sample either returned to a sol or underwent syneresis, than those 

formed with 1,4-BDBA (Table 5-1). 

 

Figure 5-4. Gels of 6 wt% 40PVAc/0.3 wt% 1,4-BDBA in methanol, DMSO, and 

tetrahydrofuran (THF) (left to right) 7 days after preparation.  
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Table 5-1. Formation and temporal stability of 6 wt% 40PVAc and 0.3 wt% 1,4-BDBA or 

1,3-BDBA in a range of solvents. The molar ratios of OH40PVAc:ABA is 19:1. 'OH40PVAc' refers 

to the moles of hydroxyl groups on 40PVAc, calculated by multiplying the number of moles of 

repeating units by the average number of moles of hydroxyl groups per repeating unit (i.e., 

OH40PVAc = x g 40PVAc × 0.4 moles OH ÷ 69.28 g/mol). 

Solvent 
40PVAc 40PVAc+1,4-BDBA 40PVAc+1,3-BDBA 

Solubilized? 
Nature of 
material 

Stability 
Nature of 
material 

Stability 

Dimethyl sulfoxide  Yes Gel > 6 months Gel <1 dayc 

Dimethylformamide  Yes Gel 5 daysb Gel ~20 minc 

Tetrahydrofuran  Yesd Gel 7 daysb Gel 2 daysb 

2-Ethoxyethanol  Yesd Gel > 6 months Gel ~30 minc 

n-Methyl-2-
pyrrolidone  Yes Gel 4 hc Liquid n/aa 

Methanol  Yesd 
Gel: after resting 

overnight 7 daysb Liquid n/aa 

Ethanol  Yesd Phase separated - Phase separated n/aa 

95:5 Ethanol:water  Yesd Gel 30 daysb n/aa n/aa 

2-Propanol  Yesd Phase separated n/aa n/aa n/aa 

1-Propanol  Yesd Phase separated n/aa n/aa n/aa 

n-Butyl acetate  No n/aa n/aa n/aa n/aa 

Cyclohexanone  No n/aa n/aa n/aa n/aa 

Acetonitrile  No n/aa n/aa n/aa n/aa 

Acetone  No n/aa n/aa n/aa n/aa 

Dichloromethane  Yes 
No: BDBA not 

soluble n/aa n/aa n/aa 

Ethyl Acetate  No n/aa n/aa n/aa n/aa 
a) the mixture could not be formed 
b) stability is the length of time before syneresis was detected visibly  
c) stability is the length of time before returning to a sol 
d) with heating at ~55 °C 
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 Although some gels were considered "stable" because they did not undergo syneresis 

before those periods of time listed under the 'stability' columns in Table 5-1, the organogels 

prepared from DMSO, THF, DMF, N-methyl-2-pyrrolidone, and methanol became orange over 

several days. The UV-vis spectra of the 6 wt% 40PVAc/0.2 wt% 1,4-BDBA in DMSO organogel 

(Figure 5-5) indicated that a broad peak with a λmax near 325 nm increased in intensity over time. 

 

 

Figure 5-5. UV–vis spectra of 6 wt% 40PVAc and 0.2 wt% 1,4-BDBA in DMSO recorded 

as a function of time. All spectra are smoothed with moving averages. The molar ratio of 

OH40PVAc:1,4-BDBA is 29:1. 
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5-1-3. Rheological studies  

 In order to ensure that the formation of an organogel was due to crosslinking of 40PVAc 

polymer chains by 1,4-BDBA, strain (Figure 5-6A) and frequency (Figure 5-6B) sweeps of 

materials formed from 40PVAc and either 1,4-BDBA or BBA were compared. The structure of 

BBA consists of only one boronic acid group; although it can react with the hydroxyl groups of 

40PVAc, it cannot form crosslinks between polymer chains. The frequency sweep of the 

40PVAc/1,4-BDBA mixture shows that the material behaves like a gel: storage modulus, G', was 

greater than loss modulus, G", at all angular frequencies studied. The material exhibited a G' 

near 1000 Pa, characteristic of a soft gel, and showed a long relaxation time, as indicated by the 

approach of G' and G" at the lowest angular frequency measured. In contrast, a 40PVAc/BBA 

mixture (with a BBA molar ratio twice that of the 40PVAc/1,4-BDBA molar ratio) exhibited 

small G' and G" values characteristic of a liquid. These results demonstrate the necessity of 

crosslinking by 1,4-BDBA in order to induce gelation. Rheological studies of materials formed 

with 1,3-BDBA were not performed because they were not stable for sufficiently long periods of 

time to ensure that the data would reflect the gel-state of the material (rather than the material as 

it slowly reverted back to a sol).  
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Figure 5-6. Strain (A; angular frequency of 1 rad/s) and frequency sweeps (B; strain of 1%) 

of 6 wt% 40PVAc and 0.3 wt% 1,4-BDBA (black) or 0.45 wt% phenylboronic acid (BBA) 

(red) in DMSO. Closed squares and open circles represent G' and G" respectively. The 

OH40PVAc:1,4-BDBA ratio is 19:1 (black), and the OH40PVAc:BBA ratio is 9:1 (red). 
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 Oscillatory rheology was used to monitor the physical changes that arise from varying the 

concentrations of 40PVAc and 1,4-BDBA in DMSO. Upon increasing the concentration of 

40PVAc (Figure 5-7), while maintaining a constant 1,4-BDBA concentration, an increase in both 

G' and G" occurred, and the shape of the curves underwent no significant changes. Increasing the 

concentration of 1,4-BDBA while maintaining a constant 40PVAc concentration (Figure 5-8), 

not only caused an increase in G' and G", but led to a decrease in the crossover frequency: the 

0.15 wt% 1,4-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% 1,4-BDBA samples suggested 

still lower crossover frequencies. As is the case for two-component gel systems, the polymer and 

crosslinker concentrations can be varied individually to change the viscoelastic properties of the 

material. 

 Strain and frequency sweeps were performed to compare the rheological properties of 

organogels with DMSO, DMF, and 2-ethoxyethanol as the solvent. Although 6 wt% 40PVAc 

and 0.2 wt% 1,4-BDBA mixtures formed viscoelastic materials in DMSO and 2-ethoxyethanol, 

the DMF sample was a liquid (Figure 5-9). As expected, the properties of the liquid play an 

important role in the equilibrium between mono- and di-esterified 1,4-BDBA. By increasing the 

concentration of 1,4-BDBA to 0.3 wt % in the three solvents, viscoelastic materials were formed 

that exhibited comparable G' and G" values at all strain and angular frequency values studied 

(Figure 5-10).  
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Figure 5-7. Strain (A; angular frequency of 1 rad/s) and frequency (B; strain of 1%) sweeps 

of 3 wt % (black), 4.5 wt % (red), or 6 wt % (blue) 40PVAc and 0.2 wt % 1,4-BDBA in 

DMSO. Closed squares and open circles represent G' and G", respectively. The OH40PVAc:1,4-

BDBA molar ratios are 14:1, 22:1, and 29:1. 
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Figure 5-8. Strain (A; angular frequency of 1 rad/s) and frequency (B; strain of 1%) sweeps 

of 6 wt % 40PVAc and 0.15 wt % (black), 0.2 wt % (red), or 0.3 wt % (blue) 1,4-BDBA in 

DMSO. Closed squares and open circles represent G' and G", respectively. The OH40PVAc:1,4-

BDBA molar ratios are 38:1, 29:1, and 19:1. 
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Figure 5-9. Strain (A; angular frequency of 1 rad/s) and frequency (B; strain of 1%) sweeps 

of 6 wt % 40PVAc and 0.2 wt % 1,4-BDBA in either DMSO (black), dimethylformamide 

(DMF) (blue), or 2-ethoxyethanol (red). Closed squares and open circles represent G' and G", 

respectively. The OH40PVAc:1,4-BDBA molar ratio is 29:1. 
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Figure 5-10. Strain (A; angular frequency of 1 rad/s) and frequency (B; strain of 1%) 

sweeps of 6 wt % 40PVAc and 0.3 wt % 1,4-BDBA in either DMSO (black), DMF (blue), or 

2-ethoxyethanol (red). Closed squares and open circles represent G' and G", respectively. The 

OH40PVAc:1,4-BDBA molar ratio is 19:1. 
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5-1-4. 1H and 11B NMR spectroscopy 

 The spectral changes that occur upon esterification of 1,4-BDBA were monitored with 

11B NMR spectroscopy. The spectrum of 1,4-BDBA (Figure 5-11Aii) shows one broad signal at 

30 ppm, and after addition of an excess of ethylene glycol, the signal appears to have shifted to 

31.5 ppm. In an effort to quantify the extent of crosslinking, as was successfully performed in 

Chapter 4 for 80PVAc/borax materials, 11B NMR spectra were collected of samples prepared 

from 0.3 wt% 1,4-BDBA and either 0 (red), 1 (green), 2 (purple), or 6 (blue) wt% 40PVAc 

(Figure 5-11B). Although the signal at 30 ppm, representing 1,4-BDBA in solution, decreased 

upon addition of 40PVAc (indicating a significant portion of the 1,4-BDBA had reacted with 

40PVAc and presumably was engaging in crosslinks), there was no visible signal resulting from 

crosslinked 1,4-BDBA. It is likely that the crosslinked boronate esters tumble in solution too 

slowly to be visible in this 11B NMR experiment.  
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Figure 5-11. 11B NMR spectra of 1,4-BDBA before and after esterification. A) 0.3 wt% 1,4-

BDBA and either 0 (ii) or 3 wt% (iii) ethylene glycol in DMSO at 25 °C. The OHEG:1,4-BDBA 

molar ratios are 0:1 and 18:1 (where 'OHEG' refers to the hydroxyl groups on ethylene glycol). 

Bottom spectrum (i) is a 'background' spectrum of DMSO and standard only. B) 0.3 wt% 1,4-

BDBA and either 0 (i), 1 (ii), 2 (iii), or 6 wt% 40PVAc (iv) in DMF at 25 °C. The OH40PVAc:1,4-

BDBA molar ratios are 0:1, 3.2:1, 6.4:1, and 19.1:1, respectively.  

 1H NMR spectroscopy was also performed, resulting in spectra with clear, albeit broad, 

signals from esterified ABAs in the chemical shift range where aromatic protons resonate. 1,4-

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 5-13E). Upon addition of a molar excess of 

OH40PVAc
 groups, the 1,4-BDBA signals disappeared entirely and were replaced by two broad 

signals near 7.64 and 7.76 ppm, as well as at least one shoulder near 7.88 ppm (Figure 5-13F). 

An increase in line width and decrease in signal resolution also was apparent in the spectra of 
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BBA before (Figure 5-13A) and after (Figure 5-13B) addition of a molar excess of OH40PVAc 

groups, and the same observation was noted for 1,3-BDBA before (Figure 5-13C) and after 

(Figure 5-13D) 40PVAc addition. 

 
Figure 5-12. 1H NMR spectra of ABAs, before and after adding a molar excess of OH40PVAc, 

in DMSO-d6 at 25 °C. A) BBA, B) 8 wt% 40PVAc and 0.04 wt% BBA, C) 1,3-BDBA, D) 6 

wt% 40PVAc and 0.2 wt% 1,3-BDBA, E) 1,4-BDBA, and F) 6 wt% 40PVAc and 0.2 wt% 1,4-

BDBA. 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.  
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Figure 5-13. 1H NMR spectra in DMSO-d6 of (A) 0.3 wt% 1,4-BDBA, (B) 8 wt% 40PVAc 

and 0.2 wt% 1,4-BDBA, (C) 0.45 wt% BBA, (D) 8 wt% 40PVAc and 0.04 wt% BBA, and 

(E) 8 wt% 40PVAc, 0.16 wt% 1,4-BDBA, and 0.04 wt% BBA at 25 °C. 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.  

 In order to determine whether the viscosity of the medium played a significant role in the 
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and 40PVAc (Figure 5-13E). The BBA line widths were almost unchanged after addition of 1,4-

BDBA, suggesting that bulk gelation was not a large contributor to the increase in signal 

broadness.  

 
 Spectral changes were studied further by varying concentrations of the two components 

(Figure 5-14). Upon increasing the 40PVAc concentration while maintaining a constant 

concentration of 1,4-BDBA (Figure 5-14A), the hydroxyl group signal at 8.1 ppm broadened, 

shifted downfield, and subsequently disappeared; and the aromatic proton signal at 7.7 ppm 

broadened and disappeared. The broad signals from esterified 1,4-BDBA at 7.64 and 7.76 ppm 

appeared to be independent of each other—their intensities changed relative to each other—and 

may be from the mono- and di-esterified 1,4-BDBA species. Definitive assignments were not 

possible due to the substantial increases in line width. Increasing the amount of 1,4-BDBA while 

maintaining a constant concentration of 40PVAc (Figure 5-14B) led to an excess of free 1,4-

BDBA at OH40PVAc:1,4-BDBA ratios of 6.4:1 (blue spectrum) and 9.6:1 (purple spectrum). 

Increasing the concentrations of both species while maintaining a constant OH40PVAc:1,4-BDBA 

ratio of 4.8:1 (Figure 5-14C) decreased the relative amount of unreacted 1,4-BDBA. 

 The presence of both mono- and di-esterified boronate species in the 1H NMR spectra 

was not unexpected—mono- and di-esterified 1,4-BDBA species were also detected after 

reaction with ethylene glycol (EG) (Figure 5-15, Table 5-2, and Table 5-3) and 1,3-propanediol 

(PD) (Figure 5-16, Table 5-4, and Table 5-5). While the di-esterified 1,4-BDBA species was 

formed efficiently upon addition of PD (e.g., at a PD:1,4-BDBA molar ratio of 5.4:1, 88% of the 

species in solution were di-esterified), the addition of EG was less efficient (e.g., at a EG:1,4-

BDBA molar ratio of 5.4:1 only 23% of the species were di-esterified). The greater stability of 
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the cyclic esters formed from 1,3-diols in comparison to 1,2-diols is consistent with literature 

reports: six-membered boronate ester rings are less strained than five-membered rings.19 

Although 1,4-BDBA forms six-membered rings upon reaction with 40PVAc, the reaction is less 

efficient than with 1,3-propanediol: 1H NMR spectra indicated considerable amounts of both 

mono- and di-esterified 1,4-BDBA species were present, even at significantly higher 

OH40PVAc;1,4-BDBA ratios. The 1,4-BDBA di-esterified crosslinks do not have the same 

freedom of motion after reaction with the polymer chains as they do after reaction with 1,3-

propanediol, an effect which may raise the energy associated with forming boronate di-esters. 

The polymer chains impose steric constraints to the formation of boronate di-esters as well: two 

hydroxyl groups can be isotactic (i.e., on the same side) or heterotactic (i.e., on opposite 

sides),106 resulting in boronate ester rings of different stabilities. The polymer chain may have to 

rotate to a lower energy conformation for efficient crosslinker formation. Also, acetate groups 

affect the solubility and conformation of polymer chains in solution, and they may have an effect 

on the formation of boronate esters; however, an investigation into the role of the acetate groups 

on crosslinker stability is beyond the scope of this dissertation. 
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Figure 5-14. 1H NMR spectra of 40PVAc/1,4-BDBA in DMSO-d6 with varying amounts and 

ratios of the gel components at 25 °C. (A) 8.0 wt % (i), 6.0 wt % (ii), 2.0 wt % (iii), 1.2 wt % 

(iv), 1.1 wt % (v), 1.0 wt % (vi) 40PVAc and 0.2 wt % 1,4-BDBA in DMSO-d6. The 



86 
 

OH40PVAc:1,4-BDBA ratios (top to bottom) are 38:1, 29:1, 10:1, 5.7:1, 5.3:1, and 4.8:1. (B) 2 wt 

% 40PVAc and 1.0 wt % (i), 0.4 wt % (ii), 0.3 wt % (iii), 0.2 wt % (iv) 1,4-BDBA in DMSO-d6. 

