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Introduction
One of the primary driving forces for development and study of ionic materials is to 

investigate their use as environmentally friendly solvents with relatively low melting points 
and low volatility. Thus, use of these solvents reduces the level of volatile organic compounds 
in the atmosphere [1,2]. ILs are typically composed of an organic cation and an inorganic 
or organic anion with melting points at or below 100 °C [1,3]. Their ease of synthesis 
and subsequent tunable properties, such as melting point, electrical conductivity, and 
hydrophobicity, make them attractive solvents for dissolution of many materials. Traditionally, 
tunability is exploited through counterion exchange to disrupt ionic packing (Figure 1a). 
Subcategories of these materials are divided between those that are present in the liquid 
state at room temperature and frozen ILs that are solid between room temperature and an 
arbitrary upper temperature limit of 100 °C (frozen ILs). In a traditional biphasic reaction, 
hydrophobic ions are dissolved in a water immiscible solvent, and the more hydrophilic ion 
is stirred in water. This reaction is often performed via stirring for 24-48 hours, and the 
hydrophobic product is isolated by drying and washing byproduct from the organic layer. 
Solid salts products were often disregarded as undesired materials for dissolution purposes 
[1,3]. However, more recent research, particularly from our group, has targeted investigations 
into the utility of applying such solid-state ionic materials for applications in many scientific 
disciplines. 

Our research group has incorporated these frozen IL analogues into a separate analogous 
class of materials defined as groups of uniform materials based on organic salts (GUMBOS). In 
this new classification, GUMBOS have an extended melting point range between 25 and 250 
°C. GUMBOS also maintain the strategic feature of tunable properties through ion exchange 
reactions to provide advantageous materials using efficient and rapid chemistry [1,3]. For 
example, using an ionic precursor molecule, a simple, biphasic ion-exchange reaction is often 
sufficient to provide target materials from ionic precursors, examples of which are displayed 
in Figure 1b; [4]. 
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Abstract
Strategic development of ionic materials has long been of considerable interest to many researchers. For 
example, ionic liquid research has been extensively explored as alternative solvents to highly volatile 
and/or caustic traditional organic solvents. While these solvents have been classified as having a range 
of melting points (below 100 °C), many researchers have targeted relatively low melting point materials 
for their desired applications. Similar materials with higher melting points were often deemed inefficient 
and often discarded and declared useless. However, several groups have begun to explore the advantages 
of solid-phase ionic materials, known as a groups of uniform materials based on organic salts (GUMBOS). 
Many advantages arise through implementation of these solid-state ILs analogues in different fields of 
research. These advantages include 1) maintaining ease of synthesis using IL chemistry, 2) exploring easy 
tunability of solid-state materials, and 3) providing researchers with ability to easily develop materials 
on the nanoscale. Herein, we provide an overview of advantages of using GUMBOS for materials research 
applications.
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Figure 1: Schematic of a) representative ion exchange effects on packing and b) examples of common ionic materials 
employed in GUMBOS synthesis to increase hydrophobicity.

As a result of the numerous combinations of cations and anions, 
many scientific researchers have highlighted the wide variety 
and practical utility of solid-phase ionic materials as functional 
agents for sensing [5,6], optoelectronics [4,7], and development 
of potential antimicrobial and anticancer agents [8-12]. Extension 
of the melting point range for GUMBOS also provides investigators 
with an opportunity for operationally simple templated and non-
templated uniform nano- and micro-particle formation in aqueous 
systems. In such instances, relatively high concentrations of GUMBOS 
are typically loaded into aqueous systems and solid particles 
are formed via simple reprecipitation into aqueous solutions. In 
addition, these nano- and micro-GUMBOS particles may be tuned 
using a variety of parameters, one of which is counterion exchange. 
In many reports, this counterion tuning has been shown to provide 
a variety of size and stability parameters [3]. This review briefly 
highlights the various development strategies that can be derived 
through counterion exchange. Potential utility of targeted GUMBOS 
and nanoGUMBOS are also briefly discussed.

