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Abstract: Nanoparticles of metal-organic frameworks (nanoMOFs) 
possess the unusual combination of both internal and external 
surfaces. While internal surfaces have been the focus of fundamental 
and applications-based MOF studies, the chemistry of the external 
surfaces remains scarcely understood. Herein we report that specific 
ion interactions with nanoparticles of Cu(1,2,3-triazolate)2 (Cu(TA)2) 
resemble the Hofmeister behavior of proteins and the supramolecular 
chemistry of synthetic macromolecules. Inspired by these anion-
selective interactions, we tested the performance of Cu(TA)2 
nanoparticles as chemical field effect transistor (ChemFET) anion 
sensors.  Rather than size-based selectivity, the detection limits of the 
devices exhibit a Hofmeister trend, with the greatest sensitivity 
towards anions perchlorate, iodide, and nitrate. These results 
highlight the importance of the pore-based supramolecular 
interactions, rather than localized donor-acceptor pairs, in designing 
MOF-based technologies. 

Metal-organic frameworks (MOFs) are an exciting area of 
materials chemistry with a wide range and continually expanding 
array of interesting properties[1–3] and applications that include 
gas capture,[4,5] remediation,[6,7] catalysis,[8,9] nanocrystal 
formation,[10,11] thin films,[12,13] and sensing.[13–17] Specifically in 
chemically-sensitive field effect transistor (ChemFET) sensing 
applications, MOFs have been most commonly used for gas 
detection.[14,18] ChemFETs are an electrochemical sensing tool 
that has previously been well-characterized in developing affinity 
profiles for host-guest interactions.[19–24,24–26] ChemFETs utilize 
host incorporation into a semipermeable membrane to provide a 
response specific to the functionalized membrane and the analyte 

of interest. In the cases of MOF evaluations via ChemFETs, a 
MOF-functionalized gate oxide is one of the more common 
methods of integrating MOFs into ChemFET-based sensor 
systems.[14,18] Despite the impressive sensitivity of MOF-based 
ChemFET sensors, little is known about the underlying guest-host 
chemical interactions between the analytes and MOFs. 
Additionally, deployment of these technologies at-scale will 
require facile fabrication of uniform MOF thin films or polymer-
hybrids, as with chemical separation membranes or other recent 
MOF-based industrial technologies.[27] Whereas typical reports of 
MOF sensors employ bulk powder, nanoparticles (nanoMOFs) 
offer the ability to use solution processable techniques ranging 
from drop-casting and doctor-blading, to spin- and spray-
coating.[28] Here, we report the design of nanoMOF-based 
ChemFET anion sensors based on chemical insight into the 
specific guest-host chemistry underlying the MOF-analyte 
interactions. 

In search of MOFs with the potential for selective anion 
interactions, we identified Cu(1,2,3-triazolate)2 as having a similar 
pore size (ca. 5-6 Å in diameter) and chemical environment to the 
well-known bambus[6]uril family of anion receptors.[24,25,29] 
Whereas most MOF pores exceed 10 Å, M(TA)2 M = Mg, Cr, Mn, 
Fe, Co, Zn, Cd possess unusually small pores.[30,31] Previously, 
we demonstrated that such narrow pore apertures frustrate the 
ability of anions to intercalate into electrochemical thin films of 
M(TA)2 M = Cr, Fe nanoparticles.[10,32] The oxidation of interior Fe 
sites anodically shifts ca. 1.5 V due to the additional anion 
desolvation and solvent reorganization in comparison to the 
charge compensation mechanism involving exterior Fe sites. The 
larger pore apertures of Cr(TA)2 permitted redox intercalation of a 
range of anions, but where the associated redox potentials varied 
by hundreds of mV depending on the anion size.[33] This 
electrochemical behavior suggested that constricted pore 
environments of Cu(TA)2 would display anion-specific interactions 
due to the close proximity of anions to the pore walls, especially 
for anions with similar diameters to the pores.  

The synthesis of the Cu(TA)2 followed previously published 
procedures for M(TA)2, M = Co, Fe, Cr.[10] Briefly, Cu(NO3)2•H2O 
was dissolved in anhydrous DMF to afford a 10 mM solution, to 
which was added 1,2,3-triazole with vigorous stirring. This mixture 
was heated at 120 °C for 2 h on a dry bath. Particles were 
collected by centrifugation, washed twice with fresh DMF and 
twice with fresh methanol, and desolvated under reduced 

Scheme 1. Representation of a portion of the Cu(1,2,3-triazolate)2 (Cu(TA)2) 
pore aperture versus n-butyl bambus[6]uril, a previously-characterized anion 
receptor. Hydrogen atoms omitted for clarity. 
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pressure via standard Schlenk techniques. Particle sizes and 
dispersities were measured by Scherrer analysis of PXRD 
patterns, dynamic light scattering (DLS), and scanning electron 
microscopy (SEM). 