The OH40PVAc:1,4-BDBA ratios (top to bottom) are 1.9:1, 4.8:1, 6.4:1, and 9.6:1. (C) 40PVAc 

and 1,4-BDBA samples in DMSO-d6 with a constant OH40PVAc:1,4-BDBA ratio of 4.8:1. Sample 

compositions (top to bottom) are 3.0 wt % 40PVAc and 0.6 wt % 1,4-BDBA (i), 2.0 wt % 

40PVAc and 0.4 wt % 1,4-BDBA (ii), 1.5 wt % 40PVAc and 0.3 wt % 1,4-BDBA (iii), and 1.0 

wt % 40PVAc and 0.2 wt % 1,4-BDBA (iv). 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. 
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Figure 5-15. 1H NMR spectra of ethylene glycol (EG) and 1,4-BDBA in DMSO-d6. EG:1,4-

BDBA molar ratios (bottom to top): 0.4:1, 0.9:1, 1.8:1, 2.7:1, and 5.4:1. See Table 5-2 for more 

detailed assignments. 
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Table 5-2. 1H NMR peak assignments from EG/1,4-BDBA spectra (see Figure 5-15). 

Structures 

 
1                                        2                                       3 

EG:1,4-BDBA 
Molar Ratio 

Chemical shift (ppm) Assignment Integrationa 
 

0:1 8.00  OH on 1 1  
 7.73 Ar-H on 1 0.99  
0.4:1 8.10  OH on 2 1  
 8.00 OH on 1 4.13  
 7.81, 7.79, 7.68, 7.66 Ar-H on 2 2.19  
 7.74 Ar-H on 3 0.31  
 7.73 Ar-H on 1 4.05  
0.9:1 8.10  OH on 2 1  
 8.00 OH on 1 1.78  
 7.81, 7.79, 7.68, 7.66 Ar-H on 2 2.13  
 7.74 Ar-H on 3 0.48  
 7.73 Ar-H on 1 1.86  
1.8:1 8.10  OH on 2 1  
 8.00 OH on 1 1.02  
 7.81, 7.79, 7.68, 7.66 Ar-H on 2 2.21  
 7.74 Ar-H on 3 0.8  
 7.73 Ar-H on 1 1.09  
2.7:1 8.10  OH on 2 1  
 8.00 OH on 1 0.83  
 7.81, 7.79, 7.68, 7.66 Ar-H on 2 2.23  
 7.74 Ar-H on 3 0.92  
 7.73 Ar-H on 1 0.87  
5.4:1 8.10  OH on 2 1  
 8.00 OH on 1 0.81  
 7.81, 7.79, 7.68, 7.66 Ar-H on 2 2.36  
 7.74 Ar-H on 3 0.9  
 7.73 Ar-H on 1 0.74  

a. Integration is relative to most downfield signal in each spectrum. 
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Table 5-3. Approximate percent of each species present in EG/1,4-BDBA samples 

calculated from 1H NMR spectra in Figure 5-15.  

Structures 

                     

1                                        2                                       3 

 

EG:1,4-BDBA Molar Ratio % of Structure 1 % of Structure 2 % of Structure 3 

0:1 100 0 0 

0.4:1 62 34 5 

0.9:1 42 48 11 

1.8:1 27 54 20 

2.7:1 22 55 23 

5.4:1 19 59 23 
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Figure 5-16. 1H NMR spectra of 1,4-BDBA with increasing amounts of 1,3-propanediol 

(PD) in DMSO-d6. PD:1,4-BDBA molar ratios: A) 0:1, B) 0.5:1, C) 1.0:1, D) 2.2:1, E) 3.1:1, 

and F) 5.4:1.  
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Table 5-4. 1H NMR peak assignments from PD/1,4-BDBA spectra (see Figure 5-16). 

Structures 

                      
                 1                                                2                                            3 

PD:1,4-BDBA 

Molar Ratio 
Chemical Shift Assignment Integration 

0:1 8.00 (s) OH on 1 1 

 7.73 (s) Ar-H on 1 + Ar-H on 2  0.99 

0.5:1 8.03 (s) OH on 2 1 

 8.00 (s) OH on 1 8.64 

  7.73 (s) +7.74 (d) Ar-H on 1 + Ar-H on 2  9.52 

 7.61 (d) + 7.62 (s) Ar-H on 2 + Ar-H on 3 1.03 

1.0:1 8.03 (s) OH on 2 1 

 8.00 (s) OH on 1 4.47 

  7.73 (s) +7.74 (d) Ar-H on 1 + Ar-H on 2  5.42 

 7.61 (d) + 7.62 (s) Ar-H on 2 + Ar-H on 3 1.21 

2.2:1 8.03 (s) OH on 2 1 

 8.00 (s) OH on 1 1.43 

  7.73 (s) +7.74 (d) Ar-H on 1 + Ar-H on 2  2.40 

 7.61 (d) + 7.62 (s) Ar-H on 2 + Ar-H on 3 2.02 

3.1:1 8.03 (s) OH on 2 1 

 8.00 (s) OH on 1 0.22 

  7.73 (s) +7.74 (d) Ar-H on 1 + Ar-H on 2  1.26 

 7.61 (d) + 7.62 (s) Ar-H on 2 + Ar-H on 3 6.20 

5.4:1 8.03 (s) OH on 2 1 

 8.00 (s) OH on 1 0.13 

  7.73 (s) +7.74 (d) Ar-H on 1 + Ar-H on 2  1.30 

 7.61 (d) + 7.62 (s) Ar-H on 2 + Ar-H on 3 9.10 

a. Integration is relative to most downfield signal in each spectrum. 
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Table 5-5. Approximate percent of each species present in PD/1,4-BDBA samples 

calculated from 1H NMR spectra in Figure 5-16.  

 

Structures 

                      
                  1                                                2                                            3 

PD:1,4-BDBA Molar Ratio % of Structure 1 % of Structure 2 % of Structure 3 

0:1 100 0 0 

0.5:1 90 10 0 

1.0:1 78 18 4 

2.2:1 41 29 30 

3.1:1 3 16 81 

5.4:1 1 11 88 
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 In certain samples prepared from 40PVAc and 1,4-BDBA (such as the spectrum in Figure 

5-14Ci), two small doublets at 6.7 and 7.6 ppm increased in intensity with aging. They also 

appeared in other samples at various concentrations and they increased in intensity with time 

(Figure 5-17A–B). 40PVAc/BBA and 99PVAc/1,4-BDBA samples were tracked over longer 

periods of time to monitor the formation or lack thereof of the new species as a function of the 

different components. Upon aging the 40PVAc/BBA sample for a long period (Figure 5-17C), 

low intensity signals became apparent at 6.7 and 7.2 ppm, indicating that conversion to the new 

species was very slow and was much less efficient than when 1,4-BDBA is employed. 

Importantly, no signals near 6.7 or 7.6 ppm could be detected when 99% hydrolyzed PVAc was 

used in place of the 40PVAc (Figure 5-17D). These observations indicate that both the acetate 

groups and 1,4-BDBA are necessary for the efficient formation of the new species. Based upon 

the corresponding UV–vis spectral changes, we hypothesize that the free boronic acid group of 

mono-esterified 1,4-BDBA is reacting with acetate groups along the 40PVAc chains. 
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Figure 5-17. 1H NMR spectra of samples in DMSO-d6 aged for different periods. (A) 3 wt % 
40PVAc/0.6 wt % 1,4-BDBA 3 h (i), 1 day (ii), 2 days (iii), and 6 days (iv) after preparation. 
OH40PVAc:1,4-BDBA molar ratio is 4.8:1. (B) 1.2 wt % 40PVAc/0.2 wt % 1,4-BDBA 3 h (i), 1 
day (ii), 2 days (iii), and 6 days (iv) after preparation. OH40PVAc:1,4-BDBA molar ratio is 5.7:1. 
(C) 6 wt % 40PVAc/0.45 wt % BBA 1 day (i), 15 days (ii), 33 days (iii), and 49 days (iv) after 
preparation. OH40PVAc:BBA molar ratio is 9.4:1. (D) 3 wt % 99PVAc/0.2 wt % 1,4-BDBA 1 day 
(i), 12 days (ii), 25 days(iii), and 48 days (iv) after preparation.OH99PVAc:1,4-BDBA ratio 35:1. 
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 1H NMR spectra were recorded at different temperatures to investigate the cause of line 

width changes noted in the signals associated with 1,4-BDBA in the presence of 40PVAc. If 

exchange between species were occurring on a timeline that was similar to the timescale of the 

NMR experiments, signals would coalesce at high temperatures and separate at low 

temperatures. Samples of 6 wt% 40PVAc/0.2 wt% 1,4-BDBA in DMSO-d6 (for working at 

temperatures above 25 °C) and in methanol-d4 (for working at temperatures below 25 °C) were 

studied at a range of temperatures (Figure 5-18). Because the signals did not become better 

resolved as the temperature was lowered and there was no evidence for coalescence at higher 

temperatures, we infer that the broad line width of 1,4-BDBA is not due to exchange between 

species. Rather, the broad line width primarily is due to the immobilization of the mono- and di-

esterified 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. 
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Figure 5-18. 1H NMR spectra of 6 wt% 40PVAc/0.2 wt% 1,4-BDBA organogels as a 

function of temperature. (A) in DMSO-d6 at 25 °C (i), 40 °C (ii), 55 °C (iii), and returning to 

25 °C after heating (iv). (B) in methanol-d4 at 25 °C (i), -10 °C (ii), -30 °C (iii), and returning to 

25 °C after cooling (iv).  

 1H NMR spectra of 40PVAc/1,3-BDBA mixtures were collected in order to investigate 

the effect of increasing the concentration of 1,3-BDBA relative to the concentration of 40PVAc. 

In Figure 5-19, the concentration of 40PVAc was held constant, and the concentration of 1,3-

BDBA was increased. A change in the ratio of signals was expected, as was noted in Figure 

5-14, but no changes in the spectra were apparent. The sample employed to collect the spectrum 

in Figure 5-19C was heated to 40 °C and 55 °C, and spectra were recorded (Figure 5-20). The 

only spectral change that occurred was a broadening and upfield shift of the signal at ~7.1 ppm, 



97 
 

indicating that it is likely from the hydroxyl groups on the boronic acid moieties and that mono-

esterified 1,3-BDBA was present in the sample. The observation that the samples used to collect 

Figure 5-19B and Figure 5-19C did not flow (when inverted for at least 1 min) suggests that also 

some di-esterified 1,3-BDBA crosslinks were present in the sample. The lack of a change in the 

ratios of signals may indicate that the signals from the mono- and di-esterified 1,3-BDBA 

overlap somewhat, not allowing the ratios between the species to be calculated. Alternatively, the 

di-esterified 1,3-BDBA signals may be too broad to be observed in these spectra.  

 

 

Figure 5-19. 1H NMR spectra of 6.0 wt% 40PVAc and either A) 0.1 wt%, B) 0.2 wt%, or C) 

0.3 wt% 1,3-BDBA in DMSO-d6 at 25 °C. The molar ratios of OH40PVAc:1,3-BDBA are A) 

57:1, B) 29:1, and C) 19:1.  
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Figure 5-20. 1H NMR spectra of 6.0 wt% 40PVAc and 0.3 wt% 1,3-BDBA in DMSO-d6 at 

varying temperatures. A) 25 °C, B) 40 °C, C) 55 °C, and D) after returning to 25 °C. The molar 

ratio of OH40PVAc:1,3-BDBA is 19:1.  

 

5-1-5. Fluorescence studies 

 Changes that occur in the fluorescence spectra of 1,4-BDBA upon reaction with 40PVAc 

were also monitored. Addition of 40PVAc to a 1,4-BDBA solution caused the wavelength 

maximum in the excitation spectrum to become red-shifted by 4 nm and the wavelength 

maximum of the emission spectrum to become blue-shifted very slightly (~1 nm; Figure 5-21). 

This small decrease in the Stokes shift of 1,4-BDBA can be attributed to an increase in ground-
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state energy of 1,4-BDBA upon reaction with 40PVAc. When 1,4-BDBA reacts with 40PVAc to 

form boronate esters, it becomes conformationally constrained. 

 
Figure 5-21. Excitation (dashed; λem 320 nm) and emission (solid; λexc 270 nm) spectra of a 

0.2 wt% 1,4-BDBA in methanol solution (black) and a 6 wt% 40PVAc/0.2 wt% 1,4-BDBA 

in methanol organogel 2 days after preparation (red).  

 

5-2. Investigation of crosslinker length: comparing organogels formed from benzene-1,4-

diboronic acid or biphenyl-4,4'-diboronic acid 

 Clear, homogeneous organogels were formed from crosslinking of 40PVAc with two 

different aryl boronic acids (ABAs): benzene-1,4-diboronic acid (1,4-BDBA) and biphenyl-4,4'-

diboronic acid (bPDBA). Organogels were prepared from 40PVAc and both crosslinkers in 

DMSO, DMF, and 2-ethoxyethanol (Table 5-6). 2-Ethoxyethanol has a high boiling point and a 

low UV-cutoff wavelength, making it an ideal choice for rheological and photophysical studies.  
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Table 5-6. Solubility of gel components and gelation upon mixing components to form 6 

wt% 40PVAc/0.2 wt% 1,4-BDBA and 6 wt% 40PVAc/0.29 wt% bPDBA. The 

OH40PVAc:ABA molar ratio is 29:1. 

Organic Solvent 
Solubility of 

40PVAc 

Solubility of 

1,4-BDBA 

Solubility of 

bPDBA 

Nature of 

40PVAc/ 

1,4-BDBA 

Nature of 

40PVAc/ 

bPDBA 

Dimethylsulfoxide Y Y Y Gel Gel 

Dimethylformamide Y Y Y Gel Gel 

2-Ethoxyethanol Ya Y Ya Gel Gel 

Methanol Ya Y Ya Gel Sol 

Tetrahydrofuran Ya Y N Gel n/ab 

a) with heating at ~55 °C 
b) the mixture could not be formed 
 
 
 The bulk physical properties of the materials were compared with oscillatory rheology 

studies. Both the strain and frequency sweeps (Figure 5-22) showed that gels are formed with 

both crosslinkers: G' is larger than G" at all strain and angular frequency values studied. 

