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Abstract: The ordered structure of the guest-free micropo-
rous metal-organic framework zinc 5-tert-butyl isoph-
thalate {Zn[(CH3)3CC6H3(CO2)2]} has been determined and 
shown to be easily loaded with methanol to form {Zn[(CH3)3

CC6H3(CO2)2]} · CH3OH. The methanol forms a S6-symmetric 
hexamer within the pores of the material that is uniquely 
defined by the void space and exerts a subtle structural 
effect on the framework structure of the host. The work 
demonstrates the use of this type of metal-organic frame-
work as a matrix to isolate unique molecular clusters in a 
facile manner.

Keywords: adsorption; cluster compounds; matrix isola-
tion; metal-organic frameworks; structure elucidation.

Introduction
Porous metal-organic frameworks (MOFs) are a class 
of crystalline nanoporous material composed of metal 
ions, or metal-containing inorganic clusters, linked by 
heteroatom-containing organic linker molecules to form 
3-dimensional frameworks containing a 1-, 2-, or 3-dimen-
sional channel system [1]. The framework in combination 
with the void volume of these materials bestows upon 
them a diverse array of interesting properties and poten-
tial applications [2]. One aspect of MOFs that has enabled 
their properties and potential applications to be fully 
understood is the ability to grow many of these materials 

in single crystal form that allows for accurate structure 
determination to understand what is occurring within the 
MOF during these processes or applications.

The absorption of methanol within porous MOFs is 
of great interest in a variety of separation processes, for 
example the removal of methanol from water or metha-
nol from dimethyl ether [3–6], and as a potential working 
fluid in adsorption-driven heat pumps and chillers [7]. 
Such interest has led to the methanol adsorption/desorp-
tion isotherms being reported for numerous desolvated 
MOFs but much less structural work has been reported for 
such systems. Overall changes in unit cell parameters of 
the MOF have been reported during methanol adsorption/
desorption [8–10], but relatively few crystal structures 
have been reported for MOFs at various stages of methanol 
sorption processes [11].

The adsorption of the methanol by a porous MOF 
also acts simultaneously as a method to isolate oligo-
meric methanol species within the MOF [11], the nature 
of which depend on the framework characteristics of the 
MOF, for instance the presence of open metal sites when 
desolvated, the spatial arrangement of specific functional 
groups of the organic linker or the overall geometry of the 
void volume. The formation and isolation of such metha-
nol structures is of great interest to the general scientific 
community in that many of these oligomers are regarded 
as bridging the states of matter gap between single mole-
cular species that exist in the gas phase and the supramo-
lecular oligomers that exist in the vapor, liquid or solid 
phase. Structural information on such oligomers and the 
intermolecular forces that bind them together are vital to 
understand important physical processes, for example 
nucleation processes, and other physicochemical proper-
ties of molecular systems in the different states of matter 
[12, 13].

Information on many methanol oligomers has been 
obtained by a variety of spectroscopic methods [12, 14], 
but crystallography yields more definitive information 
if the oligomers can be isolated in the solid state [15–17]. 
This has been achieved in some cases by isolating metha-
nol oligomers during the crystallization of various materi-
als [15, 16], including porous MOFs [18, 19], or by solvent 
exchanging [20, 21], or adsorbing [11] methanol into 
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porous materials. All these oligomer formation methods 
are relatively laborious and can involve various time con-
suming, crystallization, solvent exchange, heating or 
evacuation stages. A possible route to simplify isolation 
of methanol oligomers is to use a guest-free microporous 
metal organic framework (GFMMOF) which is a member 
of a relatively small subset of MOFs that is unusual in 
that they crystallize without any non-framework species 
remaining in the void volume of the as synthesized MOF 
[6, 22]. Simple addition of methanol to a suitable GFMMOF 
would be expected to be a facile rapid method to isolate 
and investigate methanol oligomers within the pore struc-
ture of the GFMMOF.