Increasing hydrophobicity via cation exchange 
Selective tunability of hydrophobicity and material composition 

has led to development of many sensors for a variety of applications 
[6,7]. In addition, chemometric or multivariate analyses are 
frequently used to complement and analyze sensor responses to 
evaluate detection and discrimination accuracies. One application 

is for detection and discrimination of closely related chemical 
compounds such as Volatile Organic Compounds (VOCs). In one 
related study, Galpothdeniya and coworkers used a cation tuning 
strategy with [P66614] cation to increase the hydrophobicity 
of a pH indicator, bromothymol blue ([BTB]). This work 
demonstrated the utility of increasing and systematically varying 
the hydrophobicity of commercially available BTB for colorimetric 
and highly accurate detection and discrimination of several closely 
related alcoholic solvents using principal component analysis [5]. 
Galpothdeniya and coworkers also employed this [P66614] cation 
to increase the hydrophobicity of twelve different pH indicator 
dyes for use as optical sensors [5]. These researchers employed 
solid-state supports to create an optoelectronic chemosensor 
array and studied two different statistical routes for detection 
and discrimination of VOCs from cigarette smoke. Resultant 
implications of ILs as solid-state sensors were highlighted using 
colorimetric IL-supports with minimal dye leakage. More recently, 
Pramanik and coworkers have employed counterion exchange with 
[P66614] to synthesize methyl orange-based GUMBOS ([P66614]
[MO]) as an indicator for acids and bases in organic solvents [13]. 
These investigators also studied the acid dissociation constants 
of several acids in acetonitrile. In aqueous systems, nanoGUMBOS 
afforded better sensory capabilities for acids and bases in water 
when compared to bulk forms. 
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Another route for VOC detection through hydrophobic 
tuning has been explored through development of GUMBOS as 
sensory coatings for quart crystal resonators [6,14]. In order to 
investigate increases in hydrophobicity in the solid state, copper(II) 
pthalocyanine and copper(II) porphyrin underwent ion exchange 
with the hydrophobic [P66614] cation to form [P66614][CuTCPP] 
and [P66614][CuPcS4], respectively. Traditional synthetic schemes 
for sensory coatings often involves covalent alteration of the 
cyclic structures to increase hydrophobicity. When compared to 
traditional hydrophobic IL ([P66614][NTf2]), GUMBOS sensors 
produced better sensory and cross-reactive responses for eleven 
different VOCs. In another example of hydrophobic tuning 
of polycyclic structures, Kolic and coworkers studied cation 
exchange using a trihexyltetradecylphosphonium ([P66614]) 
for investigating enhancement in photosensitizing properties of 
porphyrins, specifically meso-tetra(4-carboxyphenyl)porphine 
([TCPP]) and zinc(II) meso-tetra(4-carboxyphenyl)porphine 
([ZnTCPP]) in GUMBOS and nanoGUMBOS forms [15]. These 
investigators determined that surface charges of nanoparticles 
along with optical properties and particle size were tunable through 
adjustment of the molar ratio of anion to cation during synthesis. 
It was also determined that reduction and oxidation potentials of 
these GUMBOS were comparable to parent compounds and that 
they could be employed for photosensitizing applications in Dye-
Sensitized Solar Cells (DSSCs).

In 2020, Pramanik [16] and coworkers synthesized GUMBOS, 
and subsequently nanoGUMBOS, using a pyrene butyrate anion and 
the [P66614] cation. These investigators characterized nanoparticle 
formation as well as aggregation effects on emission spectra, noting 
that an exci-aggremer peak was observed in the nanoGUMBOS. 
They determined that the appearance of this exci-aggremer peak 
may potentially be useful for light-harvesting applications [16]. In 
order to showcase this potential application, these investigators 
also explored the initial characterization for their nanoGUMBOS 
system as a potential Forster Resonance Energy Transfer (FRET) 
donor. Using the hydrophobic acceptor dye 4-(Dicyanomethylene)-
2-methyl-6-(4-dimethylaminostyryl)-4H pyran (DCM), these 
investigators synthesized nanoGUMBOS with DCM to investigate 
FRET efficiency for potential applications as energy relay dyes in 
DSSCs.

More recently, Azevedo [17] and coworkers have investigated 
automation-based toxicity assays to evaluate rapid processes for 
determining toxicity of ionic compounds with yeast viability [17]. 
In this work, these investigators employed spectrophotometric 
methods to determine toxicity of ionic materials: eleven ILs, three 
Deep Eutectic Solvents (DES), and three selected erythrosine 
B-based GUMBOS (EB-GUMBOS). Among EB-GUMBOS, cations 
exchange was employed to more hydrophobic, water insoluble 
systems using trimethylhexadecylammonium ([N11116]), 
tetrabutylphosphonium ([P4444]), and 16BAC. Automation 
procedures for sequential injection analyses based on loss of cell 
viability as determined by methylene blue dye reduction capability 
of yeast cells (Saccharomyces cerevisiae) were developed. While 
these investigators confirmed that all ionic materials studied 

resulted in loss of S. cerevisiae cell viability (GUMBOS > ILs > 
DES), they also confirmed that viability loss was dependent on 
the dose of molecules employed. Among the three different ionic 
groups studied in EB-GUMBOS, analysis of results from this method 
indicated an increasing range in toxicity from [N11116] > [P4444] 
> 16BAC EB-GUMBOS. Although hydrophobicity was not directly 
measured, this report highlights the potential tunable effects from 
cation-exchange on possible antimicrobial development for EB-
GUMBOS [17]. 