Although the molar concentrations of crosslinker were kept consistent, the organogel formed 

from 6 wt% 40PVAc and 0.29 wt% bPDBA was slightly more stiff than that formed from 6 wt% 

40PVAc and 0.2 wt% 1,4-BDBA. However, the difference was small and may be within 

experimental error for the experiment.  
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Figure 5-22. A) Strain (angular frequency of 1 rad/s) and B) frequency sweeps (strain of 

1%) of 6 wt% 40PVAc and 0.2 wt% 1,4-BDBA (black) or 0.29 wt% bPDBA (red) in 2-

ethoxyethanol. Closed squares and open circles represent G' and G" respectively. The 

OH40PVAc:ABA ratio is 29:1. 
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 For the remainder of this chapter, reactions of the two crosslinkers with 40PVAc and 1,3-

propanediol as a model system will be compared. Both crosslinkers, 1,4-BDBA and bPDBA, 

were reacted with 1,3-propanediol to form boronate esters with 6-membered rings, similar to 

those that were formed upon reaction with 40PVAc. However, the boronate esters that formed 

upon reaction with 1,3-propanediol were not immobilized by polymer chains, and this freedom 

of motion in solution allowed for the system to be studied with 1H NMR spectroscopy without 

loss of signal resolution. As noted earlier in this chapter, the addition of small amounts of 1,3-

propanediol to 1,4-BDBA) formed the mono-esterified boronate ester, and further additions of 

1,3-propanediol formed the di-esterified boronate (Figure 5-16). The addition of small amounts 

of 1,3-propanediol to bPDBA (Figure 5-23) indicated a similar trend: mono-esterified boronate 

ester was initially formed (with a unique boronic acid proton signal at 8.09 ppm), but the di-

esterified species was formed most favorably at PD:1,4-BDBA ratios of 3.1:1 and higher. All 

further 1H NMR spectroscopy and fluorescence studies used a large excess of 1,3-propanediol to 

ensure the di-esterified boronate species were the primary species present. 
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Figure 5-23. 1H NMR spectra of bPDBA with increasing amounts of 1,3-propanediol in 

DMSO-d6. PD:1,4-BDBA molar ratios: 0:1 (A), 0.5:1 (B), 1.0:1 (C), 2.2:1 (D), 3.1:1 (E), and 

5.4:1 (F).  

 Figure 5-24A shows the spectra acquired from reacting 1,4-BDBA (i) with either 1,3-

propanediol (ii) or 40PVAc (iii), and Figure 5-24B shows bPDBA (i) reacting with either 1,3-

propanediol (ii) or 40PVAc (iii). A large excess of 1,3-propanediol was added in both cases in 

order to form the di-esterified boronate species efficiently with both 1,4-BDBA and bPDBA. The 

spectra of 40PVAc with either 1,4-BDBA or bPDBA indicate that the acid has reacted 

completely with the 40PVAc to form both mono- and di-esterified species. The model 

experiments with 1,3-propanediol suggest that the aromatic signals from the mono-esterified 

boronate would be further downfield than those from di-esterified boronate, but confident signal 

assignments could not be made.  
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Figure 5-24. 1H NMR spectra in DMSO-d6 of: 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); 

and 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 (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 OH40PVAc:ABA molar ratio is 29:1, and the OH1,3-propanediol:ABA is 
62:1. 
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 Fluorescence studies were performed on bPDBA, with and without the addition of 1,3-

propanediol and 40PVAc, in order to draw comparisons between bPDBA and 1,4-BDBA. Before 

these comparative studies could be performed, preliminary experiments were performed to 

examine the fluorescence of bPDBA in 2-ethoxyethanol. The emission spectrum of 0.29 wt% 

bPDBA in 2-ethoxyethanol showed a large, red-shifted emission indicative of an excimer, as can 

be seen in the black spectrum of Figure 5-25. To verify that this assignment was an aggregation-

induced excimer, the excitation and emission spectra were collected from a bPDBA sample that 

was diluted by three orders of magnitude. The resulting excitation and emission spectra (Figure 

5-25) confirm that the concentration-dependent intensity of this emission is consistent with the 

formation of an excimer. The effect of bubbling nitrogen through the cuvette before collecting 

fluorescence data was also examined. The excitation and emission spectra of bPDBA, before and 

after bubbling nitrogen through the sample, are shown in Figure 5-26. Expelling oxygen from the 

sample led to a decrease in the monomer:excimer ratio, but no significant change in the spectral 

shape was observed. Note that conclusions should not be drawn from small changes in 

monomer:excimer ratios, because these changes could be a result of small changes in the 

concentration of bPDBA or atmospheric oxygen. 
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Figure 5-25. Excitation (dashed) and emission (solid) spectra of 1.1x10-2 M (i.e., 0.29 wt%; 

black) and 1.1x10-5 M (red) bPDBA in 2-ethoxyethanol. 

 

 
Figure 5-26. A) Excitation (dashed) and emission (solid) spectra of 0.29 wt% bPDBA with 

(black) and without (red) bubbling nitrogen through sample before collection of data. B) as 

in A, but intensity is normalized with respect to intensity at ~300 nm for excitation spectra and 

~320 nm for emission spectra.  

  
 Excitation and emission spectra were obtained to probe the changes in fluorescence that 

occur upon reaction of 1,4-BDBA or bPDBA with either 1,3-propanediol or 40PVAc. These 
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fluorescence experiments, following the reaction of ABAs with 1,3-propanediol, probed the 

changes that occur from esterification. Likewise, a comparison between boronate esters formed 

with 1,3-propanediol versus 40PVAc were theorized to give insight into any spectral changes 

caused by the crosslinkers becoming 'locked' into higher energy geometries, as was inferred from 

the reaction of 1,4-BDBA and 40PVAc in methanol (Figure 5-21). Because bPDBA was not 

soluble in methanol, 2-ethoxyethanol was used as the solvent for these fluorescence experiments.  

 Upon reacting 1,4-BDBA with either 1,3-propanediol or 40PVAc, small changes in the 

excitation and emission spectra occurred (Figure 5-27). An extremely small sharpening of the 

emission spectra of 1,4-BDBA upon reaction with 40PVAc (in comparison to the emission 

spectrum upon reaction with 1,3-propanediol) likely indicates an increase in crosslinker rigidity 

was caused by reaction with polymer chains. However, this effect was much smaller than was 

anticipated, and confident conclusions could not be drawn from this small difference in the 

emission spectra. The reaction of bPDBA with either 1,3-propanediol or 40PVAc led to similarly 

small differences in excitation and emission spectra (Figure 5-28). While the three emission 

spectra appear to show different ratios of intensity from the excimer to the monomer, these 

differences may also result from small differences in the amount of oxygen present (Figure 

5-26). 
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Figure 5-27. A) Excitation (dashed; λem 330 nm) and emission (solid; λex 270 nm) spectra of 

0.2 wt% 1,4-BDBA (light blue), and upon addition of 3 wt% 1,3-propanediol (gray) or 6 

wt% 40PVAc (black). B) as in A, but intensity values are normalized with respect to intensity at 

λmax. 

 

 
Figure 5-28. A) Excitation (dashed; λem 330 nm) and emission (solid; λex 270 nm) spectra of 

0.29 wt% bPDBA (green), and upon addition of 3 wt% 1,3-propanediol (dark yellow) or 6 

wt% 40PVAc (red). B) as in A, but intensity is normalized with respect to intensity at ~300 nm 

for excitation spectra and ~320 nm for emission spectra. 
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 In an effort to extract more information from the fluorescence of 1,4-BDBA and bPDBA 

upon reaction with either 1,3-propanediol or 40PVAc, time-resolved fluorescent decays were 

collected. The decays of 1,4-BDBA with and without the addition of 1,3-propanediol or 40PVAc 

showed no differences at two emission wavelengths probed: 320 nm and 383 nm (Figure 5-29). 

The decays were fit to an exponential function as displayed in Table 5-7. In all cases, the 1,4-

BDBA solutions, with and without 1,3-propanediol or 40PVAc, showed a minor proportion of a 

short lived (~2 ns) species, and a major proportion of a longer lived (~8–9 ns) species.  

  

 
Figure 5-29. Time-resolved fluorescence decays of 0.2 wt% 1,4-BDBA (light blue), and 

upon addition of 3 wt% 1,3-propanediol (gray) or 6 wt% 40PVAc (black). A) λex 270 nm, 

λem 320 nm; B) λex 270 nm, λem 383 nm. Instrument response functions are from scattering by 

Ludox (blue). 
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Table 5-7. Parameters extracted from fitting time-resolved fluorescence spectra of 0.2 wt% 

1,4-BDBA, and upon addition of 3 wt% 1,3-propanediol or 6 wt% 40PVAc. λex 270 nm. 

Values presented in gray italics are of lifetimes that are too short to be measured reliably by the 

instrument. B, f, τ, and χ2 are extracted from the fitting procedure and represent the pre-

exponential factor, the percent contributing to the total decay, the decay constant, and a measure 

of error, respectively. 

Sample λem (nm) B f (%) τ (ns) χ2 

 0.2 wt% 1,4-BDBA 320 0.0171 21 2.4 1.170 

0.0198 79 7.6 

383 0.3201 33 0.1 1.078 

0.0107 26 2.1 

0.0039 41 8.8 

 0.2 wt% 1,4-BDBA + 3 wt% 1,3-   

propanediol 

320 0.0096 12 2.0 1.074 

0.0156 88 9.1 

383 0.2793 42 0.1 1.019 

0.0074 14 1.4 

0.0034 43 9.2 

 0.2 wt% 1,4-BDBA + 6 wt% 40PVAc 320 -0.2172 4 0.05  

0.0134 10 1.9 

0.0242 86 8.9 

383 1.0199 48 0.06  

0.0102 15 1.8 

0.0047 37 9.0 

 

 The decays of bPDBA with and without the addition of 1,3-propanediol or 40PVAc 

showed no difference at an emission wavelength of 320 nm, but the presence of a longer-lived 
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species at an emission wavelength of 383 nm in the decay of the bPDBA/40PVAc solution was 

apparent that was not present in the bPDBA or bPDBA/1,3-propanediol solutions (Figure 5-30). 

To ensure that the results would be consistent regardless of the excitation wavelength, decays 

were also collected of one solution (bPDBA/1,3-propanediol in 2-ethoxyethanol) at an excitation 

wavelength of 260 nm, and the resulting decays are plotted alongside those collected at an 

excitation wavelength of 270 nm in Figure 5-31. The change in excitation wavelength appeared 

to cause no change in the time-resolved fluorescence decays of this sample.  

 The fitting of the decays, collected at an excitation wavelength of 270 nm and an 

emission wavelength of 320 nm, of all three samples (i.e., bPDBA with and without the addition 

of 1,3-propane diol or 40PVAc) showed a major proportion of a short-lived (~2 ns) species, and 

a minor proportion of a long-lived (~5–8 ns) species (Table 5-8). However, when collecting 

decays at 383 nm, which probed primarily the excimer species, an increase from ~1% to ~18% 

(i.e., ~1% to ~16%, as reported in Table 5-8 when components that are too short to be measured 

reliably and may be from light scatter are included) for the proportion of the longest-lived 

species (~12–17 ns) was noted upon addition of 40PVAc to bPDBA. This increase in the 

proportion of the longest-lived species could be due to an increase in the proportion of polymer-

bound crosslinker, which would be less capable of rotating to dissipate energy. However, a 

smaller increase from ~1% to ~5% (i.e., ~1% to ~4%, as reported in Table 5-8 when components 

that are too short to be measured reliably and may be from light scatter are included) for the 

proportion of the longest-lived species (~12–17 ns) upon addition of 1,3-propanediol to bPDBA 

is not consistent with this hypothesis, as there are no polymer chains present to immobilize the 

esterified bPDBA. Overall, the observed spectral differences among bPDBA and 1,4-BDBA 
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esterification/ crosslinking reactions are subtler than anticipated, and the results suggest that the 

crosslinkers undergo only small energetic changes upon esterification and crosslinking.  

 
Figure 5-30. Time-resolved fluorescence decays of 0.29 wt% bPDBA (green), and upon 

addition of 3 wt% 1,3-propanediol (dark yellow) or 6 wt% 40PVAc (red). A) λex 270 nm, λem 

320 nm; B) λex 270 nm, λem 383 nm. Instrument response functions are from scattering by Ludox 

(blue). 

 
Figure 5-31. Time-resolved fluorescence decays of 0.29 wt% bPDBA and 3 wt% 1,3-

propanediol. A) λex 260 nm (black) or 270 nm (dark yellow), λem 320 nm; B) λex 260 nm (black) 

or 270 nm (dark yellow), λem 383 nm. Instrument response functions are from scattering by 

Ludox (blue). 
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Table 5-8. Parameters extracted from fitting time-resolved fluorescence of 0.29 wt% 

bPDBA, and upon addition of 3 wt% 1,3-propanediol or 6 wt% 40PVAc. λex 270 nm. All 

values presented in gray italics are of lifetimes that are too short to be measured reliably by the 

instrument. B, f, τ, and χ2 are extracted from the fitting procedure and represent the pre-

exponential factor, the percent contributing to the total decay, the decay constant, and a measure 

of error, respectively. 

Sample λem (nm) B f τ (ns) χ2 

 0.29 wt% bPDBA 320 0.042 95 2.5 1.282 

0.0012 5 4.6 

383 0.0602 10 0.4 1.212 

-0.094 23 0.5 

0.058 66 2.6 

0.0003 1 12 

 0.29 wt% bPDBA +  

3 wt% 1,3-propanediol 

320 0.0814 11 0.1 1.135 

0.0051 1 0.3 

0.0420 85 1.9 

0.0004 3 7.6 

383 0.6007 23 0.04 1.124 

0.0382 64 1.8 

0.0023 8 3.9 

0.0004 4 10.7 

 0.29 wt% bPDBA + 6 wt% 40PVAc 320 0.048 13 0.2 1.320 

0.043 83 1.7 

0.0005 4 7.3 

383 0.226 9 0.04 1.218 

0.043 60 1.6 

0.0033 15 5.3 

0.0011 16 16.5 
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5-3. Conclusions 

 Soft, peelable organogels were formed from 40PVAc and either 1,4-BDBA or bPDBA in 

a range of organic solvents, resulting in materials that were stable under atmospheric conditions. 

A rheological comparison of organogels formed with either 1,4-BDBA or bPDBA as a 

crosslinker showed that small changes in the length and flexibility of the crosslinker led to no 

substantial changes in the bulk physical properties of these materials. Concentration studies 

focusing on the use of 1,4-BDBA illustrated that the rheology of these materials could be tuned 

by altering the concentrations of either 40PVAc or 1,4-BDBA. 1H NMR spectroscopy was used 

to investigate the reaction of these crosslinkers with 40PVAc, and the ABAs were shown to react 

fully with 40PVAc when a large excess of OH groups were present. However, the poor 

resolution of the resulting signals did not allow for confident signal identification. The 

environment of the crosslinkers was also probed with steady-state and time-resolved 

fluorescence studies, and the spectral changes caused by adding either 1,3-propanediol or 

40PVAc to either 1,4-BDBA or bPDBA were small. The reaction of these ABAs with 40PVAc 

is a favorable one, and this favorability lends stability to the resulting material. 40PVAc is an 

atactic polymer (i.e., the relative stereochemistry of the chiral centers is random), and we do not 

see evidence that the tacticity of the polymer limits the formation of boronate esters. Further 

studies regarding the effect of tacticity on crosslinking are outside the scope of this dissertation. 

