
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

www.rsc.org/crystengcomm

CrystEngComm

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


CrystEngComm RSCPublishing 

COMMUNICATION 

This journal is ©  The Royal Society of Chemistry 2014 CrystEngComm., 2014, 00, 1-4 | 1 

Cite this: DOI: 10.1039/x0xx00000x 

Received 00th January 2014, 

Accepted 00th January 2014 

DOI: 10.1039/x0xx00000x 

www.rsc.org/crystengcomm 

ROD-8, a rod MOF with pyrene-cored 

tetracarboxylate linker: framework disorder, 

derived nets and selective gas adsorption† 

Ru-Jin Li,a Mian Li,a Xiao-Ping Zhou*,a Seik Weng Ng,b Michael O’Keeffe*c 
and Dan Li*a 

Reported here is a new CdII-based metal-organic framework 

(MOF), ROD-8, based on rod secondary building unit (SBU) 

and tetratopic linker 1,3,6,8-tetrakis(p-benzoic acid)pyrene. 

The structure of this MOF experiences framework disorder 

with two extreme ordered orientations of the ligand, which 

are topologically related to two nets, namely lrk and lrl, both 

derived from the basic net lrj. Moreover, the activated sample, 

ROD-8a, shows selective gas adsorption of CO2 over N2, CO2 

over CH4 and CH4 over N2 at room temperature, estimated 

by the Ideal Adsorbed Solution Theory (IAST). 

In the past decade, metalorganic frameworks (MOFs), which 

are assembled from metal ions or clusters and organic linkers to 

form crystals with potential voids,
1
 have attracted widespread 

attention owing to their fascinating structures and topologies,
2
 as 

well as various applications such as gas storage and separation,
3
 

catalysis,
4
 sensing,

5
 and so on. The incorporation of varied 

connectors and linkers into coordination networks has resulted in 

many pleasing and complicated MOF structures. In this regard, 

the identification and classification of the underlying nets
2b-d

 of 

MOFs are important for further theoretical and applied studies. 

Recently, a large number of new MOFs have been reported with 

more complicated topologies, notably including two main 

categories: one with 1-periodic metal secondary building units 

(rod SBUs)
2b

 and the other with polytopic organic linkers.
2c,6

 

However, the number of MOFs containing both rod SBUs and 

polytopic linkers is small, and the best method for deconstructing 

such type of MOFs into their underlying nets is not entirely clear. 

 Apart from the interest on structures, because of their high 

surface areas and tunable pore sizes and surface properties, 

MOFs are now seriously considered for the applications in gas 

storage and separation.
3
 Recent hot topics of MOF applications 

for clean energy and environmental protection include CO2 

capture and separation
3c,d

 and CH4 storage.
3g,h

 The rational 

consideration of selective gas adsorption must take into account 

the physical property (e.g. polarizability and quadrupole moment) 

of the gas molecules and also the host-guest interactions.
3e,7

 For 

example, the incorporation of large, planar aromatic or methyl-

substituted ligands, which then form a pore size suited to the 

kinetic diameter of methane, can increase the CH4 uptake 

capacity of MOFs.
3a,g

 The gas separation selectivity is best 

evaluated by the Ideal Adsorbed Solution Theory (IAST),
3d,e,8

 

rather than merely comparing the uptake capacities. 

 The authors have been interested in rod MOFs (i.e. MOFs 

with rod SBUs).
2b,9

 Herein, we report a Cd
II
-based three 

dimensional (3D) MOF, [Cd2(TBAPy)(H2O)2]·DMF0.5dioxane 

(named ROD-8, DMF = dimethylformamide), constructed from a 

tetratopic linker with a π-conjugated pyrene core, i.e. 1,3,6,8-

tetrakis(p-benzoic acid)pyrene (H4TBAPy).
9d,10

 The reaction of 

H4TBAPy with Cd(NO3)2·4H2O in DMF/dioxane/H2O (2:1:1) 

solvent mixture in a sealed pyrex glass tube at 120 C for 72 

hours produced orange block-like crystals of ROD-8 in high yield 

(see ESI† for experimental detail). 

