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Abstract. Nucleation of crystals from solution is a universal phenomenon that signiﬁcantly impacts the
development of advanced functional materials. In this context, metal organic frameworks (MOFs) which
encompass a plethora of metal and multidentate organic ligand architectures offer potential applications in
areas such as gas storage, gas separation and catalysis. The experimental and theoretical procedures
employed, however, lack insights into the chemistry of molecular aggregation which is key to formulate
synthetic protocols towards obtaining solids with desired structural features. Monitoring crystallization on a
real timescale, especially at supersaturation involving a relatively small number of molecules, calls for
advanced imaging and spectroscopic techniques supported by logical theoretical models. In this perspective,
we have examined the crystal structures of zinc terephthalates grown from solution reported in the Cambridge
Structural Database with an objective to rationalize the aggregation of molecular species occurring in the
solution transforming into a crystal with a deﬁned stoichiometry and dimensionality of zinc terephthalate
coordination interaction. The structural chemistry described here addresses the inﬂuence of solvent, particularly water in the formation of MOF-5 and other related solids.
Keywords. Crystallization; nucleation; zinc terephthalate; noncovalent interaction; metal organic
framework; the Cambridge Structural Database.

1. Introduction
Yaghi et al., reported the ﬁrst family of metal organic
frameworks (MOFs), viz., MOF-5 and MOF-2 based
on zinc terephthalates.1,2 The large porosity and high
surface areas of these highly crystalline frameworks
combined with the simplicity of the synthesis under
ambient or solvothermal/hydrothermal conditions led
to unprecedented growth of this ﬁeld in the past three
decades.3–5 A signiﬁcant structural feature of all these
nonmolecular solids, commonly referred as coordination polymers (CPs) and MOFs is the occurrence of
extended metal-ligand interaction.6,7 Robson was the
ﬁrst to recognize metal-ligand interaction as an
effective tool to build multidimensional structures.8,9
Yaghi’s exploitation of the utility of metal-carboxylate
*For correspondence