In this work, we use the previously reported GFMMOF 
zinc 5-tert-butyl isophthalate [Zn(tbip) tbip = 5-tert-butyl 
isophthalate] [6] to isolate and characterize a S6-symmet-
ric methanol hexamer in a facile single step process and 
determine the subtle structural effect of this methanol 
hexamer on the framework structure of the GFMMOF.

Experimental section
Synthesis and preliminary characterization

Zn(tbip) (1) was synthesized using the procedure of Li et al. [6]: zinc 
(II) nitrate hexahydrate (Sigma-Aldrich, 98%; 98.5  mg) and H2tbip 
(Sigma-Aldrich, 98%; 74 mg) were dissolved in a mixture of deionized 
water (6.5  mL) and ethylene glycol (Sigma-Aldrich, ≥99%; 1.5  mL). 
The reagent mixture was placed in a 20 mL Teflon-lined steel auto-
clave and heated in an oven at 453 K for 84 h and slowly cooled in air 
to room temperature. The resultant solid product was separated by 
suction filtration and washed with de-ionized water and ethanol to 
yield brown columnar crystals of 1. The crystals were dried in air at 
room temperature.

Methanol containing crystals of 1 (1 · MeOH) were obtained 
by simply soaking as synthesized crystals of 1 in methanol (Sigma-
Aldrich, ≥99.9%) before being extracted, placed in Fomblin® oil and 
mounted on the single crystal X-ray diffractometer.

Phase identification and sample purity of the product crystals 
were confirmed using a PANalytical X’Pert X-ray diffractometer. Pow-
der X-ray diffraction (PXRD) patterns were obtained from ground 
samples using Cu-Kα radiation at 40 kV and 30 mA, in the 2θ° range 
3–60 (with a 2θ° step size of 0.017 and scan step time of 66 s) whilst 
spinning. Thermogravimetric analysis (TGA) data were collected on 
the crystals using a Perkin-Elmer system. The sample was contained 
in a platinum holder and heated under a flow of nitrogen from room 
temperature to 873 K at a heating rate of 10 °C min−1.

Single crystal X-ray diffraction

Single-crystal X-ray data were collected [Cu Kα radiation at 100(2) K] 
from a brown, columnar single crystal of 1 or 1 · MeOH mounted on 
a Bruker Apex-II CCD diffractometer. Determination of the unit cell 

dimensions of 1 revealed that the c-axis was double that reported for 
the original structure (1-original) [6]. The systematic absences were 
found to be consistent with the space group R3̅c after indexing the 
data using this unit cell as opposed to the space group R3̅m that was 
used in the structure refinement of 1-original [6]. Determination of 
the unit cell of 1 · MeOH revealed that it was similar to that reported 
for 1-original [6]. However, the space group that gave the best struc-
ture refinement with particular regard to the t-butyl groups was the 
lower symmetry space group R3̅.

The structures of both compounds were solved by direct meth-
ods using SHELXS-97 and refined by full-matrix least squares using 
SHELXL-2016/6 [23, 24]. The Zn, O and some C atom positions were 
determined directly from the structure solution and the remaining C 
atoms were located subsequently from difference Fourier maps. The 
atomic displacement parameters of all of non-H atoms were refined 
anisotropically. The site occupancies of the methyl C atoms of the dis-
ordered t-butyl groups in 1 · MeOH were refined within the constraint 
that their total occupancy was unity. All the H atoms were geometri-
cally placed and refined in riding mode with their isotropic atomic 
displacement factors fixed at values of 1.2 times Ueq of the C atom to 
which they were directly connected, except for the H atoms of the 
methyl groups which were fixed at 1.5 times. The hydroxyl H atom of 
the methanol molecule in 1 · MeOH was excluded from the refined 
structure as it could not be refined to a sensible position as there 
was no convincing residual electron density for it and its proximity 
to more than one suitable hydrogen bond acceptor O atom made its 
geometric placement ambiguous; it is likely this atom is disordered 
around the O6 ring. The crystallographic data and structure refine-
ment parameters for structures 1 and 1 · MeOH are given in Table 1. 