Overall, the ease-of-preparation, stability, and lack of flow on the bulk scale make these 

organogels ideal candidates for cleaning painted surfaces, an application which will be discussed 

further in Chapters 6 and 7. 
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6. RESIDUE STUDIES  

 

6-1. Investigation of residue on paint from an organogel composed of partially hydrolyzed 

poly(vinyl acetate) and benzene-1,4-diboronic acid 

 

6-1-1. Methods and materials 

 Materials. 40PVAc (Kuraray Co., Ltd; poly(vinyl acetate); 40% hydrolyzed, molecular 

weight unknown) was rinsed with ice-cold DI water, filtered, and vacuum dried (~125 mm Hg) 

at room temperature. Benzene-1,4-diboronic acid (Sigma-Aldrich, ≥95.0%) was used as 

received. The organic solvents used include 95:5 v:v ethanol:water (ethanol, Warner Graham Co, 

190 proof) and acetonitrile (Fisher Scientific, HPLC grade). Acrylic paint (Grumbacher, 

Academy Acrylic, thalo® green – a 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. 

 Methods. 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 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% 1,4-BDBA in 

95:5 v:v 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 
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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 "pre-

washed"—they were first soaked for 60 s each in 3 sequential 5 mL aliquots of acetonitrile. 

Deconvolution of spectra was performed by fitting the data to 4 Gaussian functions. The 

summation of the four Gaussian equations is shown in Equation 6-1, with the red, green, blue, 

and purple components correlating with the colors of the individual spectra (as seen in Figure 

6-2).  

   ���� = ������� 
 ! + ������� 

 ! + ������� 
 ! + ������� 

 !           (6-1) 

The a, b, and c variables determine the height (i.e., the absorbance), the x position (i.e., the λmax), 

and the width of the Gaussian curves, respectively. During the fitting process, the b variable of 

the purple curve was fixed at 230 nm (i.e., the λmax of 1,4-BDBA). However, the a, b, and c 

variables for the red, green, blue, and purple curves (with the exception of the b variable of the 

purple curve) were varied using Microsoft Excel's 'Solver' add-in107 to minimize the root-mean-

square error (rmse; Equation 6-2) between the calculated points and experimental data.  

"#$� =  %∑ �'�(�)�*+'�(�!,-!� ./01
2               (6-2) 
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6-1-2. UV-vis absorption spectroscopy and deconvolution of peaks 

 
Figure 6-1. UV-vis spectra of acetonitrile washes after soaking either an acrylic paint-out 

(black) or acrylic paint cleaned for 2 min with 6 wt% 40PVAc and 0.2 wt% 1,4-BDBA in 

95:5 v:v ethanol:water organogel (red). A 40 μM 1,4-BDBA in acetonitrile solution (green). 

Because absorbance from components in the paint-out overlap with where 1,4-BDBA absorbs 

(λmax 230 nm), the experiment was repeated on paint-outs that were pre-washed with acetonitrile 

with (pink) and without (blue) gel cleaning.  

 
 The presence or lack of 1,4-BDBA residue on an acrylic paint surface after treatment 

with an organogel was investigated by UV-vis spectroscopy. A 6 wt% 40PVAc and 0.2 wt% 1,4-

BDBA in 95:5 v:v ethanol:water organogel was placed on a primed canvas coated with acrylic 

paint for 2 min and then removed. After soaking the acrylic paint-out in acetonitrile, a UV-vis 
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spectrum of the acetonitrile wash showed no discernible 1,4-BDBA when compared to the 

spectrum of an acetonitrile-wash from another piece of the acrylic paint sample that had not been 

treated with the gel (Figure 6-1). However, the analyses are somewhat difficult to make because 

the 230 nm peak of 1,4-BDBA overlaps with a ~224 nm peak from material extracted from the 

paint-out. In an effort to reduce the size of the ~224 nm peak, this residue experiment was 

repeated on two acrylic paint-outs that had been "pre-washed" with acetonitrile. No significant 

contribution from 1,4-BDBA residue on a pre-washed surface treated with gel is present in 

Figure 6-1, but a more in-depth analysis was performed by deconvoluting the spectra into 

distinct Gaussian curves. The UV-vis spectrum resulting from the 'pre-washed' acrylic paint 

cleaned with an organogel (the pink spectrum in Figure 6-1) was deconvoluted into four 

Gaussian curves, where three curves (λmax 195, 205, and 222 nm) originated from the acrylic 

paint and one (λmax 230 nm) originated from 1,4-BDBA (Figure 6-2). The resulting values from 

fitting the experimental data to equation 6-1 are displayed in Table 6-1.The absorbance of the 

component with λmax 230 nm was determined to be 0.0016, indicating that the amount of 1,4-

BDBA residue left on the surface was very small and potentially below the detection limit of this 

technique. 
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Figure 6-2. UV-vis spectrum of acetonitrile wash of 'pre-washed' acrylic paint cleaned for 2 

min with 6 wt% 40PVAc and 0.2 wt% 1,4-BDBA in 95:5 v:v ethanol:water organogel (blue 

circles). Experimental data show a good fit (rmse of 0.0004) with the sum (black) of four 

individual Gaussian functions (red, blue, green, and purple). 

Table 6-1. Gaussian fitting of spectra in Figure 6-2. 

Gaussian a b c Root mean square 

error (rmse) 

Red 0.0729 194.81 5.36 0.0004 

 Green 0.0497 203.92 9.43 

Blue 0.0242 222.37 9.17 

Purple 0.0016 230.00a 5.26 

a. Fixed value. All other a, b, and c values were varied to minimize the rmse.  
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 The detection limit of 1,4-BDBA on the acrylic paint surface was investigated by adding 

known amounts of 1,4-BDBA to a 'pre-washed' acrylic paint surface, soaking the paint in 

acetonitrile, and recording UV-vis spectra of the acetonitrile wash. When no 1,4-BDBA was 

applied to the 'pre-washed' acrylic paint, the resulting spectra (Figure 6-3a) showed absorbance 

from those species originating from the acrylic paint and no absorbance at 230 nm (i.e., a value 

of purple gaussian curve is 0.00001). Either 1 μg (Figure 6-3b) or 3 μg (Figure 6-3c–e) 1,4-

BDBA was added to the surface, resulting in the spectra and absorbance values displayed in 

Figure 6-3f and Table 6-2. The standard deviation of three trials for the addition of 3 μg 1,4-

BDBA suggested that this amount of 1,4-BDBA can be detected on the paint as a non-zero 

absorbance value. Based on this study, this method is capable of detecting as little as 3 μg on a 1 

cm2 area of paint.  
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Figure 6-3. Determination of detection limit for residue study. The UV-vis spectra show 
experimental data (blue circles) and fitting to four Gaussian functions presented as both the sum 
(black) and the individual functions (red, blue, green, and purple) for the acetonitrile wash of a) 
prewashed acrylic paint, b) prewashed acrylic paint with 1 μg 1,4-BDBA added to surface, and 
c-e) prewashed acrylic paint with 3 μg 1,4-BDBA added to the surface for three different trials. 
f) The absorbance of the 230 nm peak, which represents 1,4-BDBA, plotted versus the amount of 
1,4-BDBA added to the surface shows that 3 μg 1,4-BDBA on the surface is detectable with this 
method. 3 μg corresponds to approximately 2.5% of the 1,4-BDBA present in the gel sample 
used for these experiments (~120 μg). 
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Table 6-2. Gaussian fitting of spectra in Figure 6-3. 

Spectrum Gaussian a b c 
Root mean square 

error (rmse) 

Figure 6-3A Red 0.0403 194.96 4.74 0.0004 

Green 0.0418 204.22 9.70 

Blue 0.0335 222.38 9.30 

Purple 0.00001 230.00a 5.06 

Figure 6-3B Red 0.1250 194.71 5.01 0.002 

 Green 0.1040 204.71 9.86 

Blue 0.0959 222.24 10.60 

Purple 0.0002 230.00a 5.37 

Figure 6-3C Red 0.1860 195.83 4.37 0.001 

 Green 0.0695 204.57 11.00 

Blue 0.0559 221.94 9.10 

Purple 0.0241 230.00a 5.97 

Figure 6-3D Red 0.1862 195.81 4.50 0.001 

 Green 0.0665 204.90 11.10 

Blue 0.0504 221.96 9.25 

Purple 0.0285 230.00a 6.56 

Figure 6-3E Red 0.4159 195.92 5.08 0.002 

 Green 0.0330 208.74 3.62 

Blue 0.1098 219.34 10.40 

Purple 0.0367 230.00a 5.47 

a. Fixed value. All other a, b, and c values were varied to minimize the rmse.  
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6-1-3. Conclusions 

 A soft, peelable organogel formed from 40PVAc and 1,4-BDBA was found to leave very 

little residue after its removal from an unvarnished, acrylic paint-coated canvas. We attribute this 

to: 1) the peelability of the material, which allows for efficient removal of the gel from the 

surface and 2) the extent of reaction between the polymer and crosslinker (which led to all of the 

1,4-BDBA to be covalently bound to the 40PVAc). Note that the results from this residue study 

do not indicate that larger amounts of residue may not be left behind on other substrates. The use 

of these organogels on other surfaces, even other unvarnished, acrylic paint-coated surfaces like 

those used here, may result in larger or smaller amounts of detectable residue after organogel 

removal. Because 1,4-BDBA absorbs strongly in the UV, the use of UV-vis spectroscopy for 

detection of residue is a simple method that can be used by both conservators and conservation 

scientists.  

 

6-2. Imaging residues on paper from partially hydrolyzed poly(vinyl acetate) and other gels 

used in paper conservation  

 

6-2-1. Introduction to rigid gels  

 Rigid gels can be formed from some types of polysaccharides, such as agarose or gellan, 

by dissolving the polysaccharide in hot water and cooling to room temperature. This procedure is 

referred to as "casting." Pouring the hot solution into a flat tray results in the formation of a rigid 

gel that is ideal for cleaning flat objects, as is necessary in paper conservation. These types of 

polysaccharide gels are being used increasingly by conservators, and due to their rigidity, they 
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have been described as "residue-free." Only one residue study of rigid gels on paper has been 

reported, and it involved the visual detection of aged gels on paper.108 Gels prepared from 

agarose, gellan gum, and methylcellulose are colorless and clear or translucent in gel form, 

making visual detection of residue difficult. To allow for visual detection of residue on a paper 

surface after gel treatment, these three polysaccharides were tagged covalently with fluorescein 

prior to gel preparation. 

 Although methylcellulose is not a rigid gel, it was included in the experiments because it 

has been widely used in the past. Methylcellulose dissolved into water forms a viscous 

dispersion used by paper conservators for a variety of treatments, but agarose, gellan gum, and 

other rigid gels are being used increasingly. Conservators acknowledge that methylcellulose does 

leave residue on paper, but these residues are generally acceptable based upon practical 

experience and aging studies.108,109 HVPDs from xPVAc/borate were also considered for this 

residue study, but were found to adhere too strongly to paper.  

 

6-2-2. Methods and materials 

 Potassium iodide (Baker analyzed reagent), epichlorohydrin (Acros, 99%), potassium 

carbonate (ACS reagent, >99.0%), fluorescein (Aldrich, free acid, 95% dye content), sodium 

hydride (Alfa Aesar, 57-63% oil dispersion), and calcium acetate hydrate (Fisher Scientific) were 

used as received. The organic solvents included anhydrous ethanol (Sigma-Aldrich, 200 proof, 

>99.5%), dimethyl sulfoxide (Alfa Aesar, Spectrophometric grade, 99.9+%, lot: 343731), ethyl 

acetate (Fisher, ACS grade), methanol (Sigma-Aldrich, ACS grade, >99.8%), and acetone 

(Fisher, Histological grade, >99.8%). The linear polysaccharides agarose (Agarose LE, 
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Benchmark Scientific, Inc.), gellan (Kelcogel® LA gellan gum, CP Kelco US, Inc.), and 

methylcellulose (Sigma-Aldrich, viscosity 4000 cP of 2 wt% in water at 20 °C; approximate 

molecular weight of 88,000 g/mol) were used as received. The molecular weights of agarose and 

gellan were unreported by the manufacturers, but these naturally-derived polysaccharides are 

typically characterized to have molecular weights near 100,000 g/mol.110,111 The three papers 

were qualitative filter paper (Grade 3, Whatman), Hayle handmade rag paper (J. Barcham Green 

& Co., Ltd.), and Mohawk Superfine® White (Mohawk Fine Papers, Inc.). The Japanese tissue 

barrier used was Usu mino HM-54 (Hiromi Paper International). Water was filtered through an 

EMD Millipore Direct-Q ultra-pure water system. 

 The procedure used to synthesize 3-epoxypropoxy fluorescein (EPF) (Figure 6-4) was 

modified from Angelova et al.112 and Guan et al.113 Potassium iodide (0.83 g, 5 mmol) was 

ground and placed in a dry 3-neck round bottom flask. Epichlorohydrin (0.39 mL, 0.39 mmol) 

and 10 mL anhydrous ethanol were added, and the reaction mixture was stirred under N2 for 30 

min at 50-60°C with vigorous stirring. Ground potassium carbonate (0.415 g, 2 mmol) was 

added to the flask, which was then stirred for 10 additional min. Fluorescein (0.17 g, 0.5 mmol) 

was dissolved in 15 mL anhydrous ethanol, and the solution was slowly added with a dropping 

funnel. The reaction mixture was allowed to stir 8 h at 50 °C. After which, the reaction was 

cooled to room temperature and vacuum filtered. The liquid portion was vacuum distilled (~125 

mmHg) at 50 °C to remove solvent, resulting in an orange, solid product. The orange solid was 

purified by dissolving it in 1:1 v:v ethyl acetate:methanol and passing it through a silica gel 

column using methanol as the eluent.  
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Figure 6-4. Synthesis of 3-epoxypropoxy fluorescein (EPF) from fluorescein and 

epichlorohydrin. 

 To synthesize fluorescein-tagged agarose, gellan, or methylcellulose, 3.0 g of either 

agarose, gellan, or methylcellulose (each dried overnight at 40°C under reduced pressure (~125 

mmHg)) was dissolved in 20 mL dimethyl sulfoxide (DMSO) with stirring at 85 °C. 0.3 g 

sodium hydride was placed in a 100 mL 3-neck round-bottom flask under N2. The 

polymer/DMSO solution was added slowly via a dropping funnel and with stirring. After 1 h, the 

mixture no longer evolved hydrogen gas, and EPF (dissolved in 5 mL DMSO) was added 

dropwise over 20 min. The solution was stirred an additional 1 h, after which acetone was added 

to form a gelatinous precipitate, which was collected and washed with several aliquots of 

acetone. The solid was then dissolved in as little water as possible at room temperature, acidified 

to pH 6 with 10 % aqueous hydrochloric acid, and recrystallized with 80:20 v:v acetone:ethyl 

acetate. The collected solid was washed with several aliquots of acetone and was dried under 

vacuum at room temperature for one week. Agarose, gellan, and methylcellulose with 

covalently-attached fluorescein will be referred to as agarose-fl, gellan-fl, and methylcellulose-fl, 

respectively. 