linkage to construct porous MOFs is unprecedented in
the realm of the structural chemistry of coordination
solids.10,11 Promising applications in areas such as gas
storage, gas separation and catalysis have led to an
explosive growth of this ﬁeld since three decades.
Monitoring crystallization on a real time scale, especially at nucleation with relatively fewer molecules,
calls for advanced imaging and spectroscopic techniques supported by logical theoretical models.12–14
The experimental and theoretical procedures
employed so far, however, did not address the molecules interacting at supersaturation; crystallization is
after all a supramolecular reaction. Recently, Dhige
et al.,15 proposed a model simulating the synthesis and
growth kinetics of HKUST-1. However, the model
falls short to rationalize the supramolecular aggregation. SBU is only a structural fragment observable
through diffraction study and not a molecular building
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Table 1. REFCODEs and composition of all zinc terephthalate with or without competing counter anions crystallizing
from solution containing zinc solvate/hydrate complex and terephthalate reported in CSD.
Structural landscape of the system, Zn salt-terephthalic acid-solvent
Crystallization of exclusively multidimensional zinc-terephthalate frameworks (1D, 2D, 3D) from supramolecular
aggregation of the tecton, {Zn(sol)n(BDC)}. In all these cases, the counter anion of the zinc salt did not interfere with
aggregation at supersaturation. Where water is present along with other solvent, water preferentially gets coordinated with
zinc and exert a strong inﬂuence in the overall assembly observed in the ﬁnal solid. Solvent incorporation mostly depends
on the experimental condition. Moderately higher temperatures (solvothermal/hydrothermal) may favor the stabilization of
solids with less coordinated solvent or no lattice solvent.
Exclusive zinc terephthalate framework, {Zn3(BDC)4} (3D)
CSD REFCODE
Composition
BADZAK
{Me2NH2}2[Zn3(BDC)4]
LIGWUW
{Me2NH2}2[Zn3(BDC)4] .xDMF.yH2O
GAJVEU
{Me2NH2}2[Zn3(BDC)4].DMF.H2O
GATBUZ
{Et2NH2}2[Zn3(BDC)4].2.5DEF
VEGMOK
{Et2NH2}2[Zn3(BDC)4].3DEF
KAKNEQ
{C4H10N2}2[Zn3(BDC)4]
EDOWIG
[Zn3(BDC)4](solvent)*
SERKOQ
[Zn3(BDC)4].3DMF.Et3NO.H2O*
ORIBAU
[Zn3(BDC)4].2DMA.4CH3OH.2H2O*
UFENAW
[Zn3(BDC)4].nCH3OH.2H2O*
PICTIG
[Zn3(BDC)4].4H2O*
*Erroneous structural description of the solids with incorrect formula.
Trimeric secondary building unit (SBU), {Zn3(BDC)3} (2D)
IFAKEG
[Zn3(DEF)2(BDC)3]
XAWVOH
[Zn3(DEF)2(BDC)3].DEF
AFOSOE
[Zn3(DMA)2(BDC)3]
QEHQOL
[Zn3(DMSO)2(BDC)3]
LEPKUN
[Zn3(EtOH)2(BDC)3]
PURSOK(3D)
[Zn3(MeOH)4(BDC)3].2MeOH
IFACAT
[Zn3(H2O)2(BDC)3].4DMF
Dimeric SBU (2D)
DAXNOG
[Zn2(DMF)2(BDC)2]
AFOSIY
[Zn2(DMA)2(BDC)2]
SATFEZ
[Zn2(DMSO)2(BDC)2].5DMSO
GECXUH
[Zn2(H2O)2(BDC)2].DMF
HIQVUZ
[Zn2(H2O)2(BDC)2].DMA
LAGROC
[Zn2(H2O)2(BDC)2],C7H18N2O
Monomeric SBU
DIKQET(1D)
[Zn(H2O)2(BDC)]
IFABIA(3D)
[Zn2(H2O)2(BDC)2]
Structural landscape of the system Zn(BDC)-Zn(OH)2-solvent (3D)
Crystallization of zinc hydroxide terephthalates with varying composition are driven by the aggregation of stoichiometric
ratios of the tectons (given in brackets), {Zn(sol)n(BDC)} and {Zn(sol)n(OH)2} with or without lattice solvent. The
presence of a base in the reaction medium or in situ formed hydroxide species due to electrochemical reduction of water
facilitate the occurrence of zinc hydroxide based tecton.
NAKLIW
[Zn4(DMSO)4(BDC)3(OH)2] (3:1)
ABUWOJ
[Zn4(DMSO)4(BDC)3(OH)2].2H2O (3:1)
FIJCUX
[Zn3(BDC)2(OH)2].2DEF (2:1)
REDROI
[Zn5(BDC)3(OH)4].2DMF (3:2)
PUCYAO
[Zn2(BDC)(OH)2] (1:1)
PEKGAO
[Zn3(BDC)(OH)4] (1:2)
SAHYOQ01
[Zn4(BDC)3O] same as MOF-5
UXELIT
[Zn4(BDC)3O].DMF.H2O
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Table 1. Continued
Structural landscape of the system Zn(BDC)-ZnL’n-solvent (L’= formate, halide, lactate)
The counter anions (from the zinc salt, in situ formed anions or others present in the reaction medium) that can coordinate
with zinc inﬂuence the aggregation in two ways: (i) the aggregation of the tecton, {Zn(sol)n(BDC)} exclusively favor zincterephthalate coordination framework; the counter anion (e.g. halides) aggregating with a suitable cation as ion-pair
facilitates condensation of the anion with the solvent molecules in the periphery of the framework. (ii) aggregation of
{Zn(sol)n(BDC)} occurs with another tecton, {Zn(sol)mL’n} like hydroxide except that this may or may not get extended.
Lactates favor this type of aggregation.
KOZNEU (3D)
{Et2NH2}[Zn3(BDC)3(HCOO)].1.5DEF
KOZNIY (3D)
[Zn4(DEF)4(BDC)3(HCOO)2]
QUGWEW, QUGWIA, QUGWOG, QUGWUM (2D)
{R}2[Zn3(BDC)3I2]
R=C6H11N2, C7H13N2, C8H15N2, C9H17N2
QUGVUL, QUGVOF, QUGVIZ (2D)
{R}2[Zn3(BDC)3Br2], R=C8H15N2, C7H13N2, C6H11N2
QUGVAR, SIVQEV, WIMXOH (2D)
{R}2[Zn3(BDC)3Cl2], R=C7H13N2, C6H11N2, C6H16N
YIPGUA (2D)
{C25H22P}2[Zn3(BDC)3Cl2]
NUKCEC (2D)
{C25H22P}2[Zn2(BDC)2Cl2]
EBIPOX, JADJOQ, KODKEW, SAKRAZ, SAKRED,
[Zn2(DMF)(BDC)(L’)].sol
SEFBOV, TODLAC, WIYCAL, MIQSEN (3D)
L’: lactates and its derivatives
Sol= C8H5MnO3, C5H6O, unknown solvate, (R)-C8H10O,
(S)-C8H10O, DMF, C8H4O3, C3H8O2, C4H10O
FORWOA (3D)
[Zn2(H2O)(BDC)(L’)].nDMF.nH2O
HUTZEB, ISORAJ (3D)
[Na2Zn2(DMF)2(H2O)2(BDC)3]
The way BDC links to the metal differ in these two solids
XIRHUC (3D)
{NH2Me2}[NaZn2(NHMe2)(BDC)3]
In this solid, in situ formed dimethyl ammonium ion compete
with sodium as counter cation