Tab. 1: Crystallographic data and structure refinement parameters 
for 1 and 1 · MeOH.a

1 1 · MeOH

Empirical formula C12H12O4Zn C13H16O5Zn
a = b (Å) 28.8574(11) 28.9244(11)
c (Å) 15.8751(6) 8.1008(3)
V (Å3) 11,448.8(8) 5869.3(5)
Z 36 18
ρcalc (mg m−3) 1.491 1.618
Crystal system Trigonal Trigonal
Space group R3̅c R3̅
Crystal size (mm) 0.10 × 0.16 × 0.28 0.11 × 0.18 × 0.26
Θ range (°) 3.1–72.4 3.1–71.3
Reflections collected/ 
unique [I ≥ 2σ(I)]

10,167/2518 5930/2500

Linear absorption 
coefficient (mm−1)

2.702 2.757

Final R indices [I ≥ 2σ(I)] R1 = 0.028
wR2 = 0.082

R1 = 0.059
wR2 = 0.157

R indices (all data) R1 = 0.031
wR2 = 0.084

R1 = 0.062
wR2 = 0.158

aCrystallographic data, including structure factors, for the structures 
reported in this paper have been deposited with the Cambridge 
Crystallographic Data Centre as supplementary publication no. 
CCDC-1502788-1502789. Copies of the data can be obtained free of 
charge on application to CCDC, 12 Union Road, Cambridge CB2 1EZ, 
UK [Fax.: +44-1223/336-033; e-mail: deposit@ccdc.cam.ac.uk].
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The asymmetric units of 1 and 1 · MeOH are shown in Figures 1 and 2, 
respectively.

Results and discussion
The powder X-ray diffraction pattern of 1 is shown in 
Figure S1 and was judged to be monophasic from the 
excellent agreement between the experimental powder 

X-ray diffraction pattern and the calculated reflection 
positions using the unit cell parameters of 1-original [6]. 
The crystal structure of 1 is similar to that of 1-original in 
that it comprises Zn2+ ions connected to one another by 
the carboxylate groups of the tbip linkers to form a frame-
work containing 1-dimensional channels running parallel 
to the c-axis as shown in Figure 3. The Zn2+ ions are tetra-
hedrally coordinated by O atoms from four different tbip 
ions to form a 31 helical chain with a pitch for the Zn2+ ions 
of 7.93 Å along the c-axis. Each chain is connected to three 
other identical chains through the tbip ions to form the 
framework structure of 1 that also contains strong π–π 
interactions between the phenyl rings in the pairs of tbip 
ions found within the walls of the 1-dimensional chan-
nels of the framework. The pairs of phenyl rings involved 
in the π–π interactions exhibit an off center parallel 
stacking arrangement [25] with a ring center of gravity 
distance of 3.5630(11) Å and a perpendicular distance 
between ring centers of gravity of 3.2373(7) Å. The major 
difference between the structure of 1 and 1- original con-
cerns the t-butyl groups of the tbip ions that are directed 
towards the center of the channels. These t-butyl groups 
are disordered over two orientations in 1-original. In the 
crystal structure of 1 it is found that these t-butyl groups 
are ordered resulting in a doubling of the c-axis to that 
reported for 1-original and adoption of space group R3̅c 
which is a maximal non-isomorphic subgroup of space 
group R3̅m. The methyl groups of the t-butyl groups 
whose central C–C bonds are directly aligned with each 
other along the [001] direction are found to adopt two dif-
ferent rotational orientations within the pores as shown 
in Figures 3 and 4. The reason for the difference in struc-
tures of 1 and 1-original may result from the different 
temperatures, 100 K and 293 K, respectively, at which the 
X-ray data were collected. The lower temperature at which 
the data for 1 were collected would allow subtle changes 
in the weak C–H · · · H–C or C–H · · · O interactions, exem-
plified by the shortest C–H · · · O interaction of C10 · · · O2 
3.407(2) Å, to occur to optimize the orientation of the 
t-butyl groups in the lowest energy configuration possible 
and make it less likely for the t-butyl groups to overcome 
the activation energy barrier for rotation.

