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Tunable porous coordination polymers for the capture, recovery 
and storage of inhalation anesthetics  

Brendan F. Abrahams,[a]* A. David Dharma,[a] Paul S. Donnelly,[b] Timothy A. Hudson,[a] Cameron J. 

Kepert,[c] Richard Robson,[a]* Peter D. Southon[c] and Keith F. White[a]

Abstract: The uptake of inhalation anesthetics by three 

topologically identical frameworks is described. The 3D network 

materials, which possess square channels of different 

dimensions, are formed from the relatively simple combination of 

Zn(II) centres and dianionic ligands that contain a phenolate and 

a carboxylate group at opposite ends. All three framework 

materials are able to adsorb N2O, Xe and isoflurane. Whilst the 

framework with the widest channels is able to adsorb large 

quantities of the various guests from the gas phase, the 

frameworks with the narrower channels have superior binding 

enthalpies and exhibit higher levels of retention. The use of 

ligands in which substituents are bound to the aromatic rings of 

the bridging ligands offers great scope for tuning the adsorption 

properties of the framework materials. 

Nitrous oxide (N2O) and volatile fluorinated ethers 
including isoflurane (I) and sevoflurane (II) are widely used as 
inhalation anesthetics.[1] When administered to a patient, only a 
small proportion of inhaled anesthetics are metabolised by the 
body leading to substantial release of these compounds upon 
exhalation into enclosed spaces such as operating theatres or 
ultimately the external environment. Both short term and long 
term exposure to the compounds can adversely affect the health 
of those who work in the immediate environment where 
inhalation anesthetics are in use. [2] In addition to having local 
detrimental impact on health, the release of these gases/vapors 
poses a significant environmental problem because, in general, 
they are extremely potent greenhouse gases. [3] It was estimated 
that 313.4 million major surgical procedures were performed in 
2012 throughout the world[4] and thus materials and processes 
that are able to capture and recycle anesthetics are of 
considerable interest. 

 

 
 
 
 

Although not in routine use, xenon has been viewed as the 
closest substance to an ideal anesthetic. It is non-flammable, 
non-explosive, has low toxicity, allows rapid 
induction/emergence, and is environmentally benign. [5] However, 
its widespread use is unsustainable because the production of 
xenon requires considerable energy.[6] The efficient capture of 
xenon from a patient upon exhalation offers the prospect of 
recycling the expensive gas. 

Current approaches for the capture of exhaled anesthetics 
employ microporous materials such as activated carbons[7] and 
zeolites[8], with less traditional porous materials, such as discrete 
molecular systems[9] having also been investigated. Workers 
such as Thallapally and Cooper have also succeeded in 
employing discrete molecular systems for the capture of xenon 
and its separation from other noble gases.[10] Whilst materials 
such as activated carbons and zeolites are certainly capable of 
capturing inhalation anesthetics, there is little prospect of fine-
tuning the pores in these adsorbent materials in order to capture 
a specific anesthetic vapor.  Amongst a range of candidate 
materials, porous coordination polymers appear to be 
particularly well suited to the role of anesthetic capture, recovery 
and storage because it is possible to exert control over pore size, 
shape and surface chemistry. Investigations involving the 
capture, storage and recycling of N2O,[8b, 11] xenon[12] and 
fluorinated ethers[13] by porous coordination polymers, have to 
date been limited.  
 As part of our investigations into robust porous networks 
we recently described a simple synthetic approach for the 
generation of a family of tetragonal, 3D coordination polymers of 
composition ML (M = Zn, Co and L = a dianionic bridging ligand 
with phenolic and carboxylate groups at opposing ends).[14]  The 
coordination networks consist of tetrahedrally coordinated metal 
centres linked by bridging ligands to crystallographically 
equivalent metal centres within a helical chain which extends in 
a direction parallel to the c-axis; an example of such a chain for 
the compound Zn(hba) (H2hba = 4-hydroxybenzoic acid) is 
presented in Figure 1a. The extended Zn(hba) structure, which 
has channel dimensions of 6 x 6 Å (van der Waals surface to 
van der Waals surface) is depicted in Figure 1b.  