Effects of anion-exchange in GUMBOS and related self-
assembly

Counter anion exchange has been employed to study a variety 
of phenomena in the field of fluorescent ionic materials [18]. In one 
application for optoelectronics, anion variation with carbazole-
based GUMBOS for highly sought after blue Organic Light Emitting 
Diodes (OLEDs) was reported [4]. Based on the requisite amorphous 
nature of blue emissive layers, a targeted carbazole cation was 
developed. In this work, three anions were employed for carbazole-
GUMBOS syntheses, i.e. triflate ([OTf]), [NTf2], and [BETI] anions. 
Comparative characterization studies were performed to examine 
and achieve stable blue emission in the solid-state through 
uniform production of GUMBOS films using a simple electrospray 
procedure. GUMBOS containing the [BETI] anion were determined 
to have the highest photostability over six hours. In this work, these 
investigators demonstrated the successful production of emissive 
films with amorphous character by varying hydrophobic anions. 
Moreover, this work highlights the use of simple synthetic strategies 
for functional small ionic molecules as potential blue solid-state 
OLED emissive layers. 

Anion exchange effects on the self-assembly and resultant 
fluorescence properties of GUMBOS based on the cationic cyanine 
dye 1,10,3,3,30,30-hexamethylindotricarbocyanine, or ([HMT]) has 
also been explored [19]. By using a simple reprecipitation technique, 
these investigators observed counterion-based variations in 
nanoparticle size and aggregation dynamics. For example, spherical 
nanoGUMBOS sizes ranged from 30 to 100nm in diameter, 
and J-aggregation was determined to be the dominant form of 
assembly in [HMT][AOT], whereas H-aggregation was prevalent 
in [HMT][TFP4B]. Another area for nanoGUMBOS evaluation is for 
potential use as agents for imaging and anticancer therapies. In 
this regard, Bwambok and coworkers investigated near infrared-
based GUMBOS as in vitro fluorescent contrast imaging agents 
using nanoGUMBOS. This study assessed nanoGUMBOS stability 
and evaluation of dye leakage within cellular systems. Using [HMT]
[AOT] GUMBOS, a homogenous distribution of nanoGUMBOS 
with an average diameter size of 71±16nm in the cytoplasm was 
observed with minimal dye leakage. 

In 2013, Magut [20] and coworkers investigated anion exchange 
effects on the rhodamine 6G ([R6G]) cation [20]. While the parent 
chloride salt of [R6G] was previously reported as toxic to both 
cancer and normal cells, more hydrophobic anions [R6G][BETI] 
and [R6G][TPB] in the form of nanoparticles yielded lower toxicity 
to normal cell lines and were determined to inhibit proliferation of 
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cancer cells at low concentrations. In contrast, sodium and lithium 
anions were determined to be non-toxic to both cell lines in in vitro 
studies. Since this time, further exploration into templating these 
nanoGUMBOS with cyclodextrins and evaluation of their resultant 
cellular uptake and in vitro efficacy [11], as well as antitumor efficacy 
of GUMBOS derived from other rhodamine cation derivatives have 
also been explored [12]. Studies from these researchers have shown 
that nanoparticle formation is key to the observed selective toxicity 
[11]. Several reports of anion exchange with tunable antitumor and 
imaging activities have also been reported [3,21-24]. 

Magnetic components in task-specific ionic materials
Magnetic materials, and nanomaterials, have been a target for 

studying applications in magnetic resonance imaging [25,26], solid 
phase preconcentration and extraction [27], and drug delivery [28]. 
In many such studies, multi-step syntheses are required to achieve 
task-specific magnetic components. In this respect, magnetic ionic 
materials provide a simple approach to design and evaluation of 
task-specific GUMBOS with multifunctionality. As an example, Tesfai 
[26] and coworkers explored magnetic anion effect on nanoGUMBOS 
formation with nonmagnetic [BMIm][BF4] and magnetic [BMIm]