For microscopic insight into the interactions of Cu(TA)2 
nanoparticles with anions, zeta potentials and DLS sizes were 
recorded in tandem during the titration of potassium salts. Such 
measurements have been critical in understanding the surface 
chemistry of proteins and conventional, nonporous colloidal 
nanoparticles.[34,35] Salts that cause zeta potentials to reach 0 mV 
at lower concentrations interact more strongly with the 
nanoparticle surface, typically causing the particles or proteins to 
“salt out”. Interestingly, in DMF Cu(TA)2 particles have a 
remarkably high zeta potential which suggests not only excellent 
colloidal stability, but also the presence of open metal sites at the 
surface of the particles (Scheme 1). In general, 3 mg/mL 30-nm 
Cu(TA)2 nanoparticles in DMF were treated with stock solutions 
of 10 µM and 100 µM of DMF solutions of each electrolyte using 
appropriate volumetric amounts to reach the desired electrolyte 
concentrations. Measurements were collected in triplicate. The 
resulting data are shown in Fig. 1. Although all salts eventually 
caused zeta potentials to reach a “point of zero charge” (PZC), 
only KI and KBr induced nanoparticle precipitation. Interestingly, 
the order of electrolyte concentrations required to reach the PZC 
resembles the ordering observed for proteins, now well-known as 
the Hofmeister series.[24,25,36] It is important to note that zeta 
potentials report on the “slipping plane” of a colloid, which, 

depending on the system, corresponds to the inner solvation shell 
or several nanometers from the nanoparticle surface. Therefore, 
these results suggest a considerable selectivity of anion 
interactions with the external surface of Cu(TA)2 nanoparticles.  

Given the structural similarity between the Cu(TA)2 pores and 
the binding pockets of previously-characterized anion receptors, 
a plan was developed to follow previous electrochemical sensing 
methodology to characterize the “host”-like nature of the pores 
interacting with aqueous anion “guests.” These previous studies 
involved the use of chemically sensitive field-effect transistors 
(ChemFETs) to evaluate the host-guest interaction of host 
receptors with anion guests. Since the applications of interest for 
previous projects involved aqueous anion affinity, they 
necessitated some approach tolerant of characterizing 
interactions between both hydrophobic hosts and aqueous guests. 
ChemFETs indeed demonstrated suitable bridging of this 
solubility gap.  

ChemFETs are a useful tool that have been used in sensing 
applications to evaluate aqueous anion affinity of hydrophobic 
anion receptors.[22–25] Previous work evaluated various organic 
anion receptors for aqueous anion affinity trends.[24,25] A series of 
control sensors are also used to contrast with the receptor results, 
in order to analyze any deviations from the Hofmeister series in 
the anion affinity profiles caused by the receptors. These control 
sensors lack the MOF but still contain all of the other components 
of the ChemFET (polymer, ionophore/immobilized cation, 
plasticizer). 

Related studies in ChemFET sensors using MOFs have 
investigated functionalizing the gate oxide surface of FETs with 
MOFs to provide chemical selectivity.[14,18] Our initial attempt at 
using Cu(TA)2 to bias selectivity in ChemFET sensors followed 

Figure 1. Zeta potentials of 30-nm Cu(TA)2 colloidal nanoparticles 
suspended in DMF solutions. Electrolyte salts were added sequentially in 
increasing concentrations as indicated in mM. All measurements were 
recorded in triplicate. Solvation diameters were recorded simultaneously by 
dynamic light scattering and are included in the ESI. Anions are ordered 
based on the electrolyte concentrations required to reach the PZC, which 
conforms well to standard Hofmeister ordering of anions. Inset: Zeta 
potentials recorded at low electrolyte concentrations. 

Figure 2. ChemFET sensor construction for MOF evaluation. Sensor depicted 
contains Cu(TA)2 in the PVC membrane. Control sensors were identically 
constructed with PVC membrane, just without Cu(TA)2 providing selectivity. An 
SEM image of the control is included the ESI. 
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these literature precedents. However, in this case all attempts at 
functionalizing the gate oxide surface with Cu(TA)2 failed. 
Therefore, we pivoted to emulate aspects of previous studies by 
us and others that used organic anion receptors within ChemFET 
membranes to impart selectivity.[22–25] This well-established 
approach involves integration of receptors into a polyvinyl chloride 
(PVC)-based membrane to facilitate aqueous anion affinity 
evaluation.[22–25] 

Another benefit of this approach is that integrating MOF 
particles into the ChemFET membrane facilitates the direct 
comparison of sensors with MOF-containing membrane to 
sensors containing a control membrane that lacks the MOF. 
These control sensors are created identically in all respects, with 
the exception of addition of any anion receptor, and therefore, 
these control receptors will simply respond to anions with 
Hofmeister trend selectivity. This facilitates creation of a control 
profile for comparison purposes that is unavailable to ChemFET 
evaluations with a functionalized gate oxide. Therefore, the 
detection limit of each anion with MOF-containing sensors was 
able to be compared to a corresponding “blank” run, further 
isolating the difference in response entirely to inclusion of the 
MOF. Thus, the host-guest interaction of the anion with the MOF 
accounts for the entire difference between control and MOF-
containing sensor results. 