block; it fails to address stoichiometry and connectivity of a framework and the inﬂuence of solvent,
more importantly water. Twenty ﬁve years ago,
Desiraju proposed the concept of supramolecular
synthon for engineering organic crystals.16 He underlined the role of geometrical (Kitaigordskii’s close
packing)17 and chemical properties of noncovalent
interactions in the supramolecular assembly of a
crystal. In contrast to these molecular solids, crystallization of metal organic or coordination solids is quite
complex and involves several competing reactions
with different rates resulting in a complex structural
landscape even for simple systems; the molecules that
eventually aggregate to crystallize into a nonmolecular
solid remains unobvious.18 Today, the Cambridge
Structural Database (CSD) provides the ever-increasing number of experimentally determined crystal
structures for data mining19 and raise fundamental
questions related to nucleation and growth in the
context of crystal engineering. A crystal synthesis
distinctly differs from molecular synthesis.20 In order
to interpret a crystal synthesis, one needs to identify
the possible chemical species present in the solvent
medium and address the supramolecular aggregation
in terms of ‘chemically reasonable molecular
bricks’.21 A common method employed for MOF
synthesis is the solvothermal/hydrothermal route,

which favors dissolution of metal salts and ligands in a
suitable solvent at slightly elevated temperatures and
autogenous pressures. However, under these conditions several competing reactions can occur in situ,
leading to undesirable competitive phases. Fifteen
years ago, Ramanan and Whittingham demonstrated a
retrosynthetic analysis to rationalize the crystallization
of selected MOFs along the lines of Desiraju’s concept
of new organic synthesis.22 Ramanan and his group
subsequently extended this approach to several types
of coordination solids.23–25
In this context, synthesis and processing of the most
celebrated zinc terephthalate of the composition,
[Zn4O(BDC)3] or MOF-5 are signiﬁcant. The compound has been used as a substrate/support/ﬁller for
many applications.26–31 Several groups have investigated the synthesis of MOF-5 with an objective to
obtain monophasic products with reproducible yield as
the reaction carried out under varying conditions
resulted in a wide range of compositions exhibiting
multidimensional coordination assemblies.32,33 With
an objective to explore the inﬂuence of solvent and
reaction conditions, we examined all the crystal
structures of zinc terephthalates with and without
another competing anion grown from different solvents. Data mining followed by retrosynthetic analysis
revealed the occurrence of a range of zinc

93

Page 4 of 20

terephthalates with varying stoichiometry, solvent
incorporation and dimensionality of the zinc-terephthalate coordination linkage (Table 1). When a zinc
salt is reacted with terephthalic acid in a basic aprotic
solvent, one would expect the precipitation of a salt,
[Zn(BDC)] or [Zn(HBDC)2] owing to the low solubility of zinc terephthalates. Our CSD analysis
revealed the precipitation of sixty-one unique solids
with different stoichiometry and secondary building
units (SBUs) under varying experimental conditions.
In many cases, the solvent molecules are strongly
coordinated to the metal and dictate different zinc-
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terephthalate networks. A careful analysis of the
structural landscape of the system, zinc salt-terephthalic acid-solvent revealed a deﬁnite pattern of
supramolecular aggregation (Figure 1). In all the
cases, the soluble molecular specie that dominates
aggregation at supersaturation is the soluble 1:1 zinc
terephthalate complex shown in Figure 2. Initially, the
zinc salt dissolves in a solvent and forms the complex,
{Zn(sol)n}2?. In the presence of a suitable ligand like
H2BDC, a neutral 1:1 complex of the stoichiometry,
{Zn(sol)n-1(BDC)}0 forms in the solution. Depending
on the reaction condition, ‘n’ can vary between 4 and

Figure 1. Supramolecular aggregation of the tecton {Zn(sol)3(BDC)} amongst themselves or with other tectons,
{Zn(OH)2(H2O)2} or {Zn(OH)(H2O)3}?, {Zn(sol)2(BDC)2}2- leading to all compositions and SBUs observed in the
system zinc salt-terephthalic acid-solvent reported in CSD. Red balls represent solvent molecules that will get replaced by
carboxylate oxygen. Green balls represent –OH group and blue ones are solvent molecules that may or may not get replaced
by carboxylate oxygen depending upon the reaction condition. The examples include only those wherein the counter anion
of the zinc salt does not compete with terephthalate to coordinate with the metal.
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Figure 2. Zinc solvated complexes present in the solution which can supramolecularly aggregate to form solids that are
observable in the structural landscape of the system zinc salt-terephthalic acid-solvent. L represents terephthalate as a
complexing ligand. Hydrolysis of the zinc solvated specie to {Zn(sol)3(OH)}? or {Zn(sol)2(OH)2}0 occurs only when water
becomes a coordinated solvent at supersaturation. The counter anion of the zinc salt, L’ is assumed to be in the solution and
does not coordinate with the metal.
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Figure 3. Three ways in which 1:1 zinc terepthalate
tectons aggregate to form trimeric SBU but with similar
composition, {Zn(sol)1/1(BDC)3/4}2{Zn(BDC)6/4}:[Zn3(sol)2(BDC)3]. The numerator denotes the number of ligands
coordinated to zinc and the denominator refers to the
number of zinc atoms a ligand is linked to.