An important aspect of this family of compounds is that the 
dimensions of the square channels can be controlled by the 
choice of the dianion linker. The use of a longer ligand, such as 
the dianion of hydroxy-4-biphenylcarboxylic acid (hbpc2-), yields 
a topologically identical network with channel dimensions of 10 x 
10 Å (Figure 1c). We have now discovered that it is also 
possible to modify the channel shape and surface by introducing 
ligand substituents that protrude into the square channels. When 
the dianion of 2-methyl-4-hydroxybenzoic acid (2-mehba2-) is 
combined with Zn(II), an open-type network, Zn(2-mehba) is 
obtained, but now the sterically active methyl groups line the 
surfaces of the channels. The framework materials remain intact 
upon removal of channel solvent, and subsequent gas 
adsorption experiments indicated the solids reversibly adsorb 
gases.[13]  

The simple modular design of this new family of 

coordination polymers means that it is relatively easy to control 

the size, shape and surface chemistry of the pores through the 

selection of an appropriate phenolate-carboxylate ligand. Such 

control may make it possible to deliberately construct a porous 

network that is optimised for the capture, recovery or storage of 

a specific inhalation anesthetic. In this report we present the 

results of a preliminary investigation of the uptake of N2O, xenon 
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and isoflurane by Zn(hba), Zn(hbpc) and Zn(2-mehba) which 

serves to illustrate the potential of this family of coordination 

polymers to act as host materials for inhalation anesthetics. 
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Figure 1. The structures of the ZnL networks (L = hba
2-

, hbpc
2-

) showing a) a 

helical chain of Zn(II) centres, which extends in the direction of the channels, 

formed by the combination of Zn
2+

 and hba
2-

 b) a space-filling representation 

of the Zn(hba) framework showing the square channels and c) a space filling 

representation of the topologically equivalent Zn(hbpc) framework. 

Isotherms measured at 298 K for the adsorption of N2O by 
Zn(hba), and Zn(2-mehba) resemble type I isotherms whilst the 
isotherm for Zn(hbpc) has a point of inflection (Figure 2a). At a 
pressure of 1 bar Zn(hba), Zn(hbpc) and Zn(2-mehba) adsorb 
109, 65 and 58 mg/g of the gas respectively (mass of adsorbed 
gas per gram of framework material). At this pressure the N2O 
adsorption capacity is significantly higher than that observed for 
the materials MOF-5 and MOF-177.[8b] Furthermore, 
comparisons of the N2O uptake with the zeolite materials 4Å and 

5Å reveal Zn(hba) has a similar capacity to 4A and half that of 
5A under the same conditions.[8b, 8c] The N2O uptake by Zn(hba), 
Zn(hbpc) and Zn(2-mehba) at 298 K and at a pressure of 15 bar 
is presented in Table 1. The uptake of the gas at 298 K is 
reversible (Supporting Information). The calculated N2O isosteric 
adsorption enthalpies for Zn(hba) and Zn(2-mehba) were 
determined from isotherms collected at 258 and 273 K. In the 
initial adsorption phase the isosteric heat of adsorption enthalpy 
for Zn(hba) and Zn(2-mehba) is 29.3 and 29.9 kJ/mol 
respectively; the adsorption enthalpies for both compounds 
remain above 25 kJ/mol over almost the entire N2O adsorption 
range (Supporting Information). The N2O isotherms for Zn(hbpc) 
show a sigmoidal profile, most pronounced at 258 K, and 
becoming less distinctive with increasing temperature; minor 
hysteresis is apparent upon desorption. In our previous work 
regarding Zn(hbpc), similar step-wise adsorption behaviour was 
observed for a H2 isotherm collected at 77 K.[14]  The shape of 
similar isotherm paths, reported in the literaure, have been 
attributed to either flexibility in the coordination framework of the 
gas adsorbing material[15] or a consequence of attractive 
interactions between the guest molecules.[16] A powder XRD 
pattern of Zn(hbpc) with evacuated channels is very similar to 
the calculated pattern derived from single crystal data obtained 
on the framework when the channels are filled with solvent 
molecules (Figure S2). This indicates that Zn(hbpc) has the 
same framework structure regardless of whether the channels 
are filled or empty.   

Whilst the isotherms indicate that the framework structures 
are capable of adsorbing N2O, the current materials are unlikely 
to be useful as N2O scavengers under ambient conditions. 
Through the inclusion of appropriate functional groups on the 
aromatic ring(s) of the ligand it may be possible to enhance the 
binding to a point where the N2O can be captured from exhaled 
air. In regards to the use of N2O, the current materials may allow 
significant quantities to be stored under relatively low pressures.   

