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ABSTRACT: The stimuli-responsive nature of molecular gels
makes them appealing platforms for sensing. The biggest
challenge is in identifying an appropriate gelator for each
specific chemical or biological target. Due to the similarities
between crystallization and gel formation, we hypothesized that
the tools used to predict crystal morphologies could be useful for
identifying gelators. Herein, we demonstrate that new gelators
can be discovered by focusing on scaffolds with predicted high
aspect ratio crystals. Using this morphology prediction method,
we identified two promising molecular scaffolds containing lead atoms. Because solvent is largely ignored in morphology
prediction but can play a major role in gelation, each scaffold needed to be structurally modified before six new Pb-containing
gelators were discovered. One of these new gelators was developed into a robust sensor capable of detecting lead at the U.S.
Environmental Protection Agency limit for paint (5000 ppm).

■ INTRODUCTION

With applications ranging from sensing1 to biomedicine2 to
environmental remediation,3 molecular gels have caught the
attention of researchers across diverse fields.4 Most gelators are
discovered serendipitously because a priori prediction tools are
largely nonexistent.5 As a result, the most challenging step in
developing a new gel-based application is identifying an
appropriate gelator. Recently, Adams and Berry used a
computational model to identify new dipeptide-based gelators
based on experimental quantitative structure−property relation-
ships.6 Herein we describe an alternative computational model
based on crystal morphology prediction. To test the utility of
this model in driving new applications, we targeted a gel-based
sensor for lead paint.
Lead-containing paint was banned in the United States in

1978.7 Despite this ban, many buildings, including homes,
schools, and businesses, still contain deteriorating remnants of
the paint. One major risk associated with toxic lead paint is
ingestion of particles by children, as even low levels of lead
poisoning can impair cognitive development.8 Of course, adults
are also at risk, especially from dust generation during home
renovations or when stripping old paint without proper safety
measures.9 Three major drawbacks associated with current at-
home lead-detection kits are false negative results,10 their
reliance on colorimetric changes, and detecting lead at
concentrations lower than mandated by the U.S. Environmental
Protection Agency (EPA), which can substantially increase the
cost of renovations. Other methods, such as professional X-ray
fluorescence analysis or ex situ lab testing are prohibitive due to
their cost. The solution-to-gel transition is both unambiguous
and independent of paint color; as such, we set out to develop a
molecular gel-based sensor for lead paint. Our approach to new

gelator discovery is rooted in the similarities between
crystallization and gel formation.
Solid-state assembly into crystalline, semicrystalline, and

amorphous forms is important to many fields, including
pharmaceuticals, explosives, heterogeneous catalysis, and
molecular gels. Bulk properties such as dissolution rate, density,
porosity, and modulus are strongly influenced by the solid-state
structure. As a result, many research efforts have focused on
methods for predicting solid-state forms.11 The largest advances
have been in the field of crystallization, where one can predict
the crystal morphology from a known crystal structure.12

Crystal morphology prediction dates back to the late 19th
century when Bravais, Friedel, Donnay, and Harker (BFDH)13

proposed a method that focuses on lattice spacing (distance
between crystal planes) to predict crystal morphology. Later,
Hartman and Perdok expanded on the BFDH model to directly
consider the role of intermolecular interactions in crystal
morphology.14 They postulated that stronger intermolecular
interactions (or larger attachment energies (AE)15) between
the crystal planes leads to faster growth rates. Using the AE
method, the predicted crystal morphologies offer a visual
representation of the intermolecular interactions in each
dimension. Overall, the Hartman−Perdok approach has
provided accurate morphologies in many different cases and,
as a result, is widely implemented.16 We hypothesized that
these morphology prediction methods could be used to
discover new molecular gelators because the self-assembly
processes in crystallization may be similar to gel formation.17

The links between crystallization and gel formation have
been the focus of research efforts for some time.18 Hanabusa
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and co-workers postulated that one-dimensional (1D) inter-
molecular interactions are needed to form the anisotropic fibers
commonly observed in gels.19 Toward this goal, we and others
have used the Cambridge Structural Database (CSD)20 as a
source of inspiration for new gelators.21 As an example,
Dastidar identified nine new gelators from a group of 32
ammonium salts that exhibited a 1D hydrogen-bonding
network in the crystal structure.21a We identified a new gelator
by searching the CSD for 1D Hg−arene interactions.21b