 All gels used in the residue studies were formed with water that was adjusted to pH 8 

with calcium hydroxide (in an effort to follow the procedure used by paper conservators).81 A 4 
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wt% methylcellulose-fl dispersion was prepared in hot water and allowed to rest overnight at 

room temperature, resulting in a translucent, viscous dispersion. An aqueous 5 wt% agarose-fl 

solution was prepared by stirring the agarose-fl in hot water, and the hot solution was ‘cast’ by 

pouring it into a Mylar® tray and allowing it to rest overnight, resulting in a rigid, translucent 

gel. Because gellan-fl had an attached fluorescein concentration 10 times higher than that of 

agarose-fl and methylcellulose-fl, it was 'diluted' with unmodified gellan in a 1:9 ratio for a total 

polymer concentration of 5 wt%. Gellan, gellan-fl, and calcium acetate (0.4 g/L) were dissolved 

in hot water and cast to result in a rigid, clear gel. The weight-percent concentrations for each 

polymer in the gels were chosen to match those commonly used in actual treatments of paper 

artifacts. 

 A Cary Bio 300 UV-vis spectrophotometer was used to measure the absorbance of 

solutions in a plastic cuvette (transmittance range 380–780 nm) with a 1 cm path length from 

400–600 nm. Solutions of agarose-fl and gellan-fl were prepared in a Tris® buffer (pH 8). 

Methylcellulose-fl was not soluble in the buffer, so it was dissolved in water, but the difference 

in pH did not appear to change significantly the absorbance wavelength maximum of the 

attached fluorescein moiety. In order to study the changes in fluorescence intensity and color, 

solutions of fluorescein-tagged gellan in water (0.18 wt%) were prepared at a range of pH values 

by adding water, adjusted to pH 9 with ammonium hydroxide. pH was measured with Merck 

MColorpHastTM pH indicator strips. Emission spectra of cast gels were collected on a CRAIC 

508 PV microspectrophotometer on a Leica DMRX base with an I3 filter cube. 

 Materials prepared from agarose-fl, gellan-fl, and methylcellulose-fl were placed on each 

of the three papers for 40 min. A Mylar® cover was placed on the surface of each material to 
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prevent them from drying. Materials prepared from agarose-fl and gellan-fl were removed from 

the surface with tweezers, whereas that prepared from methylcellulose-fl was removed by gently 

removing it from the surface with a spatula held parallel to the paper surface. When a ‘clearance’ 

step was performed, a water-moistened cotton swab was rolled across the surface. Each paper 

was photographed before and after treatment using a Canon EOS 5D Mark III D SLR camera 

fitted with 50 mm lens and Canon EOS Utility for tethered capture. Samples were photographed 

under Horizon® lights with 5600 K daylight-balanced fluorescent lamps and under UV light 

with SuperBright® II 3000 series ultraviolet lamps (365 nm peak emission). Fluorescence 

microscopy was performed using a Leica DMRX microscope fitted with an nPL 20x objective, a 

high-pressure Hg lamp (100 W), and an I3 filter cube (450-490 nm excitation, 510 nm dichroic 

mirror, and 515 nm suppression filter). Photomicrographs were captured using a Canon EOS 5D 

Mark III SLR camera and Canon EOS Utility. The capture settings were kept constant 

throughout imaging. 
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6-2-3. Attaching fluorescein moieties to partially hydrolyzed poly(vinyl acetate), gellan, 

agarose, and methylcellulose 

 
Figure 6-5. Chemical structure of gellan before and after covalent attachment of 

fluorescein with inset photographs of solid fluorescein-fl under visible light (left) and a 365 

nm UV lamp (right). 

 Fluorescein was covalently-attached to the polysaccharide polymers (Figure 6-5). The 

percent conversion of -OH groups to fluorescein was kept low in order to minimize any changes 

in the physical properties and gelation abilities of the polymers. 

 Solutions of known concentrations were prepared with fluorescein-tagged polymers, and 

UV-vis spectroscopy was used to approximate the amount of fluorescein attached to each of the 

polymers. From the absorbance at λmax for each fluorescein-tagged polymer (Figure 6-6), the 

amount of attached fluorescein and the percent conversion of -OH groups was calculated and 

tabulated in Table 6-3. The approximate conversion of -OH groups to fluorescein groups was 

determined to be 0.0002%, 0.002%, and 0.0003% for agarose-fl, gellan-fl, and methylcellulose-

fl, respectively. 
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Figure 6-6. UV-vis spectra of 2.8 wt% agarose-fl in pH 8 buffer solution at 80 °C (black), a 

1.1 wt% gellan-fl in pH 8 buffer solution at 23 °C (red), and a 1.0 wt% methylcellulose in 

water solution at 23 °C (blue). Because the agarose-fl sample was opaque at room temperature, 

the cuvette filled with the agarose-fl sample was heated in a water bath to 80 °C and was quickly 

transferred to the spectrometer. 
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Table 6-3. Determination of the amount of attached fluorescein and the approximate 

conversion of -OH groups to fluorescein groups in the 3 polymers. 

 
Agarose-fl Gellan-fl Methylcellulose-fl 

Polymer mass (g) 0.065 0.027 0.02 

Volume of solvent (L) 0.0024 0.0023 0.0020 

Molecular weight of polymer repeating 

unit 306 187 181 

OH groups per repeating unit 4 2.5 1.3 

Absorbance at 500 nm 0.015 0.064 0.0055 

Concentration of fluorescein in cuvette 

(mol/L)a 5.8E-07 2.5E-06 2.1E-07 

Moles of fluorescein per gram polymer 2.1E-08 2.1E-07 2.1E-08 

Percent conversion of OH groups 0.00016 0.0016 0.00029 

a. The approximate concentration of fluorescein chromophores was estimated from the λmax of 
absorbance and using the extinction coefficient of 3-O-methylfluorescein as a standard. It was 
assumed to be 26000 M–1cm–1 at 470 nm and pH 7.114 

 

6-2-4. Preparation of fluorescein-tagged gellan, agarose, and methylcellulose gels 

 For the visual detection of fluorescent gels after gel treatment, it was critical for the three 

gels to have similar final fluorescein concentrations. A microspectrophotometer was used to 

collect emission spectra of each fluorescent material (Figure 6-7). The fluorescence intensities 

are similar in magnitude, indicating that levels of residue can be compared amongst the gels. 

Small differences in the shapes of each spectrum can be attributed to the presence of different 

relative concentrations of various pH-dependent fluorescein species.115 The pH of all gels was 

measured to be 6.  
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Figure 6-7. Emission spectra of A) 5 wt% agarose-fl, B) 5 wt% gellan-fl, and C) 4 wt% 

methylcellulose-fl gels after casting. The shaded region represents the standard deviation of 

three measurements.  
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In order to determine whether small differences in pH lead to differences in the color or 

intensity of fluorescent residues on paper after treatment, a pH study was performed. Solutions 

were prepared with equal concentrations of gellan-fl at pH values of 5, 6, 7, 8, and 9 (Figure 6-8) 

and the five solutions visually appeared to be similar in color and intensity. Therefore, we do not 

expect small deviations in pH amongst agarose-fl, gellan-fl, and methylcellulose-fl to lead to any 

visible differences in color or intensity when comparing the fluorescence of the residue from 

fluorescein-tagged gels used to treat paper. 

 

Figure 6-8. Photograph of 0.18 wt% gellan-epf solutions at pH values of 5, 6, 7, 8, and 9 

(left to right) illuminated with a 365 nm UV lamp. 

 
 
6-2-5. Imaging different papers after treatment with fluorescently-tagged gels 

 
Figure 6-9. 5 wt% agarose, 5 wt% gellan gum, and 4 wt% methylcellulose (left to right) 

applied to handmade rag paper. These materials have not been tagged with fluorescein. 
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Figure 6-10. Demonstration of relative wettability of paper samples. A drop of water was 

applied to (left to right) filter paper, handmade rag paper, and machine-made, chemically-

purified wood-pulp paper.  

 Photographs of gels from agarose and gellan and a dispersion of methylcellulose are 

displayed in Figure 6-9 to demonstrate the bulk physical properties of the materials. They 

contain no covalently-attached fluorescein, but upon attachment of fluorescein, no discernible 

changes in the physical properties of the materials were noted. Gels prepared from agarose-fl, 

gellan-fl, and methylcellulose-fl were placed on three different types of paper: Whatman filter 

paper No. 3 (unsized, soft, cotton); Barcham Green Hayle (gelatin-sized, lightly textured, 

handmade cotton-linen rag); and Mohawk Superfine® White (calendered, machine-made, 

chemically-purified wood pulp). These papers span a range of surface hydrophobicities, which is 

demonstrated in Figure 6-10 by placing a drop of water on the surface of each paper; the 

resulting contact angles and differences in wettability are apparent.  
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Table 6-4. Summary of residue experiments. 

Experiment Gels tested Papers tested Variables 

Residue 

study 

• 5 wt% agarose 

• 5 wt% gellana 

• 4 wt% 

methylcellulose 

• Filter paper 

• Handmade rag paper 

• Machine-made wood 

pulp paper 

• Japanese tissue barrier 

Clearance 

study 

• 5 wt% gellana 

• 4 wt% 

methylcellulose 

• Filter paper 

• Handmade rag paper 

• Machine-made wood 

pulp paper 

•Additional clearance 

with damp cotton swab 

after gel removal 

Calcium 

acetate 

study 

• 5 wt% gellan • Filter paper 

• Handmade rag paper 

• Machine-made wood 

pulp paper 

• Calcium acetate 

concentration in water 

used to prepare gel: 

0.0g/L, 0.2g/L, and 

1.0g/L 

a. Unless otherwise noted, gellan gum was prepared using a 0.4g/L calcium acetate solution 

 

 Experiments in this study are described in Table 6-4, with specific experiments separated 

into three separate 'studies': a residue study, a clearance study; and a calcium acetate study. The 

residue study imaged the papers before (i.e., no treatment) and after each fluorescein-tagged gel 

was placed, either with or without a Japanese barrier tissue between the gel and the paper, for 40 

min (with a Mylar® cover to prevent evaporation) and removed. The photographs acquired 
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under UV illumination are displayed in Figure 6-11, and those obtained with a microscope with 

an I3 cube are shown in Figure 6-12. Clearly, residue was left behind by all three gels when the 

gels were placed in direct contact (i.e., no barrier tissue used) with the paper. We had 

hypothesized that the rigid gels would leave less residue on paper than the viscous dispersion, 

and yet gellan residue was characterized by a larger fluorescence intensity than agarose or 

methylcellulose. One possibility for the gellan residue appearing brighter is that more gellan 

residue is left behind in comparison to methylcellulose. However, an alternative hypothesis is 

that viscous methylcellulose has penetrated deeper into the paper whereas the rigid gellan, 

incapable of flowing into the paper, is located primarily on the surface so that it appears brighter 

in comparison to methylcellulose.  

 The results also show that the amount of residue is either minimized or eliminated 

through the use of a barrier tissue for agarose and gellan. However, methylcellulose residue is 

present even when a barrier tissue was used. Because the methylcellulose flows (i.e., is not a 

rigid gel), the dispersion was able to penetrate through the barrier tissue, which consists of 

loosely woven fibers. Comparing the intensity of fluorescent residue in images collected under 

UV illumination versus photomicrographs collected with a microscope using visible radiation 

appears to give contradicting results: while the UV images show a greater amount of residue on 

the J.B. rag paper than on the machine-made paper, the photomicrographs indicate the opposite. 

We hypothesize that this deviation is due to a smaller focal depth of the microscope employed. 

Perhaps the photomicrographs best highlight residue deposition on the machine-made paper 

because it has a smoother surface that causes residue to stay within the focal point of the 
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microscope, whereas the J.B. rag paper has a textured surface that causes much of the residue to 

be outside the focal point.  

 Comparing the three papers also leads to some interesting observations: the machine-

made paper appears to be the least susceptible to residue deposition. The filter paper is unsized 

(i.e., no chalk filler was added during manufacturing) and the cellulose fibers readily adhere to 

polysaccharide moieties. The machine-made paper, with its chalk-filled surface and low degree 

of wettability, have less of an affinity for the gel residues.  

 
 

 
Figure 6-11. Images of papers under UV illumination after application and removal of 

materials prepared from agarose-fl, gellan-fl, or methylcellulose-fl. Each material was placed 

in direct contact with the paper (i.e., “no barrier”) or with a Japanese tissue barrier (i.e., 

“barrier”). Fluorescein-tagged polymer residue appears green in color. The blue tidelines in 

Whatman filter paper are due to a component present in it. 
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Figure 6-12. Fluorescence photomicrographs of papers after application and removal of 

materials prepared from agarose-fl, gellan-fl, or methylcellulose-fl. Each material was placed 

in direct contact with the paper (i.e., “no barrier”) or with a Japanese tissue barrier (i.e., 

“barrier”).  

 Conservators using gel treatments often perform a 'clearance' step: after removing the gel 

from the paper substrate, a moistened swab is rolled across the surface to reduce the amount of 

residue left on a surface. In order to discern whether this 'clearance' step is capable of reducing 

residue, a 'clearance study' was performed. The three papers were imaged with and without a 

clearance step for gellan-fl and methylcellulose-fl materials. The UV-illuminated photographs 

(Figure 6-13) and photomicrographs (Figure 6-14) show a small decrease in the fluorescence 

intensity of gellan-fl residues, indicating that a swab clearance step may remove some of the 

residue. However, it is possible that the residues are being pushed deeper into the paper, where 

they aren't detectable with this technique. The UV-illuminated photographs (Figure 6-13) of 

methylcellulose-fl residues are more difficult to compare; any decrease in the amount of residue 

must be extremely small. The photomicrographs (Figure 6-14) of methylcellulose-fl clearly show 
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no differences in fluorescence intensity with and without the clearance procedure, suggesting 

that no appreciable amount of methylcellulose residue is removed by rolling a water-moistened 

swab over the surface of the paper.   

 

 
Figure 6-13. Images of papers under UV illumination after application and removal of gels 

prepared from gellan-fl or dispersions from methylcellulose-fl, with and without an 

additional clearance step (i.e., “water rinse) using a water-moistened cotton swab.  
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Figure 6-14. Fluorescence photomicrographs of papers under UV illumination after 

application and removal of gels prepared from gellan-fl or dispersions from 

methylcellulose-fl, with and without an additional clearance step (i.e., “water rinse” using a 

water-moistened cotton swab).  

 
 The rigid gels of gellan-fl were prepared with 0.4 g/L calcium acetate to mimic a typical 

recipe used by art conservators.116 Calcium acetate is often added to increase the rigidity of the 

material because divalent calcium can form crosslink sites between polymer chains. In order to 

investigate whether increasing the calcium concentration affects the amount of residue left after 

treatment, a 'calcium acetate study' was performed (Table 6-4). The resulting photomicrographs 

(Figure 6-15) illustrate that varying the concentration of calcium acetate added to the aqueous 

solvent system does not have an appreciable effect on the amount of residue. Thus, increasing 

the number dynamic divalent crosslinks does not appear to affect the deposition of residue. 
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Figure 6-15. Fluorescence photomicrographs of three papers tested after application and 

removal of gels formed from gellan-fl prepared with calcium acetate (CaAc) solutions at 

0.0g/L, 0.2g/L, and 1.0g/L. 

