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ABSTRACT: We investigate the synthesis of coordination polymers (CPs) comprising silver cations, 4,4′-bipyridine and the charge-
balancing perhalogenated acetate anions trifluoroacetate (CF3COO-), trichloroacetate (CCl3COO-), tribromoacetate (CBr3COO-) or 
triiodoacetate (CI3COO-). The syntheses involved anion exchange using the starting CP silver 4,4′-bipyridine acetate. Multianalytical 
characterization was conducted using powder X-ray diffraction, single crystal X-ray diffraction, optical microscopy and thermograv-
imetric analysis. Our findings revealed that CPs were formed with CF3COO- or CCl3COO-  as the charge-balancing anion and exhib-
ited notable stability. In contrast, reactions with CBr3COO- and CI3COO- showed that the starting anion undergoes decomposition 
to bromide, iodide or triiodide before being incorporated into the resulting material. This study sheds light on the interactions between 
perhalogenated anions and CPs and the potential for the use of CPs in the removal of perhalogenated “forever chemicals.”  

INTRODUCTION 
 
In recent years, the field of CPs has witnessed significant ad-

vancements, offering a versatile platform for the design of novel 
materials with diverse potential applications. Among these, cat-
ionic metal-organic frameworks (CPs) have emerged as prom-
ising candidates for the selective adsorption of environmental 
pollutants through anion exchange reactions.1,2 Only a limited 
number of studies, however, have been dedicated to CPs con-
taining perhalogenated anions. In this study, perfluoro-, per-
chloro-, perbromo- and periodoacetate anions were strategically 
chosen due to their relevance as environmental pollutants, with 
many haloacetates being of human concern due to their carcino-
genic nature.3–5 From the perspective of the fundamental chem-
istry of reticular materials, the perhalogenated acetates com-
prise a family of uninvestigated anionic structure-directing 
agents for CPs. These compounds find their way into the envi-
ronment through anthropogenic processes, putting pressure on 
the need to discover materials that can remediate these pollu-
tants. For example, chlorination is widely implemented for 
drinking water disinfection, but this process can unintentionally 
produce chlorinated haloacids through reactions of chlorine and 
natural organic matter. This problem becomes exceptionally 
more serious in regions implementing seawater for sanitation 
such as Hong Kong, since the resulting wastewater can have 
high concentrations of bromide (20-31 μg/L) and iodide (30-60 
μg/L) that can react with organic matter to form toxic 
haloacids.6’7 Disinfection of this wastewater produces an in-
creased concentration of chlorinated and iodinated haloacids 
such as CCl3COOH and CI3COOH.8,9 Due to their low pKa val-
ues, these species will form CCl3COO- and CBr3COO- under 
ambient conditions. 
The United States Environmental Protection Agency regu-

lates five haloacetic acids (HAAs) in drinking water, including 
CCl3COOH. CCl3COO- was a once widely used as a potent 
herbicide due to its phytotoxicity.10 CCl3COO- can also be 
formed through various processes, such as photolysis of chlo-
rinated hydrocarbons in ambient air, microbial processes in 
plants and soils and through the chlorination of wastewater.11 

Other regulated HAAs include chloroacetic acid, bromoacetic 
acid, dichloroacetic acid and dibromoacetic acid.12 On the other 
hand, CBr3COOH is a monitored compound in the 4th Unregu-
lated Contaminate Monitoring Rule (UCMR4) along with bro-
modichloroacetic acid, bromochloroacetic acid and chlorodi-
bromoacetic acid.3 Both the known and potential health hazards 
of these compounds put pressure on developing technology for 
their efficient removal. The use of CPs for the trapping of halo-
acetates has an advantage over other methods such as photo-
chemical,13,14 electrochemical,15–17 zero-valent metal18,19 and bi-
odegredation20–22 methods since the halogens are removed from 
the system and not simply converted to other forms. 
Additionally, trifluoroacetic acid (CF3COOH) has been re-

