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Abstract 

Multi-gram synthesis and densification is presented for a porous polymer network (PPN-4) ex-
amined as a possible vehicular methane storage material. Compaction at 17,000 psi doubled the 
bulk density of the material and unexpectedly increased microporosity within the material. As a 
result, the densified material exhibits higher excess gravimetric methane uptake and improved 
total volumetric methane uptake relative to the powder. 
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1. Introduction 

The dramatic increase in the production of natural gas over the last decade has led to a substantial reduction in 
cost of energy derived from this commodity relative to petroleum [1] [2], and as a result, natural gas has become 
a very attractive fuel for the transportation sector. However, given the relatively low volumetric energy density 
(VED) of natural gas (0.04 MJ∙L−1 at 25˚C, 1 bar) [3] compared to gasoline (34.2 MJ∙L−1), [4] [5] natural gas 
needs to be compressed or liquefied to cryogenic temperatures to improve the energy storage density. Natural 
gas compressed to 250 bar (3,600 psi) or CNG (VED = 9.2 MJ∙L−1) [4], and natural gas liquefied at −160˚C or 
LNG (VED = 22.2 MJ∙L−1) [4] are utilized as fuels in transportation systems where the volume and costs of the 
fuel storage system are not limiting factors (primarily commercial operations using fleets of trucks and buses). 
However, utilization of CNG and LNG storage systems in light-duty vehicles has limited market penetration 
because the fuel tanks are relatively expensive, and occupy a significant amount of cargo space. An alternative 
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approach is to utilize porous sorbent materials with an affinity to adsorb methane (and other natural gas species) 
within a specialized fuel tank. Adsorbed natural gas (ANG) achieves higher VEDs than free natural gas at the 
same (P, T) operating conditions. In addition, ANG storage can be implemented at temperatures well above 
LNG, and pressures well below CNG, thereby reducing tank size and minimizing safety hazards. 

Several classes of materials have been investigated as potential ANG adsorbents including activated carbons, 
metal-organic frameworks (MOFs) [4] [6]-[29], covalent organic frameworks (COFs) [30]-[34], as well as por-
ous polymer networks (PPNs) [4] [35]-[39] and other porous polymers [35] [37] [39] [40]-[43]. Although acti-
vated carbons exhibit superior chemical stability, it is difficult to execute rational structural design in the devel-
opment of these materials. The opposite is true for MOFs and COFs, wherein rational design principles have 
been executed to generate new porous materials with exceptionally high capacities for methane [4] [19] [23]; yet 
many of these materials suffer from chemical instability, and in some cases structural instability. Rationally de-
signed, high surface area PPNs [36] [38] that exhibit excellent chemical stability, supersede the limitations of 
the previous generations of porous materials. An example is the porous polymer PPN-4 [36] which exhibits sta-
bility in air, exceptionally high Brunauer-Emmett-Teller (BET) surface area of 6461 m2∙g−1, and 0.25 g∙g−1 
excess methane adsorption at room temperature and 50 bar. The excess adsorption amount (nex) is the only 
quantity associated with the adsorbed phase directly accessible to measurements. This quantity is defined by the 
difference, at a given temperature and pressure (P, T), between the amount of adsorbate stored in the porous vo-
lume of the adsorbent and the amount that would be present in an identical volume in the absence of adsor-
bent-adsorbate interactions. The total methane storage (ntot) accounts for the total amount of adsorbate molecules 
present in the bulk volume of the material. The quantity ntot can be calculated from nex according to the follow-
ing equation:  

tot ex gn n Vνρ= + ×                 (1) 

where ρg is the density of the bulk gas and Vv is the total void volume of the adsorbent. The void volume Vv is 
obtained from the bulk density (ρb) and the skeletal density (ρske) of the adsorbent using: 

( ) ( )1 1b skeVν ρ ρ= −          (2) 

Considering that the skeletal and bulk densities of an adsorbent can differ by up to an order of magnitude, it is 
clear that ntot can be much higher than nex. An oversimplified estimate of material’s total adsorption capacity can 
be made from its excess gravimetric uptake and the material’s crystallographic density which excludes all voids 
that are not a fundamental part of the molecular arrangement. The bulk density should be used instead because it 
includes the contribution of the particle volume, the interparticle void volume and internal pore volume. Con-
trary to the crystallographic density the bulk density is not an intrinsic property of the material and it can change 
depending on how the material is handled.  