 
 
6-2-6. Conclusions 

 We have shown that rigid gels formed from gellan and agarose do leave residue after 

direct contact with paper substrates. Although these gels have been described as "residue-free," 

they are not. However, the amount of residue can be decreased and potentially eliminated by 

using a barrier tissue between the gel and the paper. Gellan-fl did appear to leave more residue 

behind than agarose-fl, and we hypothesize that this is due to physical property differences 

between these materials: gellan rigid gels are more brittle than agarose ones. Using a moistened 

swab in a 'clearance' step did reduce the fluorescence visible in gellan-fl-treated samples, but not 

methylcellulose-fl-treated ones. It is possible that this clearance step does not remove residue, 
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but only moves it deeper into the paper. Since these polysaccharides are not soluble in water at 

room temperature, clearing with a water-moistened swab does not appear to reduce residue levels 

to values sought by conservators. In fact, potential damage to the paper surface caused by 

physical manipulation from swabbing may negate the benefits of a clearance step in certain 

treatments. Surprisingly, increasing the concentration of calcium ions present in these rigid gels 

did not decrease the amount of residue deposited by gellan-fl rigid gels.  
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7. ART CONSERVATION APPLICATIONS 

 
 

7-1. Methods and materials 

 Water was ultrapure (filtered through an EMD Millipore Direct-Q ultra-pure water 

system). The organic solvents used to prepare organogels include 2-ethoxyethanol (Sigma-

Aldrich, 99%) and 95:5 ethanol:water (ethanol, Warner Graham Co., 190 proof). 40PVAc 

(Kuraray Co., Ltd; poly(vinyl acetate); 40% hydrolyzed, molecular weight unknown) and 

80PVAc (Kuraray Co. Ltd; poly(vinyl acetate); 80% hydrolyzed, molecular weight 47,300 

g/mol) were rinsed with ice-cold DI water, filtered, and vacuum dried (~125 mm Hg) at room 

temperature. Triethylene glycol (E3) (Alfa Aesar, 99%), triethylene glycol monomethyl ether 

(C1E3) (Sigma-Aldrich, >97%), triethylene glycol monobutyl ether (C4E3) (Alfa Aesar, 99%), 

triethylene glycol dimethyl ether (C1,1E3) (Sigma-Aldrich, 99%), nonaethylene glycol 

monododecyl ether (C12E9) (Sigma-Aldrich, purity unspecified) and Brij® S 100 (C18E100) 

(Sigma-Aldrich, Mn ~4,670, purity unspecified) were used as received; CnEm-type surfactants are 

typically mixtures of homologues.94 Borax (sodium tetraborate decahydrate, Fluka, Analytical 

Ultra, >99.5%) and benzene-1,4-diboronic acid (Sigma-Aldrich, ≥95.0%) were used as received. 

'Artificial soil'117 was prepared by combining kaolin (1.0 g, Fisher Scientific Laboratory Grade), 

soluble starch (0.5 g, Mallinckrodt), gelatin (0.5 g, Sigma-Aldrich Type B from bovine skin), 

iron oxide (0.025 g, raw sienna, Conservation Materials, Ltd.), lamp black (0.1 g, Conservation 

Materials, Ltd.), silica (0.088 g, Fisher, special fine granular, 80–120 mesh), cement (0.88 g, 

Sakrete Portland Cement Type I-II), mineral oil (1 mL, Fisher Scientific, light), olive oil (0.5 

mL, Crisco pure olive oil), and hexanes (45 mL, Fisher Scientific, HPLC Grade). Brass sheet 

(C260: 68.5–71.5% Cu, 28.5–31.5% Zn, 0.05% max Fe, and 0.07% max Pb) was purchased from 
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Onlinemetals.com. Acrylic paint (Grumbacher, Academy Acrylic, thalo® green – a 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 painted samples on canvas. Acrylic paint (Golden Artist Colors) 

in either colbalt blue or quinacridone red were used to create paint samples on glass slides. 

 HVPDs of 3 wt% 80PVAc and 0.75 wt% borax, with and without the addition of C12E9 or 

C18E100, were prepared as follows: 80PVAc and the appropriate amount of either C12E9 or 

C18E100 were dissolved in water by stirring at room temperature overnight; after which, an 

aqueous 3 wt% borax solution was added, and the resultant gel was stirred with a spatula for 1 

minute. Gel cleaning was performed 1–2 days after HVPD preparation.  

 Organogels of 6 wt% 40PVAc and 0.2 wt% 1,4-BDBA were prepared by dissolving 

80PVAc and 1,4-BDBA in separate aliquots of solvent by stirring at ~55 °C; after dissolution, 

the two solutions were mixed, and the formed gel was stirred with a spatula for 1 minute. Gel 

cleaning was performed 1–2 days after organogel preparation. 

 Acrylic paint samples were prepared and cleaned in order to compare the effects of gel 

and swab cleaning on a painted surface. One coat of phthalocyanine green acrylic paint (~0.05 

mm thick after drying) was brushed onto a primed canvas support and dried for 5 weeks under 

ambient conditions. 'Artificial soil', prepared according to Ormsby et al.,117 was suspended in 

hexanes and applied to the paint layer with a foam applicator, leaving ~0.8 mg/cm2 after 

evaporation of hexanes. After drying under ambient conditions for 4 weeks, the prepared canvas 

sheet was cut into ~4 cm2 squares, and each square was cleaned using a swab or gel cleaning 

(Figure 7-1A). For swab cleaning, a cotton swab was dipped in a solution in a vial, pressed 
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against the side of the vial to release excess liquid, and rolled over the surface of a spot ~1 cm2 in 

diameter for 2 minutes. For gel cleaning, three aliquots of HVPD were placed sequentially on the 

same location (approximately ~1 cm2 in area), left on the paint surface for 3 minutes per aliquot, 

and removed with a spatula. Thereafter, a 'clearance' step (in which a cotton swab, dipped in 

water, was rolled across the surface for 20 seconds to lift any potential residual gel) was 

performed to mimic a conservation treatment. 

 

Figure 7-1. Illustrations of surfaces cleaned with surfactant-loaded HVPDs composed of 3 

wt% 80PVAc and 0.75 wt% borax. A) Artificial soil-coated acrylic paint on canvas. B) 

Artificial soil-coated brass coupons, with gels and brass surface after each sequential cleaning 

displayed left to right. 

 Acrylic paint samples were prepared and cleaned in order to compare the efficacy of 

glycol-ether loaded HVPDs. Acrylic paint (in either colbalt blue (pigment is CoAlO4) or 

quinacridone red (pigment is C20H12N2O2)) was applied to a glass slide with a drawdown bar to 

form a 0.05 mm paint layer, which was dried under ambient conditions for at least three weeks. 

Two thin layers of artificial soil were applied with a paint brush to the paint layer, allowing 5 



146 
 

min between applications. After drying for one week, the sample surfaces were cleaned. Similar 

cleaning experiments of artificial soil-coated surfaces have been reported for other types of 

hydrogels in the cleaning of degraded varnishes118 and a water-sensitive test mock-up.119 A 

GretagMacbeth SpectraEye colorimeter was used to measure the color of the paint sample before 

soil application (portion of paint with no soil), after soil application, and after each of three 2-

minute applications (placement followed by removal) of HVPD aliquots on the same spot. 

Thereafter, a 'clearance' procedure was performed to mimic the method of a conservator: a swab 

dipped in water was rolled across the surface for 30 s, and the color was measured again. All 

colorimetry values were recorded three times by removing and replacing the colorimeter between 

measurements. Color was measured in CIELAB color space,120 where increasing L denotes 

increasing lightness, +/-a represents red to green, and +/-b represents yellow to blue. The color 

difference (∆E) was calculated as the Euclidean difference between two sets of CIELAB values: 

                 ∆4 =  5�∆6�7 + �∆��7 + �∆8�7      (7-1)   

The cleaning efficiency was a measure of the percent return to the unsoiled color after each 

application of HVPD, where ∆Ec/b is the color difference between the cleaned sample and the 

paint before coating with soil and ∆Eb/a is the color difference before and after coating the paint 

film with soil:  

           Cleaning efficiency �%� =  ∆A�/,+ ∆A!/� 
∆A�/,

x 100       (7-2) 

HVPD samples (after a 2 min cleaning on an artificial soil-coated test sample, followed by 

drying overnight at room temperature under ambient conditions) were imaged with scanning 

electron microscopy paired with energy dispersive x-ray analysis (see instrumental details 

below). 
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 After the acrylic paint-out cleaning experiments, small sections (~3 mm2) were cut from 

the acrylic paint samples and were imaged with a scanning electron microscope (SEM) (Hitachi 

S-3400N) paired with an energy dispersive X-ray (EDX) spectrometer (Oxford Instruments, 

Aztec) and X-ray detector (Oxford Instruments X-Max silicon drift detector, 80 mm2). A Leica 

DMRX microscope with a PL Fluotar P 10x objective, paired with a Canon EOS 5D Mark III 

camera, was used to collect a series of photographs of acrylic paint-outs at various focal depths. 

This batch of photographs was stacked with ImageJ,121 and a 'stack focuser' plugin122 was 

employed to create one image with an extended depth of field.  

 Soil-coated brass coupons were prepared and cleaned to compare the effects of gel and 

swab cleaning on a brass surface. A sheet of brass (~70% Cu, ~30% Zn) was cut into ~1 cm2 

coupons. Two drops of artificial soil were placed on the surface, leaving ~1–2 mg artificial soil 

on the brass surface after evaporation of hexanes. To prepare a reference coupon, the procedure 

was repeated using hexanes alone (with no artificial soil). Four soil-coated brass coupons were 

cleaned by: 1) rubbing a dry swab, 2) rolling a dry swab, 3) rolling an aqueous 0.1 wt% C18E100-

moistened swab, or 4) using an aqueous 0.1 wt% C18E100 HVPD (Figure 7-1B). Swab cleaning 

was performed until the surface appeared clean to the eye. Gel cleaning was performed using 

five sequential applications on the same location. Each aliquot was removed by pressing a paper 

towel to the surface of the HVPD and peeling it away from the coupon. After the cleaning 

experiments, all brass samples were sonicated in DI water for 10 minutes, dried with a stream of 

compressed air, and imaged using an NT-MDT NTEGRA Prima atomic force microscope 

(AFM) in semi-contact mode. 
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 A varnish layer on a painted and gilded reliquary was softened and removed with an 

organogel. A spatula was used to place an aliquot of 6 wt% 40PVAc/0.2 wt% 1,4-BDBA in 2-

ethoxyethanol gel onto the surface of the object. After 10 min, a spatula was used to lift away the 

bulk of the gel, 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. 

 A shellac varnish was softened and removed from the surface of an oil painting with an 

organogel. A spatula was used to place an aliquot of 6 wt% 40PVAc/0.2 wt% 1,4-BDBA in 95:5 

ethanol:H2O gel onto the surface of a painting, Miss Beatrix Lister (1765), by Sir Joshua 

Reynolds. A piece of Mylar® sheet, pressed gently onto the surface of the gel, was used to 

increase contact between gel and varnish and to slow evaporation of solvent. After 5 min, a 

cotton swab and tweezers were used to remove the bulk of the gel. The gel caused the aged 

shellac to swell, 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 lift away the softened 

varnish from the underlying paint surface. A brush was used to clear the surface of pieces of 

varnish. The surface during cleaning was recorded with a Hirox digital microscope (KH-7700), 

and still frames from the video are presented here. 

 A coating was softened and removed from the surface of an oil painting with an 

organogel. A spatula was used to place an aliquot of either 6 wt % 40PVAc/0.2 wt % 1,4-BDBA 

in 95:5 ethanol:H2O or 3 wt % 80PVAc/0.75 wt % 50:50 wt% in ethanol:H2O onto the surface of 

a painting by Maarten de Vos, Portrait of an Old Woman (1556). By pressing the gel gently onto 

the surface with a piece of Mylar® sheet, contact between gel and varnish was increased and 
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evaporation of solvent was slowed. The bulk of the gel was removed carefully from the surface 

with a spatula. The spot where the gel had been placed was treated by rolling an ethanol-

moistened swab over the surface, leading to dissolution and removal of some of the yellowed 

coating without affecting the original paint. The cleaning procedure was photographed under a 

Leica MZ12.5 microscope with a Canon EOS 5D Mark III camera.  

 For py-GC/MS analysis, samples from Miss Beatrix Lister (1765), by Sir Joshua 

Reynolds, were treated with 2 μL tetramethylammonium hydroxide (25% in methanol) and 

introduced into a helium-purged furnace of a Frontier Labs PY-3030D pyrolyzer heated to 600 

°C. The pyrolysates were swept for 6 s into a Shimadzu GCMS-QP2010 SE with a Shimadzu 

SH-Rxi-5Sil MS column (L 30m x ID 0.25um x DF 0.25um). The split/splitless injector was set 

to 320 °C with a 50:1 split. He flow of 1.2 mL/min was controlled by linear velocity. The 

column temperature was initially set at 40 °C and held 5 min, after which it was heated to 300 °C 

at a rate of 20 °C/min and held there for 5 min. Operating conditions for the quadrupole mass 

spectrometer were: solvent cut time of 1.5 min, interface temperature of 300°C, ion source at 

200°C; ionization at 70 V; scan range of 45-600 amu; 3 scans per second; data analysis using 

Shimadzu GCMSsolution v.4.41 software and the NIST 2014 spectral libraries.123  
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7-2. Comparisons of gel versus swab cleaning 

 Swab and gel cleaning methods, with and without the addition of one of two 

poly(ethylene glycol)-based surfactants—nonaethylene glycol monododecyl ether (C12E9) or 

Brij® S100 (C18E100)—were compared in terms of both cleaning efficacy and physical damage to 

two types of surfaces: an artificial soil-coated acrylic paint layer and a brass sheet. In this 

chapter, 'gel cleaning' refers to the method that is performed with an HVPD material composed 

of xPVAc and borax. 'Gel cleaning' is used as a term to differentiate the method from swab 

cleaning performed with flowing solvents, but it should be noted that the HVPDs do flow on 

long timescales and are not true gels rheologically (see chapter 4). The chemical structures of the 

surfactants incorporated into the HVPDs are illustrated in Table 7-1. The HVPDs used in this 

study were composed of aqueous 80PVAc and borax, with and without the addition of a 

surfactant, the presence of which was expected to enhance cleaning efficacy through micellar 

interactions with artificial soil-coated surfaces.  

 
Table 7-1. Chemical structures of poly(ethylene glycol)-based surfactants incorporated into 

aqueous HVPDs.

 

Acronym n -R1 -R2 

C12E9 9 -H -(CH2)11CH3 

C18E100 100 -H -(CH2)17CH3 
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Different locations on the same acrylic paint samples before and after coating with soil 

(in Figure 7-2A and Figure 7-2B, respectively) were imaged with SEM and optical microscopy. 