ceiving significant attention due to its polluting nature and re-
sistance to decomposition.23–25 Unlike other haloacids, 
CF3COOH isn’t susceptible to breakdown by chemical, physi-
cal, biological or photochemical processes, resulting in environ-
mental accumulation.26–28 Primary sources of CF3COOH origi-
nate from degradation of chlorofluorocarbons in the atmos-
phere, notably HCFC-134a (CF3CH2Cl), HCFC-124 
(CF3CHFCl) and HCFC-123 (CF3CHCl2), as well as through 
the decomposition of fluorinated compounds from industrial 
and other high-temperature applications.29 The Chinese fluoro-
chemical industry is a major producer of CF3COOH through 
their intentional and unintentional emission of fluorine-contain-
ing gases.30 While CF3COOH is typically present in the envi-
ronment at levels too low to be a concern to human health, its 
inability to be broken down by reductive or oxidative processes 
will ensure its accumulation and should therefore be of concern. 
In this study, we present a comprehensive exploration of the 

interactions between the CP silver 4,4′-bipyridine acetate, 
{[(Ag)(4,4′-bipyridine)][CH3COO]}, denoted as SBA, and the 
perhalogenated anions perfluoro-, perchloro-, perbromo- and 
periodoacetate. This study furthers our understanding of the 
structural modifications induced by the anion exchange process 
of perhalogenated anions and the reactivity of perhalogenated 
acetates. 
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EXPERIMENTAL 
 

Reagents  
Silver acetate (CH3COOAg, Fisher Chemical, 98%), 4,4′-bipyridine 

[(NC5H4)2, Acros Organics, 98%], sodium trifluoroacetate 
(CF3COONa, ThermoScientific, 98%), sodium trichloroacetate 
(CCl3COONa, Oakwood Chemical), tribromoacetic acid (CBr3COOH, 
Sigma-Aldrich, 99%) and sodium triiodoacetate (CI3COONa, Combi-
Blocks, 95%) were used as-received without further purification. The 
water used for all synthesis and exchange was obtained from a Milli-
pore water purification system. 
 

Instrumentation 
Powder X-ray diffraction (PXRD) was measured on a Rigaku Amer-

icas Miniflex Plus diffractometer, with a scan rate of 2°/min and a 0.04° 
step size using 13 kV, 15 mA Cu Kα radiation (λ = 1.5418 Å). Singe 
crystal X-ray diffraction (SCXRD) was performed by mounting single 
crystals on a MiTeGen polyimide loop and cooled to 100 K on a Rigaku 
Synergy-S X-ray diffractometer. Diffraction of Cu Kα radiation from a 
PhotonJet-S microfocus source was detected using a HyPix-6000HE 
hybrid photon counting detector. Screening, indexing, data collection 
and data processing were performed with CrysAlispro.31 The structure 
was solved using SHELXT and refined using SHELXL following es-
tablished strategies.32–34 All non-H atoms were refined anisotropically. 
FTIR was measured on a PerkinElmer Spectrum One spectrophotome-
ter with KBr pellets. Thermogravimetric analysis (TGA) studies were 
performed using a TA Instruments Q500 TGA, heating from 25 to 550 
°C under an N2 purge and a gradient of 5 °C/min. In situ variable tem-
perature PXRD was performed on a Rigaku SmartLab X-ray Diffrac-
tometer with Cu Kα radiation (λ = 1.5418 Å) in parallel beam geometry 
from 2° to 50° (2θ) at a scan rate of 2°/min and 0.02° step size. 
 

Synthesis of SBA 
SBA was synthesized using a previously reported method.35 A mi-

crocrystalline powder with a blade morphology approximately 1.5 × 
0.08 μm2 in size was synthesized at room temperature. In a typical syn-
thesis, silver acetate (0.10 g, 0.6 mmol) was combined with 4,4′-bipyr-
idine (0.10 g, 0.64 mmol) and water (10 mL) and gently stirred in a 
covered beaker for 1 h. The powder was then collected via vacuum fil-
tration and rinsed with deionized water and acetone to aid in drying 
(yield: 0.19 g, 99% based on silver acetate).   
 