6. As described earlier in our paper,22 the neutral form
can be considered as point zero charge specie (PZC).

J. Chem. Sci. (2021)133:93

In a suitable crystallization condition, the ionic species
{Zn(sol)3(HBDC)}? or {Zn(sol)2(BDC)2}2- present
in the solution could aggregate with an appropriate
counter ion and precipitate into a solid. The PZC with
or without the ion-pair (henceforth referred as tectons)
will supramolecularly aggregate through noncovalent
interactions. Unlike molecular solids, the formation of
non-molecular coordination solid is dictated by a
strong coordination bond favoring extended metal-ligand linkage, the ligand can be organic or inorganic.18
This is quite similar to the way H-bonding exerts a
directing force in the crystallization of several
molecular solids.16,20 In Table 1, we have listed all
zinc terephthalates reported in CSD with or without
coordinated or lattice solvent, precipitated or grown
from aprotic or protic solvents. Wherever mixed solvents were employed, the structure also showed the
incorporation of lattice solvents in the ﬁnal solid.
Temperature of the reaction condition may inﬂuence
the overall composition. All the solids reported in
Table 1 show a unique composition for the zinc
terephthalate coordination network. Based on the
structure, the solids could be grouped in one of the ﬁve
types of aggregation pattern shown in Figure 1. In all
the cases, the tetrahedral zinc-based tecton, {Zn(sol)3(BDC)} with zinc to terephthalate in 1:1 molar
ratio appears as the major driving force to initiate
nucleation. The occurrence of zinc in 5 or 6 coordination in a few solids could readily be rationalized due
to close packing. Reactions involving protic or aqueous acidic condition favor aggregation enabling the
zinc to expand its coordination sphere to maximize the
metal-ligand linkage.
An interesting feature of the structural landscape of
zinc terephthalate is the pattern of six 1:1 zinc
terephthalate tectons, {Zn(sol)3(BDC)} aggregating
into a trimeric assembly of the composition, [Zn3(sol)2(BDC)3] to facilitate extended zinc-terephthalate
linkage (Figure 3). While the solids AFOSOE, LEPKUN and XAWVOH are of Type A, QEHQOL and
IFAKEG are of type B and IFACAT is of type C. This
assembly can also undergo other minor variations
depending on the crystallization condition. For
example, an exclusive zinc terephthalate coordination
assembly (3D) with the composition, {Zn3(BDC)4}2dominate a few solids when crystallization favors the
participation of an uncomplexed terephthalate ion with
an appropriate counter cation (Table 1 and Fig. 5). The
solids include BADZAK, LIGWUW, GAJVEU,
GATBUZ and VEGMOK which show trimeric SBU
of type C. The structures of another three solids,
EDOWIG, PICTIG, SERKOQ, ORIBAU and UFENAW reported in the CSD are incorrect and the
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Figure 4. Bond distances in ORIBAU (top) and SERKOQ (bottom) conﬁrming that BDC are dianions and the framework
is {Zn3(BDC)4}2-. The formulae proposed in the original papers34,35 are incorrect.
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Figure 5. Type C (trimeric SBU) extending into third dimension in BADZAK, KOZNEU, KOZNIY by suitably
condensing with either the ion-pairs, {Me2NH2}2[BDC], {Me2NH2}[HCOO] or another complex {Zn(sol)4(HCOO)2}
respectively.

authors have wrongly attributed the presence of HBDC
or H2BDC for charge compensation.34,35 Bond distances and the connectivity clearly suggest that all
terephthalates are dianions (Figure 4). When methanol
is a coordinated solvent, a slightly different

aggregation at the molecular level ensures a different
composition, [Zn3(MeOH)4(BDC)3] in PURSOK.
Formation of a dimeric SBU could be conceived to
occur from four tectons of the type {Zn(sol)4(BDC)}
condensing into the composition {Zn2(sol)2(BDC)2}

J. Chem. Sci. (2021)133:93
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Figure 6. Four molecules of the type {Zn(sol)4(BDC)} results in a dimeric SBU with the composition {Zn(sol)(BDC)4/
4}2:{Zn2(sol)2(BDC)2}. AFOSIY, DAXNOG, GECXUH, HIQVUZ, SATFEZ add LAGROC also have similar
aggregation pattern but with different coordinated solvent. In GECXUH, the presence of water as part of zinc tecton,
{Zn(sol)3(H2O)(BDC)} results in a dimeric SBU with the composition {Zn(H2O)(BDC)4/4}2:{Zn2(H2O)2(BDC)2}.