In brief the total methane storage capacity of the material will naturally depend on the excess amount ad-
sorbed and the amount of macropores and interparticle voids present in the materials, which can vary considera-
bly depending on the processing of the powder. Monolithic or densified adsorbents are needed in many storage 
applications. As a common industrial practice the adsorbent powders are compacted under external pressure into 
pellets or monoliths to increase their packing density. The primary objective of the compaction is to minimize 
the interparticle void volume within powders of adsorbents. Compacting an adsorbent with or without binders 
affects the porosity and, therefore, the volumetric adsorption capacity. The compaction issue is critical for on- 
board applications because the space available for the storage tank is limited.  

To date, all methane sorption measurements have been performed on PPN-4 in powder form, a form which is 
impractical for achieving high packing densities in fuel storage vessels. In addition, PPNs reported in the litera-
ture are typically prepared at the milligram-scale. An area that deserves further exploration is the scale up of the 
synthesis of PPNs and other porous polymers [35] [37] [39] [40]-[43] to industrially relevant quantities for ve-
hicular methane storage. Here, we report the first multi-gram scale synthesis of PPN-4, and the methane sorption 
performance of densified samples of PPN-4. 

2. Results and Discussion 

2.1. Sample Scale-Up and Pelletization 

To generate gram-scale quantities of PPN-4, it was necessary to begin by scaling up the synthesis of the mono-
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mer, tetrakis(4-bromophenyl)silane. Synthesis of the monomer was achieved by implementing modifications to 
a previously reported [44] synthetic protocol. Here, 1-bromo-4-iodobenzene was lithiated in anhydrous THF, 
and the resulting aryllithium was treated with tetraethyl orthosilicate (TEOS) to obtain the monomer (Figure 
1(a)). Recrystallization of the crude material yielded the desired product in 60% yield.  

The successful scale up of tetrakis(4-bromophenyl)silane enabled us to accumulate substantial quantities of 
monomer needed for gram-scale synthesis of the polymer PPN-4, which is synthesized by Yamamoto polymeri-
zation (Figure 1(a) and Figure 1(b)) [36]-[38] [42] [45] [46]. Incremental scaling of the PPN-4 synthesis pro-
duced materials with IR spectra consistent with PPN-4 produced at the original scale. A PPN-4 sample synthe-
sized at 32-times the scale of the initial preparation exhibited a BET specific surface area of 4000 m2∙g−1 (calcu-
lated [47] from the N2 sorption isotherm measured at 77 K). Although the sample exhibited lower surface area 
than the previously reported value of 6461 m2∙g−1, clearly the Yamamoto polymerization is scalable and can be 
utilized to generate bulk quantities of high surface area porous polymers. Indeed, over 10 g of PPN-4 was pro-
duced over the course of this study. 

As mentioned previously, it is critical that interparticle void volume is minimized in ANG sorbents to max-
imize the volume of adsorbed methane stored in the system. Therefore, in assessing adsorbent properties for 
methane storage, the most informative performance metric is the volumetric uptake, denoted by (v∙v−1), volume 
of methane adsorbed per volume of material. This is determined from the ratio of the NTP (Normal Temperature 
and Pressure defined as gas at 20˚C and 1 atm) volume of the gas to the volume of the adsorbent. PPN-4 was 
densified by pressing the PPN-4 powder into pellets at 117 MPa (17,000 psi) (Figure 1(c)). The BET surface 
area of the PPN-4 pellets was 2460 m2∙g−1, a decrease of 38% relative to the powder. However, bulk density 
measurements revealed that the pellets exhibited a density of 0.133 g∙cm−3, an 80% increase relative to the 
powder. 

2.2. Gas Adsorption and Data Analysis 

Excess methane adsorption at 25˚C was measured up to 80 bar for the PPN-4 in powder form and densified form 
(Figure 2). The powder exhibits a lower excess uptake than the reported value for sample synthesized on milli-
gram scale. For instance, the excess methane uptake reaches about 0.15 g∙g−1 at 50 bar. This value correlates to 
the lower BET specific surface area obtained with large scale batch (4000 m2∙g−1 compared to 6461 m2∙g−1). In-
terestingly, the densified PPN-4 shows a higher gravimetric excess methane uptake than the powder form over 
the entire measured pressure range. 