 Single crystal X-ray crystallography‡ revealed that ROD-8 

crystallizes in the monoclinic space group P21/c. The asymmetric 

unit contains two crystallographically independent Cd
II
 ions, one 

deprotonated TBAPy ligand and two coordinated H2O. Cd1 is 

coordinated with seven carboxylate-O from four TBAPy ligands 

and adopts a distorted pentagonal bipyramidal geometry, while 

Cd2 exhibits a distorted octahedron, fulfilled by four carboxylate-

O from four TBAPy ligands and two coordinated H2O (Fig. S1 in 

ESI†). The two Cd
II
 ions are mono- or triply-bridged by the 

carboxylate groups to generate an infinite 1D metal chain that we 

call the rod SBU (Fig. 1b). Each tetracarboxylate ligand with 

eight O donors is linked to eight Cd
II
 ions (Fig. 1a) from four rod 

SBUs, extending them into a 3D MOF with two types of 1D 

porous channels (one with window of ca. 6.5 × 11.8 Å
2
; the other 

ca. 8.5 × 9.5 Å
2
). The direction of the channels accords with that 

of the rod SBUs (along the a axis), and the distance between two 

nearest parallel pyrene core plane is 4.35 Å. 
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Fig. 1 Structure of ROD-8. (a) The TBAPy linker exhibiting positional disorder with 

two extreme positions (shown in silver and gold) in the pyrene core. (b) 

Deconstruction of the Cd-based rod SBU into a zigzag ladder shown in red. (c) 

Deconstruction of the tetratopic linker into two linked triangles (green) in the 

vertical or horizontal fashion corresponding to the disorder. Colour codes: Cd in 

indigo, O in red, C in black; H omitted. The C atoms served as points of extension 

are bigger than the others. (d) The underlying nets, lrk and lrl (corresponding to 

the two extreme positions of the linker), both derived from the basic net lrj. The 

blue squares in lrj can be topologically divided into the linked triangles in the 

derived nets. The edges of all nets are shown in gold. 

 Interestingly, although the positions of the carboxylate-O in 

TBAPy are crystallographically fixed, the voids left are sufficient 

for the large and flat pyrene core with four branching phenyl 

groups to rattle between two extreme positions of perpendicular 

orientations, as shown in Fig. 1a. In the refinement, these are 

treated as positional disorder of two parts with the refined 

occupancy of 0.712(3)/0.288(3),
11

 indicated by the increased 

thermal ellipsoids and the residual electron density with 

symmetric distribution. One would have to assume that in the 

real crystal of ROD-8 a specific organic linker can take either 

position, and the overall 3D MOF experiences a type of 

framework disorder in the sense that the two positions can be 

regularly or randomly distributed in the framework. 

 The interest in rod MOFs
12

 is linked historically back to early 

findings on the correlation of rod packing (also known as cylinder 

packing, compared with the classical sphere packing) and crystal 

chemistry.
13

 The proposed deconstruction method for MOFs 

combining both rod SBUs and polytopic linkers are illustrated by 

ROD-8. (i) The Cd-based rod SBU is recognized as a whole by 

linking the points of extension
2b

 in the rod, giving a zigzag ladder 

(Fig. 1b). This treatment is analogous to that of finite SBUs that 

are abstracted into the augmented form.
14

 (ii) The tetratopic 

organic linker is simplified as two linked three-coordinated (3-c) 

nodes by including the branch points (green spheres in Fig. 1c) 

in the tetracarboxylate, following a recent review on the 

topological analysis of MOFs with polytopic linkers.
2c

 (iii) For the 

type of MOFs combining (i) and (ii), such as ROD-8, the 3-c 

branch points in the linker are converted into a pair of linked 

triangles (Fig. 1c), in order to be consistent with the rod SBUs in 

which the points of extension are taken as nodes of the net. (iv) 

Corresponding to the two extreme positions of the ligand 

disorder (Fig. 1a and 1c), the vertical and horizontal alignments 

of the linked triangles will give rise to two different nets, namely 

lrk and lrl, respectively (Fig. 1d).   