The guest-free nature of as synthesized Zn(tbip) was 
confirmed for 1 as no significant residual electron density 
was located within the pores of the structure and the TGA 
analysis displayed no mass loss before the decomposition 
of the tbip ligands at ~425 °C as previously reported and 
shown in Figure S2.

The crystal structure of 1 · MeOH is shown in Figure 
5. Again the framework of the material is the same in 
terms of the Zn2+ ion coordination environment and metal 

Fig. 1: The asymmetric unit of 1. Non-hydrogen displacement ellip-
soids are shown at the 70% probability level.

Fig. 2: The asymmetric unit of 1 · MeOH with the two different 
orientations of the t-butyl group shown by the blue and red shading 
of the atoms and bonds involved in the two different orientations. 
Non-hydrogen displacement ellipsoids are shown at the 50% prob-
ability level.
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linker connectivity as in structure 1 and 1-original with 
strong π–π interactions [ring center of gravity distance 
of 3.492(3) Å and a perpendicular distance between ring 
centers of gravity of 3.2488(18) Å] between the phenyl 
rings in the pairs of tbip ions found within the walls of 

the framework. Within the channels of 1 · MeOH are 
located isolated S6-symmetric chair-like methanol hexam-
ers as shown in Figures 5 and 6. The hexamers are held 
together by moderately strong hydrogen bonds between 
the hydrophilic hydroxyl groups (O · · · O 2.62(1) Å) [26] and 
the hydrophobic methyl groups are directed to the exte-
rior of the hexamer where they form multiple C–H · · · H–C 
interactions with the t-butyl groups of the tbip groups 
as shown in Figure 7. The formation of this methanol 
hexamer structure allows for segregation of hydropho-
bic and hydrophilic interactions that stabilize the cluster 
within the void space of the GFMMOF.

Fig. 3: A ball and stick representation of the structure of 1 viewed along the [001] direction. Atom colors: Zn, blue; O, red; C, black, C in one 
orientation of the t-butyl group, purple; C in the second orientation of the t-butyl group, green. All hydrogen atoms are omitted for clarity.

Fig. 4: A ball and stick representation of the structure of 1 viewed 
along the [1̅2̅0] direction. Atom colors: Zn, blue; O, red; C, black; C in 
one orientation of the t-butyl group, purple; C in one orientation of 
the t-butyl group, green. All hydrogen atoms are omitted for clarity.

Fig. 5: A ball and stick representation of the structure of 1 · MeOH 
viewed along the [001] direction. Atom colors: Zn, blue; O, red; O of 
MeOH, magenta; C, black; C of MeOH, green. Dashed lines represent 
O · · · O hydrogen bonding interactions. All hydrogen atoms are 
omitted for clarity.
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The S6-symmetric methanol hexamer, depicted by 
Pauling in 1962 [27], was proposed to be the major species 
in liquid methanol [28] and was first characterized fully 
using single crystal X-ray diffraction by Weyhermüller 
and Wieghardt [15]. Such hexamers have subsequently 
been isolated in >10 non-polymeric materials and the 
MOF, MAF-2 Cu(etz) (Hetz – 3,5-diethyl-1,2,4-triazole) 
[11]. Although, the structure of the methanol hexamer in 
1 · MeOH can be described as “chair-like”, the O atoms 
of the six methanol molecules are closer to being planar 

displaying an out of the chair plane angle of 12.8°. This 
contrasts to that observed for the hexamer in MAF-2 that 
displays a much larger out of the chair plane angle of 
50.6°. It is noticeable that the void volume and framework 
of the MOF are vital in determining the structure of the 
methanol hexamer and that the specific geometry of the 
oligomer is determined, and may possibly be designed, by 
the pore space of the MOF.