(Figure 6). The aggregation pattern observed in the
solids DAXNOG, AFOSIY, SATFEZ, GECXUH,
HIQVUZ, LAGROC is similar but with different
coordinated solvent (Table1). DIKQET and IFABIA
are two rare examples wherein the aggregation leads to

1D chains in {Zn(H2O)2(BDC)} or 3D coordinated
zinc terephthalate in {Zn(H2O)(BDC)} (Figure 7). The
unusual assembly in both cases is triggered by a strong
H-bonding exerted by the presence of coordinated
water molecules in the tecton, {Zn(H2O)4(BDC)}.
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Figure 7. A rare example wherein the supramolecular aggregation of the tecton {Zn(H2O)4(BDC)} is not restricted to the
dimeric unit as in aprotic solvents but results in a 3D coordinated zinc terephthalate, {Zn(H2O)(BDC)4/4}:{Zn(H2O)(BDC)} in IFABIA and 1D chain, {Zn(H2O)2(BDC)2/2}:{Zn(H2O)2(BDC)} in DIKQET. The unusual assembly is
probably triggered by a strong H-bonding exerted by the presence of coordinated water molecules.

1.1 Inﬂuence of water as a coordinating solvent
The presence of water at supersaturation exerts a
strong inﬂuence in dictating the architectures of zinc
terephthalates grown from solution. The occurrence of
hydroxyl group as a competing ligand to the terephthalate adds a new dimension to the structure building.
The moment water becomes a part of the reaction
medium and if the concentration of the specie,
{Zn(H2O)4}2? becomes signiﬁcant at supersaturation,
the coordinated water shows a strong inﬂuence in the

crystal packing as observed in DIKQET and IFABIA.
The occurrence of the ligand OH or O apart from
terephthalate necessitates signiﬁcant inﬂuence of
water in the tecton in the initial stages of nucleation.
Our retrosynthetic analysis clearly establishes how the
stoichiometry of the coordination network and the
occurrence of counter ions are addressed at nucleation
stage. The specie {Zn(H2O)4}2? has a tendency to get
hydrolysed to {Zn(H2O)3(OH)}? or {Zn(H2O)2(OH)2}0 under slightly increasing basic condition. The
aggregation of {Zn(sol)3(BDC)} with the tecton
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Figure 8. The substitution of solvent molecules by water in the coordination sphere of the tecton has another effect. Under
suitable condition, it undergoes hydrolysis. At this stage, the aggregation of zinc terephthalate competes with another
tecton, {Zn(H2O)3(OH)2}. The aggregation of the two tectons, {Zn(sol)4(BDC)} and {Zn(H2O)3(OH)2} in 1:1 molar ratio
result in PUCYAO while the molar ratio 3:2 leads to REDROI.

{Zn(H2O)2(OH)2}0 in different molar ratios led to six
different zinc hydroxide terephthalates: NAKLIW
(3:1), ABUWOJ (3:1), FIJCUX (2:1), REDROI (3:2),
PUCYAO (1:1) and PEKGAO (1:2) (Table 1, Fig. 8).
PUCYAO is an interesting example wherein a strong
aggregation into {Zn(OH)2} chains enable a structural
feature wherein the chains appear to be pillared by
terephthalates (Figure 8). It may be more appropriate
to refer to these phases as part of the structural landscape of zinc terephthalate-zinc hydroxide-solvent
arising from supramolecular condensation. This is not
unique to zinc terephthalates. The basic sulphates,
carbonates of transition metal solids also exhibit a
similar supramolecular aggregation except the ligand
is inorganic rather than organic.36 Dincă et al., have