 It is interesting to note that lrk and lrl can be considered to 

be derived from the basic net lrj by splitting the squares in Fig. 

1d into two linked triangles in different directions. The derived net 

approach is a theoretical topological treatment described in a 

recent review.
2c

 It happens that the derived nets of lrj can 

describe the framework disorder of ROD-8. Note that lrk and lrl 

are just two simplest (highest symmetry) possibilities for the 

derived nets. In the actual disorder, the vertical and horizontal 

alignments can both occur in one framework with a regular or 

random distribution, but the underlying net must be always 

topologically derived from the basic net lrj. 

 As we point out
2c

 and recognized by others recently,
15

 the 

merits of taking the two linked 3-c branch points into account are 

(i) it gives a better reflection of the coordination geometry of the 

linker, and (ii) it avoids the ambiguity when two structures have 

the same basic net but with different derived nets. Here ROD-8 is 

compared with ROD-6,
9d

 a Mn MOF with the same linker, which 

did not show similar framework disorder and unambiguously had 

the net lrk. But ROD-8 can be described by two extreme ordered 

derived nets lrk and lrl. If considering the linker as one 4-c node, 

one cannot distinguish the topology between the ordered ROD-6 

and disordered ROD-8 (both are lrj)—information is lost and 

ambiguity arises. The identification of the nets and computation 

of their ideal symmetry are performed through the program 

Systre,
16

 and the names of the nets (three-letter codes) are 

assigned by the database RCSR
17

 (see ESI† for detailed 

topological information on the lrk, lrl and lrj nets). 

 Powder X-ray diffraction (PXRD) measurements on the bulk 

material of ROD-8 showed its crystalline phase purity (Fig. S4 in 

ESI†). Thermogravimetric analysis (TGA) indicated that ROD-8 

shows a high thermal stability up to 400 C under nitrogen 

atmosphere (Fig. S3 in ESI†). ROD-8 has a high evacuation 

temperature at 250 C, corresponding to the loss of solvent 

guests (DMF/dioxane/H2O). Fortunately, the guest molecules can 

be exchanged by soaking ROD-8 in methanol, and then the 
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methanol can be evacuated at lower temperature (180 °C, under 

vacuum for 15 hours) to give the activated sample ROD-8a. 

 The permanent porosity of ROD-8a was confirmed by the N2 

sorption isotherm at 77 K (Fig. 2a), showing a type- curve, with 

the uptake amount increasing sharply at the beginning and then 

reaching a plateau of 160 cm
3 
(STP) g

-1
 at 1.0 atm. The BET and 

Langmuir surface areas are 369.3 and 572.1 m
2
 g

-1
 respectively, 

calculated from the data in the range of P/P
0
 = 0.06-0.3. At 195 K, 

the CO2 and CH4 adsorption isotherms both showed type- curve 

without hysteresis, confirming the microporous character of 

ROD-8a. ROD-8a can store 84 cm
3
 (STP) g

-1 
CH4 (ca. 6 wt %) or 

143 cm
3
 (STP) g

-1
 CO2 (ca. 28.3 wt %) at 1.0 bar. 

 

Fig. 2 Gas adsorption measurements for ROD-8a. (a) Low-temperature 

adsorption isotherms for N2 at 77 K, CO2 and CH4 at 195 K. (b) Ambient-

temperature adsorption isotherms for CO2, CH4 and N2 at 273 K, 298 K and 303 K, 

respectively. Note: Ads—adsorption; Des—desorption. 

 The CO2, CH4 and N2 sorption of ROD-8a was measured at 

ambient condition (Fig. 2b). At 298 K, the CO2 uptake gradually 

increased to 40.21 cm
3
 (STP) g

-1
 (ca. 7.90 wt %) at 1.0 bar. 