Although this approach has been successful, the selection
process is both subjective and time-consuming. Moreover, less
obvious intermolecular interactions (e.g., van der Waals) and
the effect of solvent, which can be important in gel formation,22

are overlooked in this approach. Based on our previous results,
wherein gelators exhibited stronger intermolecular interactions
than nongelators,23 we modified our design strategy to focus
not just on the directionality of the interactions but also their
relative strength. It is here where the parallels between
crystallization and gelation provided the inspiration to pursue
morphology prediction methods as a means to new application-
guided gelator discovery.
We report herein a new sensor for lead in paint developed by

successfully using morphology prediction tools to identify new
molecular scaffolds starting from known crystal structures. We
anticipate that this method will greatly expand the utility of low
molecular weight gels as soft materials by enabling rapid gelator
discovery for specific applications.

■ RESULTS AND DISCUSSION
We began our investigations by searching the CSD for lead-
containing crystal structures. The CSD contains over 800 000
crystal structures. Therefore, to obtain a tractable data set
several search criteria were used to narrow the data set. For
example, we only considered lead-containing crystal structures
that were ordered, were error-free, and did not contain free ions
or solvents. Overall, this filtering process led to a total of 352
Pb(II) and Pb(IV) complexes. Each structure was then
optimized within Materials Studio.24 This step is necessary
because crystallography tends to systematically underestimate
bond lengths involving hydrogens.25

The Universal Force Field (UFF) was selected for this
geometry optimization because it can accommodate Pb.26

Because the UFF requires a tetrahedral geometry for Pb, all
Pb(IV) compounds and all Pb(II) sandwich compounds were
removed from the data set at this point,27 reducing the number
of unique compounds investigated to 184. The geometry
optimization can be performed by either holding the unit cell
parameters constant or not. We found that these constrained
geometry calculations led to smaller changes between the
optimized and experimental structures (Figure S15 and Tables
S2 and S3).28 As a consequence, the geometry optimization is
less likely to change the interactions present in the experimental
structure.24,29

After the geometry optimization was completed, a crystal
graph, which provides insight into the relative importance of
each intermolecular interaction, was generated in Materials
Studio (Scheme 1). The crystal graph describes the interaction
energy between the center of mass of one molecule with all
other molecules in a given sphere. The sphere can be defined
by one or more unit cells. We found that a similar morphology
was predicted (i.e., the aspect ratios were within 15% of each
other) regardless of the interaction sphere size (Tables S4 and
S5). We therefore selected a radius of one unit cell to place an

emphasis on the shorter range, directional intermolecular
interactions that likely drive gel formation.
From the crystal graph we predicted the crystal morphology

using the Growth Morphology software within Materials
Studio,24 which is based on the Hartman−Perdok analysis of
AEs.15,30 For comparison, the morphologies were also
calculated using the BFDH method. Since this approach relies
on distances, no force field is needed. Aspect ratios, which were
obtained by dividing the longest distance within a crystal by the
shortest distance (Scheme S1), for all 184 compounds can be
found in Table S8 and Figure S17.
A few general trends were observed. For example, when the

aspect ratios were equal to or less than 2, both the BFDH and
AE methods predicted similar values (Figure S17). In contrast,
as the AE aspect ratios increased (ARAE > 2), the BFDH aspect
ratios remained low (Figure 1A). It is important to note that
both theories generally predicted the same crystal faces, but in
different proportions (Figure 1B,C). Therefore, these differ-
ences at high AE aspect ratio suggest that the BFDH method
underemphasizes interactions that are prominent in one or two
dimensions.
To narrow the list to a reasonable number of synthetic

targets, the compounds with the highest (top 5%) aspect ratios
were selected for further evaluation (Table S9). The predicted
morphologies of all nine compounds can be found in Figures
S18−S26. With a user-friendly at-home chemical sensor for
lead paint as our target application, we focused on compounds
that were both air- and moisture-tolerant. In addition, we only
selected compounds that could be synthesized in one pot from
commercially available reagents and involved no more than one
ligand class per complex. Based on these criteria, compounds 1a
(CSD entry: NAYNUW01)31 and 2a (CSD entry: NUN-
XOK)32 were chosen for synthesis, derivatization, and gel
screening.
As shown in Figure 1B,C, compound 1a exhibits 1D Pb−S