At first it may seem counterintuitive that the excess gravimetric methane uptake of densified PPN-4 is higher 
 

 

 
Figure 1. a) Synthetic route to PPN-4; b) PPN-4 powder, after activation; c) 
Densified form of PPN-4 (pellets).                                     
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than that of PPN-4 powder. At the same (P, T) operating conditions, it may be expected that the lower surface 
area of the densified PPN-4 pellet would lead to lower methane uptake compared to the higher surface area 
powder. To gain further insight, pore size distributions in both the powder and densified forms were determined 
by applying density functional theory to the argon sorption isotherms. For PPN-4 powder, a broad distribution of 
pores was observed. However, the densified sample of PPN-4 clearly displays a higher fraction of micropores 
(Figure 3). Although the mechanism for this increase in microporosity is not understood, it is clear that the me-
chanical compaction at high pressure induces a change in the PPN-4 porosity. Previous studies with activated 
carbons [3] [48]-[50] have shown that high methane uptake is correlated with high microporosity. In a recent 
computational study [51] examining the influence of ligand topology on surface properties in porous MOFs, it 
was found that the optimal range for favorable interaction between methane and surface carbons (the primary 
elemental constituent in PPN-4) is 3.75 to 4.6 Å. This implies that pore widths of 7.5 to 9.2 Å (micropores) are 

 

 
Figure 2. Excess and total gravimetric methane adsorption isotherms for 
PPN-4 powder and densified PPN-4.                                   

 

 
Figure 3. Pore size distribution for PPN-4 powder, and densified PPN-4.    
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optimal for high methane uptake. Because the densification of PPN-4 results in an increase in micropores, which 
are more favorable for high methane uptake, densified PPN-4 outperforms the powder despite having a lower 
surface area. 

The higher gravimetric methane uptake in densified PPN-4 and the higher bulk density lead to improved vo-
lumetric methane uptake, as expected from the densification process. The total volumetric adsorption is about 85 
cm3 (NTP)∙cm−3 at 50 bar compared to 65 cm3 (NTP)∙cm−3 for the powder at the same (P, T) conditions (Figure 
4). Clearly, densification improves both the excess gravimetric and total volumetric methane sorption perfor-
mance of PPN-4. 

3. Conclusion 

The volumetric storage capacity of densified PPN-4 shows a larger gain than PPN-4 powder over single gas 
compression over the entire pressure range examined. However, the methane uptake of densified PPN-4 falls 
short of the 330 v∙v−1 target set by the U. S. Advanced Research Projects Agency–Energy (ARPA-E) for the 
material because of the relatively low bulk density. These data show that in the development of new porous po-
lymers for vehicular natural gas storage, volumetric methane uptake and bulk density must be assessed. In addi-
tion, densification can be utilized to further optimize porosity, and consequently, material performance.  

4. Experimental 

All air sensitive reactions were performed using Schlenk or glove box techniques with oven-dried glassware. 
THF was distilled over sodium/benzophenone before use. DMF was dried over oven-dried MgSO4 and purged 
with N2 before use. All other reagents were used as received. 

Bulk-scale Synthesis of PPN-4. In a N2 glovebox, an oven-dried 3 L flask equipped with an oven-dried stir bar 
was loaded with 2,2'-bipyridyl (7.23 g, 46.3 mmol), anhydrous DMF (0.80 L), anhydrous THF (1.20 L), 
1,5-cyclooctadiene (5.80 mL, 5.07 g, 46.9 mmol), followed by bis(1,5-cyclooctadiene)nickel(0) (12.8 g, 46.5 
mmol). After the solids had completely dissolved, tetrakis(4-bromophenyl)silane (6.72 g, 10.3 mmol) was added. 
The resulting mixture was stirred overnight under N2, at room temperature. The mixture was transferred to a 4 L 
vessel chilled in an ice bath. Aqueous 6M HCl (320 mL) was slowly added and the resulting mixture was stirred 
for 6 hours. The solid product was isolated via suction filtration through fritted glass, and the filter cake was 
washed with CH3OH (~2 L), then water (~2 L). The solid product was dried in air overnight, then dried under 
vacuum at 80˚C for 16 hours to give PPN-4 as a white powder (3.08 g, 9.28 mmol, 90%). 
 

 
Figure 4. Total methane volumetric adsorption isotherms for PPN-4 powder 
and densified PPN-4 compared to pure compressed gas.                    
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Densification of PPN-4. Activated samples of PPN-4 powder (roughly 80 mg per pellet) were loaded into a 13 
mm pellet die (Carver, Inc). The material was pressed at 117 MPa (17,000 psi) to densify PPN-4 in pellet forms. 
Each pellet was retained for subsequent gas sorption and bulk density measurements. 
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