Sensor evaluation was performed following previously 
published reports.[22–25] The MOF was incorporated into a 
ChemFET membrane dropcast solution for application to the FET. 
The MOF was incorporated as 1 wt% of the dropcast solution, with 
2 wt% tetraoctylammonium nitrate (TOAN), 32 wt% o-nitrophenyl 
octyl ether (NPOE) plasticizer, and 65 wt% high molecular weight 
PVC. The sensors were then coated by drop-casting four 1.6 µL 
drops of the receptor onto the surface of the FETs. The drops 
were applied in thirty-minute intervals to allow for solvent removal. 
Following the completion of the dropcasting, the ChemFET 
sensors were then placed in a 60 °C oven overnight to ensure 
complete solvent removal. The sensors were then allowed to cool 
over another 24 hours before the evaluation began.  

The evaluation comprised four identically constructed 
chemFET sensors with the Cu(TA)2 incorporated into the PVC-
based selective membrane (Figure 2). The four sensors were then 
run through a series of 12 solutions of increasing analyte 
concentration: 0.500 µM, 1.00 µM, 5.00 µM, 10.0 µM, 50.0 µM, 
100 µM, 500 µM, 1.00 mM, 5.00 mM, 10.0 mM, 50.0 mM, and 
0.100 M, with each containing a constant 50.0 mM piperazine-
N,N′-bis-2-ethanesulfonic acid (PIPES) acting as a non-interfering 
buffer to ensure consistent ionic strength of the solution even at 
low analyte concentrations  (this avoids a misleadingly low 
detection limit stemming from the low ionic strength of the low 
concentration solutions). A set of four sensors was run through 
the 12 series of analyte solutions in triplicate: from low 
concentration to high, then high to low, and then finally low to high, 
and the data averaged to provide the reported metrics. An anion 
affinity profile was evaluated for a series of seven common anions 
in the Hofmeister series to illuminate whether the Cu(TA)2-
containing sensors followed a Hofmeister-like trend or a size 
exclusion trend (Figure 3).[37]  

The ChemFET sensor evaluation of Cu(TA)2 indicated an 
affinity profile consistent with a Hofmeister trend rather than a 
size-based trend (Figure S10). Chaotropes (or more lipophilic 

anions) such as iodide, perchlorate, and nitrate produced low 
detection limits (µM), while kosmotropes (harder, more 
hydrophobic anions) such as sulfate and fluoride produced high 
detection limits (M). Ordering of the Hofmeister series follows the 
computational work of Page et al. based on linear charge density 
of each anion.[37] Therefore, in the context of ChemFET-based 
sensors, the affinity profile clearly does not follow the size trend 
first suggested by electrochemical measurements of the MOF 
nanocrystals in solution.[38] Interestingly, the evaluation of 
Cu(TA)2 host-guest interactions with a series of anions paralleled 
the same Hofmeister trend found for organic anion receptors that 
featured a similar pore size to the MOF.[24,25] In effect, there 
appears to be a Hofmeister “cutoff” in sensor selectivity around 
bromide, where the sensor has quite strong selecitivity for anions 
more lipophilic than bromide (versus control ionophore-containing 
receptor) and on par with the best organic host containing 
ChemFET we have screened.[25] It is also important to note that 
the counter cation remained constant during these experiments to 
rule out any impact on the anion affinity profile: potassium was 
used as the counter cation for all anions evaluated.  

In conclusion, we report an anion-dependent affinity of MOF 
nanoparticles that follows a Hofmeister trend of Lewis acid/base 
hard/soft theory rather than a simple size-exclusion mechanism. 
These results suggest that MOF pores—the alternating regions of 
hydrophobicity/hydrophilicity, polarizability, and nanoconfined 
topologies—resemble the supramolecular chemistry of proteins 
and macrocyclic ion receptors. Beyond anion sensing, these 
results provide design principles for gas sorption, catalysis, and 
other MOF applications involving guest-host chemistry. In 
addition to their practical utility, the ChemFET sensors are critical 

Figure 3. Anion affinity profile as evaluated via Cu(TA)2-containing ChemFET 
sensors. Upper bounds for detection limits (based on error, see ESI Table S2) 
are presented on a log scale, with lower detection limits (better) located higher 
on the chart. Table S2 contains errors for each measurement. All counter 
cations are potassium to eliminate influence of cation on the anion affinity 
profile. Lines are used as a guide to the eye to distinguish between data sets.  
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to establishing this fundamental connection between MOF and 
macromolecular chemistry. 
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Nanoparticles of metal-organic frameworks (nanoMOFs) possess internal and external surface features that mimic the shapes and 
binding capacities of proteins and supramolecular hosts. A Cu(1,2,3-triazolate)2 nanoMOF presents external surface features in a 
ChemFET anion sensor to provide Hofmeister-like anion binding selectivity rivalling that of conventional supramolecular approaches. 