The crystal structure of 1 · MeOH indicates that 
methanol is readily adsorbed into 1 by capillary con-
densation to form Zn(tbip) · MeOH and so adsorbing 
112 mg g−1 which is in excellent agreement with observed 
amount of 110  mg g−1 adsorbed after capillary conden-
sation at 24.5 °C and 90 Torr MeOH (P/P0 = 0.73) [6]. The 
isosteric heat of adsorption of methanol calculated from 
the reported adsorption isotherms at 60  mg g−1 metha-
nol loading was 51 kJ mol−1 and was believed to include 
substantial adsorbate-adsorbate contributions [6]. This 
is confirmed by the structure of 1 · MeOH in which the 
hydrogen bonding within the methanol hexamer will be 
the strongest intermolecular interaction present within 
the system and so contribute considerably to the isosteric 
heat of adsorption.

The framework t-butyl groups of 1 · MeOH are found 
to be disordered over two nearly equally occupied orien-
tations [orientation occupancies of 0.52(1) and 0.48(1)] in 
a similar manner to that found in 1-original resulting in 
the c unit cell parameter being similar to that of 1-origi-
nal and half that of 1. The adsorption of methanol into 1 
results in this disorder presumably because of the strong 
interaction of the methyl H atoms of methanol (H13A) 
with H atoms (H9B, H9S1) of the t-butyl group in its two 
refined orientations, of length 2.29 and 2.30 Å, respec-
tively and as shown in Figure 7. This is the dominant inter-
action between the methanol and the t-butyl groups that 
is equally strong for either orientation of the t-butyl group 
and thus provides the impetus for the rotational orienta-
tion disorder of the t-butyl groups in 1 · MeOH. Such an 
orientation determining interaction is not present in 1 
causing other subtler interactions to influence the order-
ing of the t-butyl groups.

Formation of 1 · MeOH causes an overall expansion 
of the framework with unit cell parameter a increasing 
by 0.2%, unit cell parameter c increasing by 2.1% and 
the unit cell volume increasing by 2.5% relative to the 
unit cell of 1. This indicates a certain amount of flex-
ibility within the framework of 1, most noticeably in 
the [001] direction, to accommodate the size of the 
methanol hexamer within the framework’s void volume 
that becomes greater than that found in 1. This behav-
ior contrasts to the behavior MAF-2 upon methanol 

Fig. 6: A ball and stick representation of the structure of S6 metha-
nol hexamer in the pores of 1 · MeOH. Atom colors: O, magenta; C, 
green; H, pale salmon. Dashed lines represent O · · · O hydrogen 
bonding interactions.

Fig. 7: A ball and stick representation of the structure of 1 · MeOH 
viewed along the [1̅2̅0] direction. Atom colors: Zn, blue; O, red; O 
of MeOH, magenta; C, black; C of MeOH, green; H, pale salmon. 
Dashed lines represent closest C–H · · · H–C interactions. All hydro-
gen atoms are omitted for clarity except those of the methyl groups.
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adsorption that results in an overall decrease in the unit 
cell volume [11].

Conclusions
The GFMMOF Zn(tbip) has been demonstrated to act as an 
ideal matrix to isolate S6-symmetric methanol hexamers 
within its pore space in a facile manner. The structure of 
the methanol hexamer is partially defined by the internal 
void space and chemical characteristics of the MOF so pro-
ducing a unique structure of the hexamer in which the O 
atoms of the methanol molecules are arranged in a much 
more planar arrangement than that previously isolated in 
a MOF. The work demonstrates the potential of GFMMOFs 
to isolate structurally unique clusters of molecules in a 
facile manner for investigation of their properties and to 
better understand the sorption process within MOFs for 
future application.

Supporting Information
Powder X-ray diffraction and thermogravimetric data 
for 1.
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