Xenon isotherms (298 K) measured on Zn(hba) and Zn(2-
mehba), Figure 2b, have similar uptake profiles as that seen for 
N2O. The isotherms rise steeply at low pressures and at 1 bar 
the xenon adsorbed by Zn(hba) and Zn(2-mehba) is 343 and 
200 mg/g respectively. The isotherms plateau at pressures 
greater than 1 bar (total Xe uptake values are presented in 
Table 1) with a xenon uptake by Zn(hba) of 440 mg/g at 9 bar 
and by Zn(2-Mehba) of 348 mg/g at 4 bar. The xenon uptake in 
Zn(hba) at 1 bar is approximately 50% of the highest reported 
for coordination polymers.[12i] The isosteric xenon adsorption 
enthalpies for Zn(hba) and Zn(2-mehba), calculated from 298 
and 273 K isotherms, are 27.8 and 34.4 kJ/mol respectively. It is 
important to note that the xenon adsorption enthalpies remain 
almost completely unchanged until the compounds approach 
saturation (see Supporting Information). Similar to the 258 and 
273 K N2O isotherms, the 298 K Xe Zn(hbpc) isotherm takes a 
sigmoidal path; however, in this case the step is far more 
pronounced (Figure 2b). At pressures below 2.5 bar the xenon 
isotherm rises gradually, between 2.5 and 3 bar the isotherm 
takes a sharp upward turn and as the pressure is raised above 3 
bar the isotherm begins to plateau. An overall xenon uptake of 
1020 mg/g is observed at a pressure close to 10 bar. As with the 
low temperature N2O isotherms collected on Zn(hbpc), only 
minor hysteresis is evident in the desorption path. 

Isoflurane adsorption isotherms were measured for the 
three compounds at 298 K. The isotherm for the uptake of 
isoflurane by Zn(hba) at low pressures is presented in Figure 2c. 
Isotherms for the adsoption of isoflurane at higher pressures and 
for Zn(hbpc) and Zn(2-mehbba) are included in the Supporting 
Information. The isotherms of all three host materials show 
steep uptake of the vapor at very low pressure and approach 
saturation by 5 mbar, corresponding to a relative vapor pressure 
(P/P0) of 0.0127. The amount of isoflurane adsorbed for each 
compound is listed in Table 1. This uptake compares favourably 
with the isoflurane uptake (598 mg/g) recently reported by 
Miljanić et al. in a  porous molecular crystal.[9] The desorption 
isotherm for Zn(hba) closely follows the isoflurane uptake curve 
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back to 5 mbar.  At this point most of the adsorbed guest 
remains in the pores of Zn(hba) and the complete release of 
isoflurane from Zn(hba) is only achieved upon heating the 
sample to 50°C and reducing the pressure to less than 0.3 mbar. 
The desorption isotherm measured on Zn(hbpc) reveals that 
whilst some hysteresis is apparent at higher pressures, the 
complete removal of the isoflurane from Zn(hbpc) occurs under 
more moderate conditions than is required for Zn(hba).  

 

Figure 2. Adsorption isotherms at 298 K for a) N2O, b) xenon and c) isoflurane 

(for Zn(hba) only). 

Investigations were undertaken to determine the ability of 
the loaded framework materials to retain the guest isoflurane. 
After exposure to isoflurane vapor, a sample of the framework 
was exposed to the atmosphere under ambient conditions for a 
prolonged period at 23°C , and then the quantity of isoflurane 
determined by thermogravimetric analysis. In the case of 
Zn(hbpc) loaded with 750 mg per gram of the host network, only 
100 mg per gram of the isoflurane remained. The materials with 
the narrower pores, Zn(hba) and Zn(2-mehba), retain a greater 
fraction of the isoflurane under similar conditions; for Zn(hba), of 

the 400 mg per gram of isoflurane adsorbed, 320 mg is retained, 
whilst for Zn(2-mehba), of the 160 mg per gram adsorbed, 150 
mg is retained. Further details relating to these measurements 
are included in the  Supporting Information. 