Synthesis of SB(CF3COO-)  
Previously synthesized SBA (0.10 g, 0.29 mmol) was added to water 

(10 mL) in a 100 mL beaker equipped with a stir bar. To this mixture, 
CF3COONa (0.018 g, 0.13 mmol) was added and the mixture was al-
lowed to stir for 1 h at room temperature. The resulting white solid 
(0.10 g, 98% yield)  was collected via vacuum filtration and rinsed with 
water followed by acetone to aid in the drying process. Crystals of the 
resulting CP silver 4,4′-bipyridine trifluoroacetate [SB(CF3COO-), 
which we denote as SLUG-59, for University of California, Santa Cruz, 
Structure No. 59] suitable for SCXRD were obtained by adding freshly 
synthesized SB(CF3COO-) (0.0330 g) to water (10 mL) in a 15 mL 
Teflon lined autoclave with heating at 150 °C for 2 d followed by slow 
cooling at a rate of 0.1 °C/min. 
 

Synthesis of SB(CCl3COO-) 
Previously synthesized SBA (0.10 g, 0.29 mmol) was added to water 

(10 mL) in a 100 mL beaker equipped with a stir bar. To this mixture, 
CCl3COONa (0.024 g, 0.13 mmol) was added and the mixture was al-
lowed to stir for 1 h at room temperature. The resulting white solid 
(0.10 g, 99% yield)  was collected via vacuum filtration and rinsed with 
water followed by acetone to aid in the drying process. Single crystals 

of the resulting CP silver 4,4′-bipyridine trichloroacetate 
[SB(CCl3COO-), which we denote as SLUG-60] were obtained by dis-
solving SB(CCl3COO-) (~ 10 mg) in a few mL of concentrated ammo-
nia. The undissolved solid was removed by filtration using a syringe 
fitted with a filter and the saturated SB(CCl3COO-) ammonia solution 
was placed in a small glass vial. The vial was covered with Parafilm 
and one small hole was made in the film using a toothpick to allow for 
slow ammonia evaporation. 
 

Reaction of SBA with CBr3COO 
 Due to difficulties with finding a commercial source of 

CBr3COONa, the acid form, CBr3COOH, was used instead. To a 100 
mL beaker, water (8 mL) was added followed by the addition of 
CBr3COOH (0.077 g, 0.26 mmol) with stirring. The CBr3COOH was 
converted to CBr3COONa using 0.1 M NaOH (2.6 mL). To this solu-
tion, previously synthesized SBA (0.10 g, 0.29 mmol) was then added 
and allowed to stir for 1 h. The resulting white solid was collected via 
vacuum filtration and rinsed with water followed by acetone to aid in 
the drying process. Both 1:1 and 2:1 (CBr3COONa:SBA) mole ratios 
were used in both light and dark environments to avoid any photochem-
ical reaction of tribromoacetate. All bulk products gave the same ex-
perimental PXRD pattern, which differed from the theoretical pattern 
obtained from SCXRD data of a CP (which we denote as SLUG-61) 
from this reaction. These crystals were obtained by dissolving approx-
imately 10 mg of freshly synthesized material in a few mL of concen-
trated ammonia. The undissolved solid was filtered off using a syringe 
filter and the saturated CP ammonia solution was placed in a small glass 
vial. The vial was covered with Parafilm and one small hole was made 
in the film using a toothpick to allow for slow ammonia evaporation.  
 

Reaction of SBA with CI3COONa 
All steps were performed in the dark to avoid any photochemical 

reactions of triiodoacetate. Previously synthesized SBA (0.10 g, 0.29 
mmol) was added to water (10 mL) in a 15 mL Teflon lined autoclave. 
To this mixture, CI3COONa (0.054 g, 0.26 mmol) was added and 
mixed by inverting the autoclave several times. The mixture was then 
heated at 150 ºC for 3 d and cooled to room temperature at a rate of 0.1 
ºC/min. The crimson red crystals were collected via vacuum filtration 
and rinsed with water followed by acetone to aid in the drying process. 
These crystals were suitable for SCXRD (the structure we denote as 
SLUG-62). The experimental PXRD pattern of the bulk product did not 
match the theoretical pattern obtained through SCXRD. 
 