isolated several competing phases such as Zn2(OH)2(BDC), Na2Zn2(BDC)3(H2O)2(DMF)2, [Zn3(H2O)2(BDC)3].4DMF during crystallization of MOF-5
under electrochemical condition.37 Occurrence of
these phases could be readily recognized by the
supramolecular aggregation of the molecular species.
The inﬂuence of water becomes evident and also the
occurrence of zinc hydroxide as part of the structural
framework. The presence of {Na(H2O)6}? in the
crystallization medium has resulted in sodium zinc
terephthalate coordination framework. (discussed
later).
In the structural landscape, Zn(BDC)-Zn(OH)nH2O, MOF-5 is the only example where a bare minimum amount of water assists the formation of the
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condensed coordination network where {Zn4O}
appears as a structural fragment. Since the network
contains more open cavities, the experimental condition can lead to varying solvent incorporation.
Occurrence of a structural fragment {Zn4O} in MOF-5
or an extended -Zn-O-Zn- observed in ZnO necessitates the condensation of tectons containing hydroxy
groups, example, Zn-OH  OH-Zn-. On the other
hand, the formation of -Zn-OH-Zn- found in the different polymorphs of Zn(OH)2 results from the condensation of -Zn-OH2  OH-Zn. Precipitation of the
stable hexagonal form of ZnO (Wurtzite structure) or
the growth of nanostructured ZnO even in the basic
aprotic solvent like DMA, DMF or DMSO is a consequence of the hydrolysis of the tecton, {Zn(H2O)2(OH)2}
and
subsequent
supramolecular
aggregation leading to crystallization (Figure 9). The
solvothermal condition facilitates to control the
nucleation to nanodimension and growth of ZnO
nanocrystals into different morphologies. It should be
pointed over here that the growth of ZnO, Zn(OH)2,
hydroxide or oxide ligand containing zinc-based
coordination solids including MOF-5 is a consequence
of zinc hydrate tectons aggregating in the early stages
of nucleation.
Earlier studies from our group have also shown that
the reaction of zinc nitrate with H2BDC in the presence of DMF led to four different but known solids
with an increasing amount of water in DMF.26 At
minimal water content in DMF (\2% w/w), colorless
cubic crystals of MOF-5 were isolated exclusively
through the inclusion of varying amounts of lattice
DMF was found. The formation of this structure could
be readily conceived through the aggregation of the

Figure 9. The aggregation of the tecton, {Zn(H2O)2(OH)2} in ZnO (wurtzite structure).

J. Chem. Sci. (2021)133:93

tectons, {Zn(sol)3(BDC)}0, {Zn(sol)2(BDC)2}2-,
{Zn(H2O)3(OH)}? in the molar ratio 1:1:2 to ﬁnally
form a tetrameric SBU as shown in Figure 10. It is to
be noted that the partial hydrolysis of zinc hydrated
species is essential for the formation of Zn4O fragments observed in the structure. Though hypothetical,
the tetrahedral tecton {Zn4(sol)6(BDC)3O} eventually
aggregate to facilitate the condensation to form the 3D
cubic MOF. These tectons orient themselves aptly
towards each other through H-bonding interactions
ﬁnally leading to MOF-5. A recent paper by Biserčić
et al.,33 further support the requirement of a small
amount of water in stabilizing MOF-5 though their
interpretation lacks molecular aggregation.
In our earlier work,26 we also observed that
increasing the amount of water in DMF (H2O=2-5%w/
w) resulted in another well-known solid, [Zn(H2O)(BDC)].DMF where water is coordinated to zinc
while DMF occurs in the lattice. The analysis of its
crystal structure revealed that the zinc ions exist in
ﬁve-fold square-pyramidal geometry with a singly
coordinated water molecule and four monodentatively
bridged BDC ligands. Here again, the aggregation is
triggered through the tecton, {Zn(sol)3(H2O)(BDC)}0
(Figure 6). The compound is identical to GECXUH. A
single DMF per formula unit located in the cavities is
not accidental but occurs through H-bonding to the
coordinated water molecule. Expansion of the zinc
coordination from 4 to 5 is not unusual but to facilitate
the stabilizing extended zinc carboxylate coordination.
When the amount of water in DMF was further
increased (H2O=5-10%), a solid based on zinc formate, {(CH3)2NH2}[Zn(HCOO)3] precipitated out
with no traces of MOF-5. It appears that as the amount
of water exceeds a certain threshold, DMF hydrolysis
is initiated, especially at elevated temperatures (*110
°C) and super-ambient pressures. Hydrolysis of DMF
has been reported to form dimethylammoniumion,
(CH3)2NH2? and formate, HCOO-.38 In view of the
weakly acidic and basic nature of the products (formic
acid and dimethylamine), partial ionization occurs,
resulting in the formation of ionized species. The
isolation of the solid {(CH3)2NH2}[Zn(HCOO)3]
suggests that the formation constant of zinc formate is
greater than that of zinc terephthalate driving the
preferential precipitation of the former. The analysis
of crystal structure revealed that formate also exists as
a bridging anion and the smaller size ligand opts for a
more compact hexagonal structure with zinc in an
octahedral geometry. The cavities formed in the 3D
anionic framework [Zn(HCOO)3]- hosts the
dimethylammonium cation. In addition to the electrostatic interactions, weak hydrogen bonding also
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Figure 10. The aggregation of the three tectons, {Zn(sol)3(BDC)}, {Zn(sol)2(BDC)2}2-, and {Zn(H2O)3(OH)}? in 1:1:2
molar ratio results in SAHYOQ.