Four evenly-spaced squares that contain a higher soil content are visible in the backscattered 

electron (BSE) image of the soil-coated paint, and these squares were identified by optical 

microscopy as the interstices formed between overlapping canvas fibers. The soil probably 

collected in these interstices during its application. A majority of the soil was removed from the 

interstices through both swab and gel cleaning methods with all solvent mixtures (Figure 7-2C–

J). There were no systematic differences between gel and swab cleaning, and no trends 

associated with using different surfactants. In fact, the presence of surfactant appears to provide 

no enhancement over using neat water in the removal of artificial soil from the paint surface; 

nevertheless, these surfactant-loaded gels may still enhance cleaning for more difficult-to-

remove, lipophilic soil.  
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Figure 7-2. Backscattered electron (BSE) images (left) and optical micrographs (right) of 

different sites on the same acrylic paint samples. A) Before and B) after coating with artificial 

soil; after cleaning with: C) a water swab, D) a water HVPD, E) an aqueous 0.1 wt% C12E9-

moistened swab, F) an aqueous 0.1 wt% C12E9 HVPD, G) an aqueous 1 wt% C12E9-moistened 

swab, H) an aqueous 1 wt% C12E9 HVPD, I) an aqueous 0.1 wt% C18E100-moistened swab, and J) 

an aqueous 0.1 wt% C18E100 HVPD. HVPDs were composed of 3 wt% 80PVAc and 0.75 wt% 

borax in aqueous solvent systems. 
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 SEM and element mapping (Figure 7-3) of the samples in Figure 7-2 were employed to 

look for changes to the surfaces caused by cleaning. Areas with lower soil content were imaged 

so that the surface would be visible. The signal from chlorine, a component of the 

phthalocyanine green acrylic paint, was attenuated when the surface was coated with artificial 

soil; however, the chlorine signal returned upon cleaning, indicating the soil was removed. The 

signals from silicon and calcium, present in the sample before application of artificial soil (in the 

ground, the paint, or both), increased in intensity after application of soil due to their presence in 

the silica, kaolin, and cement components. A comparison of the element maps before soil 

application and after all cleaning methods indicated no significant changes in content and 

distribution of the paint; however, small holes (~3–6 μm) appeared in the paint layer after all 

cleaning experiments. The holes were larger and more numerous in the paint cleaned using a 

moistened swab treatment than in the paint cleaned using gels followed by a swab 'clearance' 

step. It is well known that acrylic paint swells when in contact with solvents124,125 and gels.79 We 

initially conjectured that the holes arose from the extraction of soil embedded in a swollen paint 

layer; therefore, to test this hypothesis, acrylic paint surfaces that had not been coated with 

artificial soil were imaged after treatment with either a water-moistened swab (Figure 7-4A) or a 

water-based HVPD (Figure 7-4B). Pinholes were clearly present in the acrylic paint surface 

treated with a water-moistened swab, which indicated that the soil played no role in the 

formation of pinholes: rather the swab cleaning procedure was leading to physical changes to the 

paint surface. The formation of pinholes was avoided by using a HVPD, but only when the 

clearance step (i.e., rolling a water-moistened swab over the surface after the gel is removed) was 

not performed. 
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Figure 7-3. BSE images of acrylic paint surfaces and element maps of the same areas of 

chlorine (red), silicon (yellow), and calcium (green). A) Before applying soil and B) after 

applying soil, and after various cleaning methods: C) a water swab, D) a water HVPD, E) an 

aqueous 0.1 wt% C12E9-moistened swab, F) an aqueous 0.1 wt% C12E9 HVPD, G) an aqueous 1 

wt% C12E9-moistened swab, H) an aqueous 1 wt% C12E9 HVPD, I) an aqueous 0.1 wt% C18E100-

moistened swab, and J) an aqueous 0.1 wt% C18E100 HVPD. HVPDs were composed of 3 wt% 

80PVAc and 0.75 wt% borax in aqueous solvent systems. 

 
Figure 7-4. BSE images of acrylic paint surfaces that had no artificial soil applied to 

surface before cleaning, which was performed with: A) a water swab or B) a water-based 

HVPD with no swabbing after HVPD treatment. 

 AFM was employed to image potential microscopic damage to brass coupons caused by 

the swab and gel cleaning methods. Swab cleaning was performed along one diagonal direction 

so that scratches would be apparent. The soil-coated brass could not be imaged because the soil 

did not adhere strongly enough to the surface. However, comparisons could be made between a 

sample with no soil (Figure 7-5A) and one after soil-coating and cleaning (Figure 7-5B–E). In 
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the left column of Figure 7-5, the AFM images are displayed with the light to dark height scale 

over the entire height range collected; in the right column, the images are shown with the color 

gradient focused near the surface in order to emphasize small height changes near the brass 

surface and better visualize shallow scratches. The laser used in AFM experiments caused a 

horizontal and vertical constructive/destructive interference pattern due to the reflective surface 

of the brass, but no scratches were visible on the untreated surface (Figure 7-5A). The brass 

coupon cleaned by rubbing with a dry swab (Figure 7-5B) exhibited diagonal scratches (green 

arrows), indicating that the surface was scratched by the soil particles. The number of scratches 

was reduced by rolling, instead of rubbing, a swab (Figure 7-5C). The directionality of the 

scratches was not as consistent as those from rubbing because the swab likely pushed particles in 

unintended directions. After gel cleaning (Figure 7-5E), the presence of a large number of bright 

spots, representing soil on the surface, suggested that gel cleaning was not as efficient as 

moistened-swab cleaning (Figure 7-5D); however, gel cleaning was the only method that left no 

visible scratches on the surface. Five aliquots of gel were used on the brass coupons, and more 

aliquots likely would have increased cleaning effectiveness. 
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Figure 7-5. Atomic force microscopy (AFM) images (same images shown horizontally, but 

with different color outputs) of brass coupons with A) no soil deposited; and after soil-

coating and cleaning with: B) dry swab rubbing, C) dry swab rolling, D) an aqueous 0.1 

wt% C18E100-moistened swab rolling, and E) an aqueous 0.1 wt% C18E100 HVPD. Green 

arrows point to some scratches; topography of the blue lines is shown at right. HVPDs was 

composed of 3 wt% 80PVAc and 0.75 wt% borax in aqueous solvent systems. 

 
 
7-3. Cleaning painted surfaces with glycol-ether loaded HVPDs 

 The effects of adding five short-chain glycol ethers, E3, C1E3, C4E3, C1,1E3, and C12E9, to 

the solvent portion of an HVPD on the cleaning efficacy of aqueous HVPDs were studied. We 

hypothesized that addition of an SCGE into an aqueous HVPD would enhance the cleaning 

action by increasing the possibility of solubilizing lower polarity contaminants into aggregated 

and/or micellar SCGEs. 

 Cleaning tests were performed on paint-outs composed of glass slides coated with a layer 

of dried acrylic paint to which two layers of artificial soil had been applied (Figure 7-6). Many 

contemporary acrylic paintings are not varnished, and so these experiments examined the 

efficacy of removing an artificial soil mixture117 from an unvarnished acrylic paint layer. The 

estimated cleaning efficiency after each subsequent 2-minute application of HVPD (black, red, 

and blue bars) and after an additional water-moistened swab cleaning (magenta bars) to represent 

a 'clearance' step (i.e., removing any potential gel residue with a water-moistened swab) is 

illustrated in Figure 7-7. While the surface was not returned to a pristine state, the HVPDs 

effectively removed soil from the surface. HVPDs without an SCGE and with concentrations 
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below a cac were similar in cleaning efficiency. (Determination of cac was reported in Section 

4.4 as 7.4 wt%, 8.5 wt%, 8.4 wt%, and 10.5 wt% for E3, C1E3, C4E3, and C1,1E3, respectively.) 

However, HVPDs with either C4E3 or C12E9 at concentrations above their cac or cmc, 

respectively, showed increased cleaning efficacy, while addition of E3, C1E3, and C1,1E3 above 

their cac values did not. Possible reasons for the enhancement in cleaning upon incorporation of 

C4E3 include: (1) the hydrophobicity of the butyl group, which can facilitate removal of lower 

polarity soil components; (2) the formation of aggregates with a hydrophobic portion capable of 

increased solubilization of hydrophobic soil components; and (3) a synergistic interaction 

between 80PVAc and C4E3 at the soil/HVPD interface. The importance of the hydrophobic 

portion was further highlighted by cleaning with an HVPD containing 0.1 wt% C12E9 (a 

concentration ten times higher than the reported cmc92), which performed as well as the 20 wt% 

C4E3 HVPD. The cleaning enhancement upon incorporating C12E9 probably was due to micellar 

cleaning.  

  The surprising decreases in the cleaning efficacy of the HVPDs with 20 wt% E3, C1E3, 

and C1,1E3 may have been a consequence of either decreased wettability, increased viscosities of 

the solvent systems (which could decrease diffusion of soil components into the HVPD), or from 

a change in interfacial interactions between the layer of soil and the 80PVAc, glycol ether, or 

water.  
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Figure 7-6. Photographs illustrating the cleaning procedure. A) Test samples before (left) 

and after (right) application of artificial soil; B) test sample with an aliquot of HVPD resting on 

the surface; C) rolling a water-moistened swab over the surface after 3 applications and removals 

of HVPD aliquots; D) test samples after completion of the cleaning process; note that only 

selected spots on the surfaces were cleaned. HVPDs were composed of 3 wt% 80PVAc and 0.75 

wt% borax in aqueous solvent systems. 

 



161 
 

 

Figure 7-7. Cleaning efficiency for HVPDs with a solvent system consisting of 0, 5, or 20 

wt% SCGE (E3, C1E3, C4E3, or C1,1E3) or 0.1 wt% C12E9 in H2O. For each spot cleaned, three 

subsequent aliquots were placed on the surface for 2 min each, totaling 2, 4, and 6 min for the 

1st, 2nd, and 3rd aliquot application (black, red, blue, respectively). 'Swabbed' bar (magenta) 

indicates the percent clean after an additional 30 s swab cleaning with water. Each bar is the 

average 'percent clean' of two experiments. HVPDs were composed of 3 wt% 80PVAc and 0.75 

wt% borax in aqueous solvent systems. 
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The surfaces of the HVPDs used for cleaning were imaged with SEM (left-most column 

of images in Figure 7-8) after removing from the soil-coated paint layer. BSE images of three 

HVPD samples (with solvent systems composed of either H2O, 20 wt% C4E3 in water, or 0.1 

wt% C12E9 in water) after a 2 min contact times were collected. Note that the 20 wt% C4E3 

HVPD had a very different surface appearance from the other two samples: the soil appeared to 

sit on the surface rather than be imbibed into the bulk of the HVPD, as appeared to be the case 

for the soil imaged on the H2O and C12E9 HVPDs. This observation suggests that the 

incorporation of a large amount of glycol ether may significantly change the cleaning process by 

altering the wettability of the HVPD. 

 A cleaning system should never remove components integral to the paint layer. In that 

regard, the element maps (Figure 7-8) illustrate that the HVPDs selectively removed components 

of the artificial soil from an unvarnished acrylic paint surface while not removing pigment from 

the paint, which would have been identified by an increase in intensity of the cobalt map. 
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Figure 7-8. Scanning electron microscopy (SEM) images and elemental maps of 3 wt% 

80PVAc and 0.75 wt% borax HVPD samples after 2-min cleaning periods. HVPD solvent 

portions consist of 100% water (top), 20 wt% C4E3 in H2O (middle), or 0.1 wt% C12E9 in H2O 

(bottom). Left to right: BSE image, cobalt map, aluminum map, silicon map, calcium map, and 

iron map. SEM paired with energy dispersive x-ray analysis (SEM/EDX) mapping was 

performed in order to monitor uptake of inorganic components of artificial soil and to detect the 

presence or lack of cobalt, an element that is only present in the cobalt blue paint. There is no 

detectable cobalt (above signal to noise) present in the displayed section or the other areas 

examined. The SEM/EDX maps, paired with the cleaning efficacy study, also show that several 

soil components were removed during the cleaning process: kaolin (Al and Si), silica (Si, no Al), 

cement (Ca), iron oxide (Fe, no Ca) are visible in the SEM/EDS maps and the removal of the 

mixture of these components, along with those not detectable by SEM/EDS (e.g., lamp black), 

give rise to the color changes tracked with colorimetry during the cleaning experiments. 
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7-4. Varnish removal using organogels from partially hydrolyzed poly(vinyl acetate) and 

benezene-1,4-diboronic acid 

 By combining solutions of 40PVAc and 1,4-BDBA, organogels were formed that have 

physical properties that are beneficial for cleaning works of art: they are clear, peelable, and 

stable under atmospheric conditions. In this section, 40PVAc/1,4-BDBA materials are used to 

remove surface layers selectively from objects without disturbing, either chemically or 

physically, the layers below. For two of the case studies, the gels were able to selectively remove 

layers that solvent-moistened swabs were unable to remove: a 2-ethoxyethanol organogel was 

used to remove oxidized varnish from a 16th century reliquary decorated with painted gold leaf, 

and a 95:5 ethanol:water gel was used to remove a coating from an 18th century oil painting. 

Gold and silver leaf-covered objects consist of very thin (μm range), delicate sheets of 

metal foil applied onto surfaces with adhesives. The foil is sometimes coated with varnish, which 

can oxidize, darken, and lose transparency with time. Previously, organo-aqueous HVPDs were 

employed to soften and remove varnish when the object was amenable to contact with water.112 

By using an organogel with no added water, we extend the range of surfaces that may be treated 

to ones with water-sensitive components that lie below the surface coating. Specifically, a 6 wt% 

40PVAc/0.2 wt% 1,4-BDBA in 2-ethoxyethanol organogel was used to remove aged varnish 

from a 16th century Italian, gold leaf-gilded reliquary (Figure 7-9). The reliquary bust was water-

gilded (i.e., a water-soluble animal hide glue was used to adhere the gold leaf) over gesso 

(calcium sulfate dihydrate) and red Armenian bole (hydrous aluminum silicate). Over the gold 

layer, the artist applied a red paint layer which was scratched off (in a technique termed 
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sgraffito) in a linear pattern to reveal the gold. The decorated surface was coated with varnish 

that had oxidized and darkened over time. Damage to the piece had exposed many of these 

layers, but the area selected for cleaning appeared to consist of only exposed varnish, red paint, 

and gold leaf. When no gel pretreatment was performed, an ethanol-moistened swab was unable 

to remove any of the varnish. After placing an aliquot of a 2-ethoxyethanol organogel on the 

surface for 10 min, the varnish had been softened sufficiently to allow removal of some of it by 

rolling an ethanol-moistened swab over the surface. The removal of the varnish made the red 

paint- and gold-decorated linear sgraffito pattern visible once again (Figure 7-9F), and there was 

no evidence of pigment or gold being removed by the gel or the swab (Figure 7-9E). 
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Figure 7-9. A 16th century Italian reliquary coated with gold leaf, paint, and oxidized 

varnish. The A) front and B) reverse of the object before cleaning. Details of the steps in the 

treatment procedure using a 6 wt% 40PVAc/0.2 wt% 1,4-BDBA in 2-ethoxyethanol organogel: 

C) before cleaning, D) organogel placed on surface 10 min, E) ethanol-moistened swab rolled 

across surface, and F) after treatment. The blue ovals show the area before and after treatment. 
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 These 40PVAc/1,4-BDBA gels are also useful for cleaning applications that require a 

high proportion of organic solvent for solubilization. A shellac-based varnish layer on the edge 

of a portrait by Sir Joshua Reynolds (Figure 7-10) was unable to be removed with free solvent. 

However, the coating was successfully and safely removed using a gel to soften the varnish. At 

some point after its creation, the portrait was lined and its original tacking margins (i.e., the 

portions of canvas that wraps around the stretcher) were flattened and incorporated onto the front 

of the painting, resulting in an increase in dimension approximately 4-5 cm on each side, which 

was over-painted with a mixture of shellac, drying oils, and pigment (identified using py–

GC/MS; Figure 7-11) to match the original background of the portrait. Thus, a 6 wt% 

40PVAc/0.3 wt% 1,4-BDBA in 95:5 ethanol:water gel, covered with a Mylar® sheet, was placed 

on this layer for 5 min. During this time, the varnish began to soften and swell (Figure 7-10E-G). 