RESULTS AND DISCUSSION 

SBA Anion Exchange with CF3COO- 
CF3COO- undergoes anion exchange with our previously re-

ported CP, silver 4,4′-bipyridine acetate {[(Ag)(4,4′-bipyri-
dine)][(CH3COO)], denoted as SBA}.35,36 Anion exchange is a 
highly desirable property of CPs made possible by the loosely 
coordinated crystallographic anions oriented within the CP.37–39 
The anion exchange process is solvent mediated and involves 
the breaking apart of the original CP and the release of the start-
ing anion (acetate) into solution. Reformation of the CP around 
the new incoming anion (CF3COO-) then occurs.40 The prefer-
ence of a CP for one anion over another is due in part to the 
solubility of the anions in question.36 With an appropriately se-
lected starting CP, the harmful anion will be less soluble than 
that originally present and it will be more energetically favora-
ble for the pollutant to reside within the CP than for it to remain 
in solution.  
We have previously disclosed the crystal structure of SBA,35 

but certain aspect of this structure merit discussion to facilitate 
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comparison to the following structures that we will describe.  
SBA crystalizes in space group P21/c and consists of polymeric 
chains of Ag+ coordinated to 4,4′-bipyridine (Figure 1). The 
charge balancing acetate anions are weakly bound to Ag+ and 
sandwiched between the 𝜋-stacked polymeric chains.35 The ions 
of Ag+ in neighboring chains are colinear and arranged into di-
mers with a Ag···Ag distance of 3.1347(8) Å.35 The charge bal-
ancing acetates form μ2 bridges with two Ag+ cations of adja-
cent polymeric chains. Occupational disorder is observed 
among the 4,4′-bipyridine units (Figure 1); the disorder arises 
from rocking of the pyridine rings, which are anchored at the 
nitrogen and para carbon atoms. The structure contains six wa-
ter molecules in the asymmetric unit that occupy the space be-
tween silver complex chains and form an extensive hydrogen 
bonding network.35  

 

Figure 1. Crystal structure for the starting material SBA, showing 
acetate sandwiched between polymeric chains of 4,4′-bipyridine 
and Ag+, with bipyridine a and b carbon disorder and crystallo-
graphic waters present. Left image: view down the a-axis, with pol-
ymeric chains extending in and out of the page; right image: view 
down the c-axis showing the polymeric chains stacked on top of 
one another in the plane of the page. 

It was discovered that SBA can sequester CF3COO- from wa-
ter while releasing benign acetate via an anion exchange pro-
cess. The lower solubility of CF3COO- compared to acetate en-
courages a quick and successful exchange, resulting in the novel 
CP {(Ag)(4,4′-bipyridine)][CF3COO], denoted as 
SB(CF3COO-); ORTEP diagram Figure S1; optical micrograph 
Figure S2}. The differences in the solubility of CH3COO- and 
CF3COO- arises from their different free energies of solva-
tion.41,42 While it is true the electronegativity of fluorine poten-
tially makes for a more favorable dipole interaction with water 
than hydrogen, the larger atomic radius of fluorine requires 
more water molecules to orient themselves into a solvation 
sphere than is required for hydrogen. This decrease in entropy 
due to a larger solvation sphere for CF3COO- is more signifi-
cant than the stronger dipole interactions with water. The effect 
of fluorine on the solubility of organic molecules is well re-
ported.43 The resulting SB(CF3COO-) was stable enough that 
when 10x molar excess potassium acetate (KOAc) was intro-
duced to SB(CF3COO-) in water, the starting SBA could not be 
regenerated.  
SB(CF3COO-) crystallizes in space group Pnc2 (Figure 2) 