exists between the host and guest (Figure 11). Mixing
of DMF with water is an exothermic process leading to
the formation of a non-ideal solution exhibiting

negative deviation. A maximum value of DHmix= -0.5
kcal.mol-1 has been observed at DMF:H2O= 100:33
molar ratio. This exothermicity has been attributed to
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the formation of a strong H-bond between the carboxylate oxygen of the formate and water. Theoretical
calculations have revealed that the strength of hydrogen bonds between water and amides is even stronger
than that between water molecules.39 The environment
presented by solvothermal condition probably accelerates the hydrolysis of DMF. Furthermore, the catalytic activity of zinc ions towards DMF hydrolysis
cannot be negated completely.
As the amount of water in DMF exceeds 10% w/w,
formates are predominantly present in the reaction
medium and hence zinc formate complex dominate the
aggregation process. Retrosynthetic analysis of the
structure shows how the tecton, {Zn(H2O)4(HCOO)2]
supramolecularly aggregate facilitating the condensation of zinc formate resulting in the 3D CP. The crystal
structure is derived from the same tecton, {Zn(H2O)4(HCOO)2] but the aggregation yields two zinc
environments: {Zn(HCOO)6/2} & {Zn(H2O)4/1(HCOO)2/2} corresponding to the overall composition,
[Zn(HCOO)2(H2O)2] as shown in Figure 12.
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In this context, the mechanistic pathway proposed
here can provide guidelines regarding the molecular
aggregation to understand the growth of zinc terephthalates under varying experimental condition. Wright
and his group40 provided a reaction scheme to account
for the isolation of several zinc terephthalates. We
analyzed the possibility of the conversion between
different phases using our retrosynthetic analysis.
Formation of a metastable [Zn(BDC)], the X-ray
amorphous solid, is viable by a topotactic dehydration
of either the 1D chain, [Zn(H2O)2(BDC)] or the 3D
network, [Zn(H2O)(BDC)]. However, all the transformations summarized by Edgar et al.,40 can occur
only through a possible dissolution/crystallization
mechanism. We have shown earlier that the phase
transitions observed in the system CuSO4-H2O as a
function of temperature or water vapor pressure
resulting in ﬁve equilibrium crystals (all of them occur
as minerals) are a manifestation of supramolecular
aggregation of the tecton, an ion pair,{Cu(H2O)6}SO4 mediated in aqueous medium.36 We have also

Figure 11. The aggregation of tecton, {Zn(H2O)4(HCOO)2] and the ion-pair {Me2NH2}[HCOO] lead to 3D solid with the
composition {Me2NH2}[Zn(HCOO)6/2]:{Me2NH2}[Zn(HCOO)3]. The solid is the same as DAXNIA04.
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Figure 12. The aggregation of tecton, {Zn(H2O)4(HCOO)2} amongst themselves result in three dimensional solid with
zinc in two coordination environments. [Zn(HCOO)6/2][Zn(H2O)4/1(HCOO)2/2]:[Zn2(H2O)4(HCOO)4]. The solid is
identical to ZNFORD06.

Figure 13. The aggregation of the two tectons [Zn(sol)2(H2O)(BDC)] and [Na2(sol)8(H2O)2(BDC)] leads to HUTZEB
with composition [Na2Zn2(DMF)2(H2O)2(BDC)3].
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Figure 14. Topological representation of the solids; AFOSIY, AFOSOE and BADZAK.

demonstrated in CuSO4-H2O system how the addition
of an auxiliary ligand can inﬂuence the extended
copper-sulphate interaction.36 Recently, we have
shown that structural chemistry of all hydrated metal
sulphate minerals in the system MSO4-H2O (M=Mn,
Fe, Co, Ni, Cu and Zn) could be readily recognized in
terms of supramolecular aggregation of {M(H2O)6}SO4 ion-pairs with or without lattice water.41 We
believe that the phases formed in the system,
Zn(BDC)-H2O also behave in a similar manner.
Guilera and Steed42 have discussed the topological
control of noncovalent forces in the formation of
DIKQET and IFABIA (refer Figure 7) in addition to
[Zn(en)(BDC)]. This one-dimensional coordination
polymer can readily be recognized owing to the
aggregation of the tecton, {Zn(sol)(en)(BDC)}. Our
recent work on the successful crystallization of the
complete series of lanthanide chromium molybdate
hydrates is a consequence of the recognition of
supramolecular aggregation between the soluble
complex species, {Ln(H2O)9}3? and {Cr(OH)6Mo6O18}3-occurring at the molecular level.43