[FeCl4] [26]. In this report, these investigators employed an AOT-
surfactant templating method with in situ GUMBOS synthesis 
(Figure 2a). Using non-magnetic [BMIm][BF4], these investigators 
determined that nanoparticle size and distribution was easily 
controlled, and a range of concentration-dependent particle sizes 
were measured from 14.7nm±2.2nm to 68.0nm±17.0nm with 
0.2M to 0.6M reagent concentrations, respectively. NanoGUMBOS 
from [BMIm][FeCl4] were observed to be larger in particle size 
ranging from 98nm±17nm to 199nm±26nm with 0.3 and 0.4M 
reagent concentrations, respectively. Overall, these investigators 
demonstrated the soft matter properties of these magnetic 
nanoGUMBOS. Room temperature ILs have been employed as 
cationic agents using hydrophobic counterions for phenolic 
compound remediation [29]. These authors followed a traditional 
strategy for magnetic IL synthesis, using [P66614][Cl] and FeCl3 to 
form [P66614][FeCl4] (Figure 2b). After comparative extraction 
analyses to non-magnetic ILs and evaluating pH dependence on 
extraction efficacy, these investigators determined that [P66614]
[FeCl4] exhibited a significantly higher extraction capacity for 
phenolic compounds, including extraction of a polychlorinated 
phenol from soil of a Superfund site.

Figure 2: Schematic of magnetic synthesis strategies for a) in situ magnetic nanoGUMBOS, b) halide association, 
and c) dysprosium-based GUMBOS.

Chiral-magnetic ionic liquids synthesized from methyl esters of 
amino acids and iron(III) chloride (FeCl3) have also been explored 
[30]. In one study, five cationic amino-acid methyl esters were 
employed for synthesis, and the resultant magnetic, chiral ILs were 
characterized and evaluated for potential enantiomeric recognition 
ability of these magnetic materials. Although these materials 
presented as liquids at room temperature, an interesting result 
was observed in which these magnetic, chiral ILs displayed a phase 
transition at low temperatures from the liquid to a glassy state [30]. 
As a result of their unique liquid-crystalline characteristics, a highly 
ordered, multi-functional ionic material was developed based 
on (1R, 2S)-(-)-N-Methylephedrine, dysprosium (a luminescent 
lanthanide metal with the highest reported magnetic moment), 

and thiocyanate [31]. Although these materials exhibited relatively 
low melting points, solid crystalline phases were observed at 
room temperature. Chiral, luminescent, and magnetic properties 
were characterized, and transitions from solid to liquid crystalline 
states were also synthesized using a similar scheme as shown in 
Figure 2c. Thermal studies to explore liquid crystalline ordering 
were performed, as well as luminescent properties, to explore and 
investigate phase dependence on these properties. 

Further studies regarding magnetic extraction have been 
recently reported. In 2021, Berton and coworkers also explored 
quantification and remediation of estrogen compounds by varying 
magnetic components using [P66614] cations with anions of 
increasing hydrophobicity [FeCl4], [Fe(CN)6], and [Dy(SCN)8]. 
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Optimal conditions were determined and ILs with [Fe(CN)6], 
and [Dy(SCN)8] were determined to have the highest extraction 
efficiencies [32]. Cong [23] and coworkers have also explored 
hemoglobin (Hb) isolation using the cation 1-hexadecyl-3-methyl-
imidazolium with [Dy(SCN)8] anion to form task-specific magnetic 
nanoGUMBOS. Size optimization, magnetic moment, and selective 
extraction efficiency for Hb were reported. This work highlights 
the potential utility of these easily synthesized nanoGUMBOS, 
since Hb isolation from whole blood was also presented. Based 
on these reports of hydrophobicity and selective extraction, 
further exploration of magnetic, GUMBOS is warranted to explore 
additional task-specific material development. Thus, these recent 
developments highlight the need to continue investigation of 
counterion tuning strategies to evaluate the potential multi-faceted 
capabilities of these task-specific GUMBOS and nanoGUMBOS.

Conclusion
In general, the variability of ionic materials holds promise for 

a wide array of applications. While scientific development has 
largely focused on use of ionic liquids for material development, 
this review has detailed several advantages that accrue from use 
of a group of uniform materials based on organic salts (GUMBOS). 
Our group, along with several other research groups have focused 
on the broad scope and evaluation of these solid-state IL-analogues. 
The simplicity of syntheses of these ionic systems allow researchers 
to focus on rapid development and application of these materials 
in a relatively low-cost and labor efficient approach. Moreover, 
targeting task-specific and potentially multi-functional GUMBOS 
provides new paths for investigation and exploration of easily 
synthesized ionic materials for applications in many different fields 
of study.
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