and consists of positively charged polymeric chains of Ag+ and 
4,4′-bipyridine. The chains stack on top of one another with a 
nearest centroidpyridine-to-centroidpyridine distance of 3.540(9) Å. 
Charge balancing CF3COO- ions reside between the 𝜋-stacked 
layers and colinear cations of Ag+ are arranged into dimers with 
a Ag···Ag distance of 3.2304(12) Å. This layout once again re-
duces the 𝜋-stacking of adjacent bipyridine molecules but in-
creases the stability of the framework through covalent argen-
tophilic connectivity and forms a structure similar to that of the 

starting SBA. The PXRD of bulk SB(CF3COO-) obtained 
through the anion exchange reaction of SBA with CF3COO- 
matched the theoretical spectrum obtained from SCXRD (Fig-
ure 3). Also shown in Figure 3 is the experimental PXRD pat-
tern for the starting SBA to emphasize the successful anion ex-
change. IR spectroscopy was employed to further characterize 
the anion exchange process with new peaks and shifts in peaks 
being the result of the replacement of CH3COO- for CF3COO- 
(Figure S3). 

 
Figure 2. The crystal structure of SB(CF3COO-), showing charge 
balancing CF3COO- and crystallographic water sandwiched be-
tween polymetric chains of Ag+ and 4,4′-bipyridine. Left image: 
view down the c-axis with polymeric chains propagating in and out 
of the page; right image: view down the b-axis showing the poly-
meric chains stacked on top of one another. 

    

Figure 3. PXRD spectra for SB(CF3COO-), showing the theoreti-
cal pattern obtained from SCXRD data (black) with Miller indices 
of majority peaks and the experimental pattern (green) obtained 
from bulk SB(CF3COO-) synthesized via aqueous anion exchange 
between SBA (also included as top pattern for comparison, brown) 
and CF3COO-.   

Solubility studies of SB(CF3COO-) were also performed us-
ing ICP-OES with filtered, saturated aqueous solutions of 
SB(CF3COO-) and SBA.  It was determined that a saturated so-
lution of SB(CF3COO-) prepared over 3 d under ambient con-
ditions contains 3.2 μM Ag+. The solvated silver results from 
the framework partially dissociating. Saturated solutions of the 
starting material SBA had a silver concentration of 5.0 μM. The 
lower solubility of SB(CF3COO-) as compared to SBA is partly 
responsible for the successful aqueous anion exchange between 
SBA and CF3COO-. The SBA dissociates, releasing the more 
soluble acetate anion while the less soluble CF3COO- is taken 
up, forming a SB(CF3COO-) suspension. Furthermore, PXRD 
and IR spectroscopy were used to show that SB(CF3COO-) was 
stable over the course of six months when stored dry under nor-
mal laboratory conditions (Figure 4). This was shown by 
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exhibiting a weak PXRD pattern that is inconsistent with a crys-
talline structure (Figure 10). We hypothesized that the larger 
size of iodine might hinder CI3COO- integration into a frame-
work. Consequently, hydrothermal techniques were employed 
in an endeavor to produce a framework derived from CI3COO-. 
Aqueous SBA and CI3COONa were heated at 150 ºC for 3 d 
under autogenous pressure. The resulting crystals exhibited a 
red-orange hue and PXRD analysis revealed three prominent 
higher angle peaks (Figure 10). The optical micrograph of the 
crystals is shown in Figure S13. The sample contained many 
crystals of SCXRD quality that were studied further.  

 

Figure 10. PXRD patterns of the bulk product obtained by com-
bining SBA with CI3COONa in aqueous ambient conditions (blue, 
bottom) and at 150 ºC under autogenous pressure (red, top).   