intermolecular interactions, which align with the long axis of
the needle-shaped crystal. We anticipated that either 1a or a
related derivative might form gel fibers via the same Pb−S-
promoted self-assembly mechanism. Compound 2a displays π-
stacking, as well as an analogous 1D Pb−O intermolecular
interaction, that aligns with the needle’s long-axis. Again, we
anticipated that either 2a or a related derivative might form a
gel via similar intermolecular interactions. To test this
hypothesis, we synthesized compounds 1a−h and 2a,b in
high yields via one-pot reactions and evaluated their gelation
ability (Chart 1).
The as-synthesized derivatives were screened for gel

formation in a variety of polar/nonpolar and organic/aqueous
solvents. At the time we started this work, there were no known
gelators that incorporate Pb(II).33 Although neither 1a−c nor

Scheme 1. Visualizing the Intermolecular Interactions
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2a formed gels under any of the conditions tested, 1d−h and
2b did form gels (Tables S11−S13). Moreover, 1d−h formed
stable gels in solvents relevant to sensing lead paint, including
paint thinner, acetone and methyl ethyl ketone (MEK) (Tables
S11 and S13). Rheological studies of each gel revealed that the
storage modulus (G′) was at least 1 order of magnitude higher
than the loss modulus (G″), which is characteristic of small-
molecule gels (Figures S29−S35).34 Moreover, scanning
electron microscopy revealed that the morphologies consisted
of high aspect ratio fibers (∼0.1−3 μm in diameter), which is
also characteristic of molecular gels (Figure 2 and Figures S36−
S42).
To determine whether the Pb−S and Pb−O intermolecular

interactions observed in the crystal structures were involved in

gelation, we attempted to grow single crystals of each gelator to
compare their diffraction patterns to the corresponding gels.
Unfortunately, we were unable to grow single crystals suitable
for X-ray analysis for 1d−h and 2b in gelling solvents.
However, a crystal structure of 2b was known (CSD entry:
FOHFEO).35 Interestingly, it was predicted to have a low
aspect ratio. Nevertheless, the (simulated) diffraction pattern
for the crystal was different than the observed diffraction
pattern for the wet (and dry) gel (Figure S44).36,37 As a
consequence, the molecular packing in this crystal is likely
unrelated to that in the gel.
Overall, these results highlight one limitation of this

approach: self-assembly depends on both the molecular
structure and solvent structure. The reported crystal
structuresour starting pointconsider just one molecular
and solvent structure (i.e., the crystallization conditions). As a
consequence, what we identify using the morphology
prediction approach is a series of scaffolds that form 1D
assemblies under the crystallization conditions. These 1D
assemblies might (or might not) translate to another set of
closely related conditions (structure/solvent). Empirically, the
approach works: six new gelators were discovered with minor
scaffold derivatization and solvent screening. Nevertheless, at
this time, we are unable to determine whether the apparent
driving forces for the 1D assemblies observed in the crystal
structures bear any resemblance to the molecular packing
within the gel.
With several gelators in hand, we explored their ability to

detect lead in paint. We focused on 1d since the starting
materials are commercially available and it forms stable gels in a

Figure 1. (A) Plot of the highest aspect ratios predicted by the BFDH
(blue) and AE (red) methods. Predicted morphologies for compounds
1a (B) and 2a (C).

Chart 1

Figure 2. Scanning electron microscopy images of (A) 1d (2.7 mM in
acetone) and (B) 2b (13.9 mM in H2O/EtOH with pH = 12).
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wide range of relevant solvents. A sodium dibenzylcarbamo-
dithioate salt (3) was prepared to test in situ formation of lead
complex 1d, thereby triggering gelation (Figure 3). The lead
salts most commonly found in paint include lead carbonate,
lead chromate and lead oxide. Therefore, we evaluated several
different lead salts in our studies. Gratifyingly, we observed
immediate Pb-complex formation and gelation when using
PbO, PbCO3, PbCrO4, and Pb(OAc)2·3H2O (Table S15 and
Figure S46).38 Only Pb(NO3)2 did not produce a stable gel,
although fiber formation was observed. Having established that
in situ gelation is feasible, we focused on sensing in the
presence of paint.
The unambiguous solution-to-gel phase transition, identifi-