After pushing the gel together with a cotton swab (Figure 7-10H) and carefully using tweezers to 

remove the bulk of gel (Figure 7-10I), an ethanol-moistened swab was rolled over the surface. 

Swab cleaning removed only a small portion of the layer (Figure 7-10J); however, the softened 

varnish layer was lifted from the underlying paint surface effectively with a bamboo skewer 

(Figure 7-10K) and a brush to clear the pieces away (Figure 7-10L) to reveal the paint layer 

below (Figure 7-10M). The py–GC/MS analyses of the varnish before (Figure 7-11A-B) and 

after (Figure 7-11C-D) cleaning and of the gel after cleaning (Figure 7-11F) indicate that the 

shellac present in the coating was removed during cleaning; however, shellac was not extracted 

into the gel, but rather probably was removed during the moistened-swab treatment. 
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Figure 7-10. A) Sir Joshua Reynolds, Miss Beatrix Lister, 1765, National Gallery of Art, 

Washington, D.C. White arrow shows approximate location to be cleaned using a 6 wt% 

40PVAc/0.3 wt% BDBA in 95:5 ethanol:water gel. Still shots 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 E) 3 

min, F) 4 min, and G) 4.5 min of gel contact time. H) The gel was rolled off the surface with a 

swab. I) Before and J) after rolling an ethanol-moistened swab across the surface. K) At this 

point, the shellac had softened sufficiently to scrape it away with a wooden stick. L) The surface 

below, and M) after coating with mineral spirits to mimic how the surface is expected to look 

after application of fresh varnish. 
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Figure 7-11. Pyrolysis-gas chromatography/mass spectrometry (py–GC/MS) 

chromatogram of sample taken from the surface of Miss Beatrix Lister (1765) by Sir Joshua 

Reynolds. A) Chromatogram of sample taken from the surface without any treatment. B) The 

table displays the retention times and best matches to reference spectra for each numbered peak. 
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Peak Time (min) Compound Name

1 5.87 Cyclotrisiloxane, hexamethyl- 

2 8.66 Cyclotetrasiloxane, octamethyl- 

3 13.19 Nonanedioic acid, dimethyl ester 

4 14.25 Methyl tetradecanoate 

5 14.97 2-Methoxydecanoic acid

6 15.325 Hexadecanoic acid, methyl ester 

28 20.6 Methyl triacontyl ether

29 22.315 Methyl triacontyl ether

* 
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Figure 7-12. Py–GC/MS chromatogram of sample taken from the surface of Miss Beatrix 

Lister (1765) by Sir Joshua Reynolds. A) Chromatogram from Figure 7-11, but expanded in the 

15.5-18 min region. B) The table displays the retention times and best matches to reference 

spectra for each numbered peak. 
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Peak Time (min) Compound Name

7 15.975 2-Methoxydecanoic acid

8 16.26 2-Methyl-2-[(1-E,3Z-E,5E)-4-methyl-6-(2,6,6-trimethyl-1-cyclohexenyl)-1,3,5-hexatrienyl]-1,3-dioxolane 

9 16.305 Methyl stearate 

10 16.355 Ethanol, 2-(9,12-octadecadienyloxy)-, (Z,Z)- 

11 16.415 Octadecanoic acid, 9,10,12-trimethoxy-, methyl ester 

12 16.535 Cyclopentane-1-carboxylic acid, 4-methylene-5,5-dimethyl-2-[2-(methoxycarbonyl)ethenyl]-, methyl ester, (E)- 

13 16.57 5,5,12-Trimethyl-10-oxatricyclo[6.3.2.0(1,6)]tridec-6-en-8-ylmethylacetate

14 16.625 1H-Cyclopropa[a]naphthalene, 1a,2,6,7,7a,7b-hexahydro-1,1,7,7a-tetramethyl-, [1aR-(1a.alpha.,7.alpha.,7a.alpha.,7b.alpha.)]- 

15 16.84 Estr-5(10)-en-17.beta.-ol, 3.alpha.-fluoro-, acetate 

16 16.895 9,12-Octadecadienal, dimethyl acetal 

17 16.965 2-Cyclohexene-1-carboxylic acid, 2-(7-hydroxy-3-methyl-1,3-octadienyl)-1,3-dimethyl-4-oxo-, methyl ester, [R-[R*,S*-(E,E)]]- 

18 17.01 Methyl (13S)-(E)-13-trimethylsilyloxy-9,10-dimethoxy-11-octadecenoate 

19 17.13 10,12,14-Nonacosatriynoic acid 

20 17.165 T-2 Mycotoxin, TMS derivative 

21 17.2 Tetradecanoic acid, 12-methyl-, methyl ester 

22 17.235 Heptadecanedioic acid, 9-oxo-, dimethyl ester 

23 17.27 Methyl (13S)-(E)-13-trimethylsilyloxy-9,10-dimethoxy-11-octadecenoate 

24 17.335 Cholestan-3,22,26-triol 16-[2-[formylthio]ethyl]- 

25 17.395 Methyl (13S)-(E)-13-trimethylsilyloxy-9,10-dimethoxy-11-octadecenoate 

26 17.52 4-Oxo-.beta.-isodamascol 

27 17.79 Methyl (13S)-(E)-13-trimethylsilyloxy-9,10-dimethoxy-11-octadecenoate 

* 
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Figure 7-13. Py–GC/MS chromatogram of sample taken from the gel-treated surface of 

Miss Beatrix Lister (1765) by Sir Joshua Reynolds. A) Chromatogram of sample taken from 
the surface near that analyzed in Figure 7-11, but after treatment with 6 wt % 40PVAc/0.2 wt % 
1,4-BDBA in 95:5 ethanol:water gel and subsequent moistened-swab cleaning. B) The table 
displays the retention times and best matches to reference spectra for each numbered peak. 

Chromatogram 1995.3.1-Varnish-AfterGel C:\GCMSsolution\Data\Pyrolysis\1995.3.1-Varnish-AfterGel.QGD
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1 10.125 Octanoic acid, methyl ester 

2 10.955 Nonanoic acid, methyl ester 

3 11.845 Heptanedioic acid, dimethyl ester 

4 12.485 Nonanoic acid, 9-oxo-, methyl ester 

5 12.54 Octanedioic acid, dimethyl ester 

6 13.19 Nonanedioic acid, dimethyl ester 

7 13.8 Decanedioic acid, dimethyl ester 

8 14.25 Methyl tetradecanoate 

9 14.97 2-Methoxydecanoic acid

10 15.19 Octadecanoic acid, 6-hydroxy-, methyl ester 

11 15.33 Hexadecanoic acid, methyl ester 

35 18.75 Heneicosane 

36 18.89 Tetracosanoic acid, methyl ester 

37 19.205 Docosyl trifluoroacetate 

38 19.76 Tetratetracontane 

39 20.365 Octacosyl pentafluoropropionate 

40 20.605 Methyl octacosyl ether

41 20.715 Octacosanal 

42 21.975 Hexacosyl heptafluorobutyrate 

43 22.115 Octacosyl acetate 

44 22.315 Dotriacontyl methyl ether

45 22.5 Triacontanal

* 



172 
 

A 

 
Minutes   

B 

          
Figure 7-14. Py–GC/MS chromatogram of sample taken from the gel-treated surface of 

Miss Beatrix Lister (1765) by Sir Joshua Reynolds. A) Chromatogram from Figure 7-13, but 
expanded in the 15.5-18 min region. B) The table displays the retention times and best matches 
to reference spectra for each numbered peak  
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12 15.98 Lanosterol 

13 16.175 Oxiraneoctanoic acid, 3-octyl-, methyl ester 

14 16.205 Methyl 10-oxohexadecanoate

15 16.265 Urs-12-en-28-oic acid, 3-hydroxy-, methyl ester, (3.beta.)- 

16 16.31 Methyl stearate 

17 16.355 Methyl 3-cis,9-cis,12-cis-octadecatrienoate

18 16.42 Octadecanoic acid, 9,10,12-trimethoxy-, methyl ester 

19 16.45 Fumaric acid, di(2-propylphenyl) ester

20 16.54 4,4-Dimethyl-cyclohex-2-en-1-ol 

21 16.575 5,5,12-Trimethyl-10-oxatricyclo[6.3.2.0(1,6)]tridec-6-en-8-ylmethylacetate

22 16.625 Neoisolongifolene, 8,9-dehydro-

23 16.845 5.alpha.-Card-20(22)-enolide, 3.beta.,14,15.beta.-trihydroxy-19-oxo-, 3,15-diacetate 

24 16.895 Docosahexaenoic acid, 1,2,3-propanetriyl ester 

25 16.975 Ethanone, 1-(1-cyclohexen-1-yl)- 

26 17.015 Decanal dimethyl acetal 

27 17.12 Naphthalene, 1,2,3,4-tetrahydro-2,6-dimethyl-7-octyl- 

28 17.2 Oxiraneoctanoic acid, 3-octyl-, methyl ester, cis- 

29 17.235 Cyclododecanone

30 17.395 Methyl (13S)-(E)-13-trimethylsilyloxy-9,10-dimethoxy-11-octadecenoate 

31 17.52 4-Oxo-.beta.-isodamascol 

32 17.77 (5R,10R)-10-Methyl-6-methylene-2-(propan-2-ylidene)spiro[4.5]dec-7-ene 

33 17.96 10,12-docosadiynedioic acid, monomethyl ester 

34 18.03 Docosanoic acid, methyl ester 

* 
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Figure 7-15. Py–GC/MS mass spectra of samples taken from Miss Beatrix Lister (1765) by 

Sir Joshua Reynolds. Mass spectra of A) peak #15 from Figures 7-11 and 7-12 (*), B) peak #23 

from Figures 7-13 and 7-14 (*), and C) reference spectrum of shellolic acid tetramethyl ester 

from MaSC database.126  

  

Spectrum of peak *                        

Reference spectrum of shellolic acid tetramethyl ester 

Spectrum of peak *                        
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Figure 7-16. Py–GC/MS chromatogram of gel used to treat surface of Miss Beatrix Lister 

(1765) by Sir Joshua Reynolds. A) Chromatogram of gel after cleaning procedure shows no 

evidence of presence of shellac which would have a retention time of 16.845 min. B) The table 

displays the retention times and best matches to reference spectra for each numbered peak. 
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1 2.055 2-Propenoic acid, methyl ester 

2 2.23 Acetic acid 

3 2.36 2-Butenal, (E)- 

4 2.47 Benzene 

5 7.365 Styrene 

6 7.705 2,4-Hexadienal, (E,E)- 

7 8.43 Benzaldehyde 

8 9.405 Indene 

9 9.645 Benzaldehyde, 2-methyl- 

10 10.58 1,4-Dihydronaphthalene 

11 10.77 Naphthalene 

12 13.19 Nonanedioic acid, dimethyl ester 

13 15.33 Hexadecanoic acid, methyl ester 

14 16.305 Methyl stearate 

15 18.715 Octacosanal 
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 In a third example, it was found that organo-aqueous xPVAc/borax materials16,83,112,127 

were more effective at removing an oil-based layer than the ‘dry’ xPVAc/1,4-BDBA ones. 

During treatment, a conservator found that a non-original drying oil layer on Portrait of an Old 

Woman by Maarten de Vos (1556) (Figure 7-12) could not be removed with free solvents. Gels 

were able to soften this layer so that it could be removed with a moistened swab; moreover, a 

50:50 wt% mixture of ethanol:H2O (using 80PVAc/borax) was more effective than a 95:5 wt% 

mixture of ethanol:H2O (using 40PVAc/1,4-BDBA).  

 

 
Figure 7-17. Portrait of an Old Woman by Maarten de Vos (c. 1556 CE), National Gallery of 

Art, Washington, D.C. A) Before cleaning, with approximate location of cleaning highlighted 
with a white arrow. B) An area of ~100 mm2 before cleaning. C) Cleaning with a gel-like 
material composed of 3 wt % 80PVAc/0.75 wt % borax in 50:50 ethanol:water and with a 
Mylar® cover. D) After swabbing area in C with an ethanol-moistened swab. E) After cleaning.  
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7-5. Conclusions 

 Several different types of crosslinked xPVAc formulations have been tested on a range of 

surfaces. Depending on the solution required for a cleaning treatment, either borax or 1,4-BDBA 

was used to crosslink xPVAc, which resulted in materials that were clear, peelable, and stable at 

room temperature (in capped vials to prevent evaporation). The physical changes to acrylic paint 

and brass surfaces were evaluated before and after treatment with aqueous 80PVAc/borax 

HVPDs or moistened swabs. 'Gel' cleaning of artificial soil-coated acrylic paint caused no 

apparent physical changes to the surface, whereas swab cleaning led to the formation of pinholes. 

However, because the paint was relatively fresh, this study may not have been a good model for 

aged paints. In the cleaning of brass coupons, rolling and rubbing swab methods created 

scratches on the metal surface; none were detected upon treatment with a peelable gel. Although 

the use of aqueous gels does not eliminate the risks associated with cleaning an acrylic paint 

surface (i.e., damage caused by swelling, extraction of components in the paint, and gloss 

changes),128 the effects of mechanical action can be avoided by the use of these peelable 

dispersions, and they can be prepared easily by art conservators. 

 Two poly(ethylene glycol)-based surfactants, C12E9 and C18E100, were incorporated into 

80PVAc/borax systems with no deleterious effects on the stability, workability, or optical 

properties of the materials. Although incorporation of poly(ethylene glycol)-based surfactants 

into the gel did not increase the efficacy of artificial soil removal, insofar as analyses of the 

mineral and inorganic components indicated, they may be more successful for the removal of 

lipophilic soil. According to colorimetry measurements performed during the cleaning of an 

acrylic paint coated in artificial soil, addition of SCGEs to HVPDs either enhanced or hindered 
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the usefulness of the HVPD materials for specific applications. For example, an additive may 

increase the elastic properties of the material, allowing more easily controlled cleaning, but may 

potentially alter interfacial interactions in unintended ways (e.g., by varying degrees of soil 

uptake into the HVPD bulk in the presence of different glycol ethers).  

 The success of the treatments on actual works of art illustrates the effectiveness of 

40PVAc/1,4-BDBA organogels to remove a range of coatings on delicate objects of value in 

historical and cultural heritage. Although the analytical tools used on test surfaces (i.e., AFM and 

SEM) were not applied to the priceless works of art, no evidence of physical damage to the 

surfaces was noted visually. Not only were these organogels effective in the removal of coatings 

that lie above water-sensitive layers, but they were also successful in the removal of coatings that 

could not be removed with traditional methods (e.g., solvent-moistened swabs). The greater 

efficacy of gelled solvents than free solvents, demonstrated by the three case studies, 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.  

 Both the 40PVAc/1,4-BDBA and the 80PVAc/borax based materials have the needed 

characteristics to clean topographically complex surfaces: good contact with the surface, easy 

removal, little to no residue after removal. A conservator must rely on a range of technologies to 

confront a wide array of cleaning challenges, and, as indicated here, these organogels and 

aqueous gel-like materials can provide cleaning methods for addressing many of those 

challenges.  
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