SCXRD data revealed two unique hydrothermal products, 
neither of which matched the experimental PXRD of the bulk 
material. This implies the single crystals that were analyzed are 
likely minor byproducts of the reaction.  The first analyzed is a 
novel compound consisting of Ag+, pyridine and I- 
{[(Ag)(C5H5N)][I]} and belonging to space group P21/n (Fig-
ure 11). The material adopts pyridine into its structure that orig-
inates from the decomposition of the starting 4,4′-bipyridine 
(ORTEP diagram, Figure S14). As was observed for 
SB(CBr3COO-), this structure also contains a metal halide layer 
in addition to an interlamellar organic layer. AgI salt regions 
extend along the a-axis, with pyridine coordinated to Ag+ and 
protruding from the layers orthogonally along the b-axis. Since 
the theoretical PXRD for this compound does not match that of 
the bulk product, [(Ag)(C5H5N)][I] is likely a minor side prod-
uct of the reaction (Figure 12).  

 

Figure 11. The crystal structure for [(Ag+)(C5H5N)][I-], obtained 
by reacting SBA with CI3COONa at 150 ºC for 3 d under autoge-
nous pressure. Left image: view down the a-axis with AgI extend-
ing in and out of the page; right image: view down the c-axis with 

AgI chains in the plane of the page. The capping pyridine molecules 
align with one another in a layered manner, shown here with disor-
der included.  

 

Figure 12. PXRD of the bulk material (top) and the theoretical pat-
terns obtained from single crystal data for [(Ag)(C5H5N)][I] (cen-
ter) and N,N′-dimethyl-4,4′-bipyridinium triiodide (bottom). The 
lack of a pattern match between the bulk product and the SCXRD 
data indicates the crystals selected were minor side products.  

An additional compound was also collected from the bulk 
that matched a previously reported material belonging to space 
group P21/c (Figure 13).45 This compound contained no ex-
tended coordinate bonds but was rather a salt consisting of N,N′-
dimethyl-4,4′-bipyridinium and triiodide (ORTEP diagram, 
Figure S15). This material is the result of the dimethylation of 
the starting 4,4′-bipyridine and the liberation and combination 
of the iodine of the starting CI3COO- into triiodide. Like the 
previous compound, this material does not match the PXRD of 
the bulk solid collected and is an additional side product (Fig-
ure 12). All attempts to collect single crystals with a PXRD that 
matched the experimental pattern were unsuccessful. 

 

Figure 13. View along the b-axis (left) and a-axis (right) for the 
crystal structure of the salt N,N’-dimethyl-4,4′-bipyridinium triio-
dide, isolated from the hydrothermal reaction of SBA with 
CI3COONa.  

 

CONCLUSIONS 
Our investigation focused on exploring the structural charac-

teristics and stability of cationic metal-organic frameworks 
(CPs) formed by anion exchange reactions involving 
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perhalogenated acetate anions with frameworks composed of 
silver cations and 4,4′-bipyridine. Successful anion exchange 
reactions with SBA were observed for CF3COO- and 
CCl3COO-. The theoretical PXRD from SCXRD data matched 
the bulk material for both compounds. PXRD and FTIR were 
used to show the materials were stable over the course of six 
months when stored under normal laboratory conditions. When 
SBA is introduced to CBr3COO- or CI3COO-, no exchange 
product was observed using SCXRD but rather the anions un-
derwent decomposition. These decomposed species were incor-
porated into the resulting material, contributing to the overall 
structural complexity. Our study sheds light on the efficacy of 
the initial CP, silver 4,4′-bipyridine acetate (SBA), in adsorbing 
perhalogenated pollutants from aqueous environments. The 
successful anion exchange reactions revealed the capability of 
SBA to adsorb CF3COO- and CCl3COO-, showcasing its poten-
tial for environmental remediation efforts. This work contrib-
utes to the growing field of metal-organic frameworks, espe-
cially cationic variants, and their potential applications in ad-
dressing environmental challenges posed by perhalogenated 
pollutants. It may be possible to also target some of the emerg-
ing, highly toxic longer chain analogs. The structural under-
standing gained from these experiments opens avenues for fur-
ther research into the design and optimization of CPs for tar-
geted environmental anion remediation. 
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