able by nonexperts and unaffected by sample color, is the crux
of this new sensing platform. We began our studies with oil-
based paint (and paint thinner39) because most lead-
contaminated paint is oil-based.40 Gels immediately formed in
paint thinner in the presence of oil-based paint, while no gel
formed in the absence of lead. As evident in Figure 3, the gel is
easily identifiable regardless of the presence of paint or the
paint colora significant advantage over current at-home test
kits.10 For comparison, the analogous tests were run with
acetone and pink latex-based paint. Remarkably, the gel still
formed when paint thinner and acetone were mixed and both
types of paint were added, demonstrating the versatility of this
sensor.
Because a variety of metal salts can be present in paint, we

examined the specificity of the sensor. Adding 3 to solutions
containing acetate salts of Ni2+, Ca2+, Cd2+, Ba2+, Cu2+, Zn2+,
Mn2+, and Fe2+ did not result in gels (Table S16 and Figure
S47). Most likely, the dithiocarbamate formed complexes with
these metals41 but the resulting products were not gelators
either due to unfavorable geometries or intermolecular
interactions. Importantly, Pb-triggered gelation was unaffected
by high concentrations of these other metal salts when excess
ligand was added (Table S17, Figure S48, Table S29, and Table
S30).
Finally, we wanted to sense lead at 5000 ppmthe

concentration set by the EPA for at-home testing kits for
lead in paint.42 Because lead-based paint was unavailable, we
mixed fresh paint with lead for the described sensor as a model.
The critical gelation concentration (cgc) for in situ gelation
with PbCO3 in a 5000 ppm sample of oil-based paint was

determined in paint thinner/methanol.43 To ensure a
homogeneous distribution of Pb2+ in paint, the paint samples
were first diluted with paint thinner. Using the diluted wet
paint, we found that all 10 samples with 5000 ppm lead resulted
in a positive signalformation of a gel (Figure 4A). Sensing at
10 000 and 6000 ppm was also successful, although one false
negative was recorded from 10 samples. At 4000 ppm, 3 of 6
samples resulted in gel formation. Although fiber formation
occurred at 3000 ppm lead, none of the samples formed gels,
even if the sample was left to stand for 1 h (Table S25). A
“blind” sensing experiment was performed to remove
experimenter bias. Gels were observed in all seven vials
containing lead at and above 5000 ppm while no gel formed in
any of the five vials containing lead concentrations below 5000
ppm. In comparison, 3M’s LeadCheck gave a positive result
red colorationat 3000 ppm (Figure 4B).44 Since our gel-
based sensor is reliant on concentration, the detection limit can
be adjusted to detect different concentrations of lead as needed,
taking into account the amount of paint sample used for lead
detection.42 Finally, considering that a real-world application
would require sensing from dried paint samples, we extended
our method to dry paint. Unsurprisingly, the solvent and cgc
had to be adjusted for this system. Nonetheless, we were able to
sense lead at 5000 ppm, while no gels formed at 3000 ppm
(Table S28).

■ CONCLUSIONS
In summary, we demonstrated herein that new gelators for
specific applications can be discovered by focusing on scaffolds
with predicted high aspect ratio crystal morphologies. These
results are consistent with the notion that the driving forces for
forming high aspect ratio crystals and gel fibers may be similarly
guided by these directional intermolecular interactions. The
success rate6 of 10 compounds synthesized are gelatorsis
remarkably high compared to other approaches, including
derivatizing known scaffolds1b,c,5c and previous CSD-based
approaches.21 Excitingly, this approach resulted in a new
solution-to-gel phase transition-based sensor for lead in paint.
Overall, we expect this simple approach for identifying new
gelators to be useful for developing new molecular gel-based
applications.
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Figure 3. In situ Pb-triggered gelation with oil-based (black) and latex-
based (pink) paint (pt) in paint thinner and acetone ([3] = 13−14
mM; [Pb(OAc)2] = 6.3−7.6 mM; total vol = 1 mL).

Figure 4. (A) Gelation observed at 10 000, 6000, and 5000 ppm with
no gelation at 3000 and 4000 ppm Pb2+. (B) Using a dry (pink) paint
sample, the commercially available lead test gives a positive signal
(pink coloration) at 3000 ppm while no gel forms at that Pb2+

concentration. A control showed no coloration of the swab when Pb
was absent (Figure S50).
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