1.2 Inﬂuence of a second counter anion (L’)
that competes with terephthalate to coordinate
with zinc
The counter anion of the zinc salt (halide, sulphate,
nitrate, acetate or other carboxylate) present in the
reaction medium can inﬂuence the supramolecular
aggregation. In situ formation of anions like formate
due to decomposition of DMF can also compete for
coordination with zinc. In Table 1, we have listed zinc
terephthalates crystallized along with halide, formate
and lactate. The composition and structure of the
phases clearly show the pattern of aggregation is very
similar to zinc terephthalates discussed above. The
composition of the metal to coordinating ligand is
always stoichiometric. Whenever organic ammonium
salt or halide is employed as a reactant, the ion-pair
aggregates along with the 1:1 zinc terephthalate tecton. The examples known so far are mainly based on
the trimeric SBU, {Zn3(BDC)3}. In the solids KOZNIU and KOZNIY, another tecton (formate cation
pair) or a zinc formate tecton, {Zn(sol)4(HCOO)2}
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Figure 15. Topological representation of the solids; IFABIA, SAHYOQ and PUCYAO.

condense with 1:1 zinc terephthalate resulting in the
ﬁnal solid (Figure 5). There is no surprise that the
halide invariably replaced the coordinated solvent
present in the periphery of the zinc-terephthalate
coordination network, Also, these frameworks did not
incorporate any solvent in the cavities. However, the
solids containing carboxylate as a competing anion did
intercalate solvent molecules as the carboxylate oxygen favors noncovalent interaction with selected solvent molecules. CSD reports only three examples of a
zinc terephthalate with an inorganic counter ion, that is
sodium hydrate which aggregates with zinc terephthalate to form solids, again stoichiometric 3D coordination framework (Figure 13).44–46

2. Summary and Conclusions
The retrosynthetic analysis discussed in this perspective enables one to discuss the structural chemistry of a
series of structurally related zinc terephthalates in

terms of supramolecular aggregation of soluble 1:1
zinc terephthalate complex as a molecular building
block. It allows one to derive the composition and
address the connectivity in terms of noncovalent
interactions occurring at the molecular level. The
retroanalysis provides a mechanistic tool to trace the
chemical events that accompany the transformation of
molecules into a material during crystallization.
Additionally, it affords a platform to explore chemistry-related issues relevant to crystal engineering. For
comparison, we have provided the topological analysis
of selected zinc terephthalates in Figures 14 and 15.
Topology and the binding modes do not provide any
tool for the chemists to manipulate the structural
architecture though predicting a structure is still
difﬁcult.
Even the construction of a phase diagram for a
system like zinc salt-terephthalic acid-solvent is
challenging as the adopted synthetic protocols rarely
address molecular aggregation. Stabilization of a particular architecture is the result of how the system
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compromises the directional chemical forces, i.e.,
noncovalent interactions such as metal-ligand coordination and hydrogen bonding.17 The thermodynamic
and kinetic aspects of crystallization including the
concept of supramolecular transition state conceived
by Desiraju16 towards the design of organic solids, in
principle, are applicable to any coordination solid
(molecular or nonmolecular) provided one correctly
addresses the aggregating molecular complexes at
supersaturation. Temperature is another factor that can
inﬂuence the aggregation of the molecular building
blocks. It is known that higher temperatures do favor
stronger interaction eliminating solvent molecules to
obtain crystalline solid such as Zn(BDC). Recently,
there is considerable interest in developing theoretical
models using simulation techniques to understand
nucleation of a crystal from solution.12,15 We believe
that the mechanistic approach in terms of molecular
aggregation can provide better chemical insights into
the formation of a crystal nucleus. How much water is
needed to stabilize the structural fragment, {Zn4O} in
ZnO or MOF-5? This question is not limited to MOF-5
but is also applicable to the series of isoreticular MOFs
known with other aromatic dicarboxylates.47 The
approach discussed here is equally applicable to other
systems such as MIL-53 and UiO-66.48,49 A careful
analysis of CSD and a recent review on the versatility
versus stability of MOFs50 clearly suggest that most of
the solids known so far have a deﬁned metal-ligand
ratio. Crystallization of a MOF growing from solution
would be more meaningful if the free-energy landscapes and reaction dynamics addressed include
aggregation of molecules in its pathway.51 It is quite
possible that nucleation may result in an amorphous
gel or microcrystalline form rather than a single
crystal. Molecular aggregation driven by noncovalent
interaction underlines the integral part of any solid
state assembly. We believe that a combination of data
mining and subsequent analysis of related crystal
structures using retroanalysis would provide chemical
insights to unravel the mystery behind the nucleation
of a crystal. The formation of a solid should not be
expressed in terms of a simpliﬁed balanced equation.
Composition-structure correlation would give a better
control over the rational synthesis of all coordination
solids including MOFs.
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