The anesthetic uptake data for the host materials, Zn(hba), 
Zn(2-mehba) and Zn(hbpc) reveal some general trends. Firstly, 
the larger pore dimensions of Zn(hbpc) allows greater quantities 
of the anesthetic guest molecules to be adsorbed. For each 
anesthetic investigated (N2O, Xe and isoflurane) the total 
capacity of Zn(hbpc) is approximately twice that of Zn(hba). In 
the case of the Zn(2-mehba) framework, in which a methyl group 
is appended to each bridging dianion, the uptake is further 
reduced. However, an advantage of the narrower pores is that 
the guest molecules interact with more channel surfaces at any 
one time, resulting in superior uptake at lower pressures. The 
high binding enthalpy determined for xenon uptake by Zn(2-
mehba) neatly illustrates this point. The relationship between 
coordination polymers with narrow pores (5 – 6 Å) and 
favourable xenon uptake has been reported recently by the 
groups of Thallapally and Li.[12h, 12j] The advantages of a narrow 
pore network, such as Zn(2-mehba) and Zn(hba), extends to the 
retention of the adsorbed anesthetic molecules under 
atmospheric conditions. This is clearly evident upon inspection 
of the data obtained from samples of Zn(hba) and Zn(hbpc) 
dosed with isoflurane. 

 

Table 1. A summary of the anesthetic uptake of the host networks at 

saturation (or at the maximum pressure measured) at 298 K (milligrams of 

guest per gram of host network). 

 N2O Xe Isoflurane 

Zn(hba) 230 (15 bar) 440 (9 bar) 417 (0.3 bar) 

Zn(hbpc) 510 (15 bar) 1020 (10 bar) 775 (0.1 bar) 

Zn(2-mehba) 140 (15 bar) 348 (4 bar) 187 (0.1 bar) 

 
Whilst it has been demonstrated that the materials 

investigated have the ability to capture anesthetic vapors such 
as isoflurane in a laboratory, it is important to recognise that 
the exhaled gases from a patient will include significant 
quantities of water vapor and carbon dioxide which have the 
potential to complicate the adsorption process. It is proposed 
that the vented gas be dried by including a tube containing 
small pore molecular sieves in the gas line before passing it 
through the anesthetic adsorbent. In regards to carbon dioxide, 
modern anaesthetic machines have a scavenging system in 
place which removes the gas. 

In summary, the N2O, xenon and isoflurane uptake 
properties of three porous coordination polymers with identical 
topologies but different channel sizes have been investigated. 
Whilst the channels in Zn(hbpc) were shown to accommodate 
larger quantities of gaseous molecules than Zn(hba) and Zn(2-
mehba) at elevated pressure, the larger channel dimensions 
means that Zn(hba) and Zn(2-mehba) are superior adsorbent 
materials at low pressures. Additionally, the large channel 
dimensions in Zn(hbpc) resulted in the release of the gas 
molecules under less forceful conditions than Zn(hba) and 
Zn(2-mehba). A large number of dianions containing a 
phenolate moiety at one end and a carboxylate binding moiety 
at the opposite end, may be envisaged in regards to the 
synthesis of these open PtS-related network materials. Ligand 
selection offers the prospect of tailoring the host material to 
optimise capture and storage for specific anesthetics. The 
length of the ligand is expected to impact significantly on the 
capacity of the framework material whilst the presence of 
substituents bound to the aromatic rings permits control over 
not only pore size and shape but the nature of the interaction 
between host and guest. The optimum device for capture and 
storage could possibly involve two types of network materials. 
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It should be possible to incorporate two chambers in the one 
system, one containing a narrow pore network that is able to 
deliver high performance with respect to capture and a second 
chamber filled with a larger pore network material that shows 
superior storage capacity. The application of gentle heating to 
the first chamber would allow the anesthetic guests to be 
transferred to the storage chamber in what maybe considered 
as a low energy sublimation process.  

Finally, although the emphasis of this current work has 
been on the capture of anesthetics, the type of materials 
described may also find use in storage and delivery. Heavy 
metal cylinders are cumbersome to handle and this restricts 
their use outside the clinical setting. The ability to store 
anesthetic gases under relatively modest pressures in 
lightweight containers could make a significant difference to 
the portability of such materials and open up the possibility of 
easier use coupled with safer storage and transport of 
important anesthetics in remote or non-developed areas. 

Experimental Section 

Zn(hba) and Zn(hbpc) were synthesised according to the 
literature procedure.[14] The synthesis of Zn(2-mehba) in addition 
to details relating to its structural characterization are presented 
in the Supporting Information. Experimental details relating to 
the uptake and retention of the inhalation anesthetics are also 
included in the Supporting Information. 
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