Although the amount of absorbed CO2 at ambient temperature is 

moderate compared with those of best performing MOFs such as 

Mg-MOF-74,
18

 HKUST-1
19

 and SIFSIX-2-Cu-i,
20

 ROD-8a can still 

surpass some amine-functionalized MOFs such as IRMOF-3
21

 

and en-CuBTTti
22

 at low pressure. ROD-8a can adsorb 17.16 

cm
3
 (STP) g

-1
 CH4 (ca. 0.77 wt %) at 298 K and 1 bar, higher 

than those of SNU-25,
23

 ZIF-20
24

 and etc. Because methane 

storage in MOFs is usually studied at high pressures,
3a,g,h 

it is 

difficult to compare ROD-8a with other MOFs such as the best 

performing PCN-14
25

 and NOTT-107.
26

 However, given the facts 

that (i) the nearest pyrene-pyrene distance is 4.35 Å, suited to 

the CH4 kinetic diameter of ca. 3.8 Å,
3b

 which is a preferred 

structural feature for enhancing methane untake,
3g,26

 and (ii) the 

isosteric heat of adsorption (Fig. 3a, -Qst = 16.66 to 17.93 kJ mol
-

1 
upon loading) is close to the calculated optimal value of 18.8 kJ 

mol
-1

 for methane adsorbents,
27

 the high-pressure CH4 storage 

capacity of ROD-8a deserves to be further studied. 

 To better understand the gas adsorption preference of ROD-

8a, we used IAST to predict the CO2/N2, CO2/CH4 and CH4/N2 

selectivity at 298 K (Fig. 3b-d) and 273 K (Fig. S7 in ESI†) 

calculated from the single-component adsorption isotherms fitted 

by the dual-site Langmuir (DSL) model (see ESI† for details). 

Usually gas-phase adsorptive separation takes advantage of the 

different physical properties of the gas adsorbates (e.g. kinetic 

diameter [Å]: CO2 3.3, CH4 3.76, N2 3.64; polarizability 

[10
25

/cm
3
]: CO2 29.11, CH4 25.93, N2 17.40; quadrupole 

moment [10
26

/esucm
2
]: CO2 4.30, CH4 0, N2 1.52),

3b
 especially 

the much larger quadrupole moment of CO2 that can interact with 

the open metal sites or polar organic groups in the pore surface 

of functionalized MOFs,
3d

 facilitating CO2/N2 and CO2/CH4 

selectivity.
3c,7,28

 Most recently attention has been paid to CH4/N2 

separation which is more difficult because of the similar physical 

parameters for N2 and CH4.
29

 

 

Fig. 3 Selective gas adsorption analysis for ROD-8a, showing (a) isosteric 

adsorption enthalpy (-Qst) plot for CO2 and CH4 adsorption calculated using 

Clausius-Clapeyron equation at ambient temperature, and IAST predicted (b) 

CO2/N2, (c) CO2/CH4 and (d) CH4/N2 selectivity at various gas mixture ratios (y) 

calculated from DSL fitting at 298 K. 

 The very low -Qst of CO2 (Fig. 3a) indicates the lack of 

classical interacting site in ROD-8a. The IAST predictions show a 

CO2/N2 (85:15 mixture) selectivity of ca. 29 at 298 K and 1 bar 

(Fig. 3b), but no significant preference of CO2 over CH4 is 

observed (Fig. 3c). Interestingly, ROD-8a exhibits selective 

adsorption of CH4 over N2 (ca. 9 at 50:50 ratio) at 298 K and 1 

bar (Fig. 3d, higher at 273 K; ca. 17). Compared with N2, CH4 is 

even non-dipolar and non-quadrupolar, and with higher critical 

temperature (Tc = 191 K; N2 126 K). These results are consistent 

with the above speculation, based on structural and -Qst analysis, 

on the potential CH4 storage capacity of ROD-8a. 
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 In summary, a new Cd-based rod MOF, ROD-8, has been 

synthesized and studied. Crystallographic analysis reveals there 

is positional disorder in the tetratopic pyrene-core linker. The 

deconstruction method for MOFs with both rod SBUs and 

polytopic linker is illustrated by the topological analysis of ROD-8. 

The underlying nets, lrk or lrl, both derived from lrj, can describe 

two extreme ordered situations of the framework of ROD-8. 

Meanwhile, the structural feature, suitable adsorption enthalpy 

and IAST selectivity of the activated ROD-8a indicate its potential 

for further high-pressure CH4 adsorption study. 
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