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Synthesis of crystalline materials is crucial in the field of
coordination chemistry. In the present work, the reaction
between the copper and benzene-1,3,5-tricarboxylic acid
(BTC) ligand is controlled by adjusting the pH of the
reaction mixture to synthesize two crystalline structures:
metal-organic framework HKUST-1 and one-dimensional
coordination polymer Cu(BTC)-3H,O0. Single crystals of both
structures are studied by multi-laser Raman spectroscopy.
It is found that both crystals exhibit photoluminescence.
Also, the transformation of HKUST-1 into Cu(BTC)-3H,0 is
demonstrated. This work provides impetus for researchers
to synthesize large metal-organic crystals.

Coordination compounds consists of a metal atoms/ions (Lewis
acid) bonded by an organic ligand (Lewis base) with a coor-
dinate covalent bond™#. The unique, diverse properties of
coordination compounds has proved beneficial for the develop-
ments in field of electronics, sensors, magnetism and medical re-
search. Coordination polymers are solid-state structures consist-
ing of repeating coordination units to form 1D extended chains,
2D sheets or 3D frameworks®®8 Coordination polymers hav-
ing a porous structure is known as metal-organic frameworks
(MOFs) 211 12/ 131 14 [15TT6] Synthesizing large and quality crystals
of MOFs benefits in a wide range of applications. Porosity to-
gether with large size offers potential in separation, heteroge-
neous catalysis1Z 1819 gas-sorption?%, 21 chromatography22/23,
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optoelectronics, magnetism and sensing applications24,25,

Controlling the process of crystallisation by pH control is a chal-
lenging, yet fascinating process in understanding the chemistry of
materials26"28, The pH modulating technique was previously uti-
lized to synthesize MOFs,,@,@,,@,

In the present work, the reaction between copper and benzene-
1,3,5-tricarboxylic (BTC) acid is controlled by adjusting the pH of
the reaction mixture to obtain crystals of two different coordina-
tion compounds- Cus(BTC),(H,0)3 (also known as HKUST-13%
or MOF-199) and Cu(BTC)-3H,O where BTC= benzene-1,3,5-
tricarboxylic acid (see Figure[I).

Fig. 1 (A) pH-dependent crystallisation of HKUST-1 (strong acid
conditions-using HNOj3). (B) Synthesis of HKUST-1 crystal without
any pH adjustment (as-synthesized). (C) pH-dependent crystallisation
of Cu(BTC)-3H,0, weak acid conditions using deionised water. (A-B)
Crystallographic representation of HKUST-1 Cu(ll) paddlewheel structure
(C) Cu(BTC)-3H,0 1D coordination polymer view along [100] crystallo-
graphic plane.

Most of the literature reports the synthesis of HKUST-1 using
hydrothermal/solvothermal method. The high-temperature syn-
thesis yields crystals suitable for x-ray diffraction (XRD) measure-
ments, but the problem is that a significant amount of Cu,0 is
obtained as by-product. This by-product remains in the pores of
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the framework and reduces the specific surface area thereby caus-
ing hinderance in gas absorption application®. Thus, room tem-
perature synthesis of HKUST-1 is beneficial. Our pH controlled
synthesis procedure will help the community to synthesize qual-
ity and large crystals of HKUST-1 at room temperature.

Copper (II) based coordination polymers are one of the most
studied compounds in the field of natural science and medical
research. Owing to the magnificent antibacterial activity, low tox-
icity and potential as biomaterials, these compounds are gain-
ing interest among researchers®Z. Large and quality crystals of
Cu(BTC)-3H,0 is synthesized at room temperature by obtaining
weak acid conditions i.e. pH greater than 2.1. Single crystal x-ray
diffraction (SXRD) shows that the structure is composed of 1D
zig-zag chains interconnected by hydrogen bonding which makes
the structure stable and generates a 3D coordination network>® .

Finally, the knowledge acquired through this pH dependent
synthesis route helps us transform the porous HKUST-1 frame-
work into Cu(BTC)-3H,0. This strategy is particularly useful as
MOFs have porous structure capable of absorbing harmful gases
and when MOFs decompose, these harmful gases are a threat to
environment. Our technique to use deionised water is efficient
and economical method in destroying the framework and trans-
forming it into the non-porous Cu(BTC)-3H,O0.

All the synthesis procedure demonstrated in this work is done
at room temperature. It is found that large crystals of HKUST-
1 are synthesized by adjusting the pH of the reaction mixture
in the pH range 0.7-1.6 shown in Figure whereas crystals of
Cu(BTC)-3H,0 are synthesized in the pH range 2.2-3.2 shown in
Figure[2B, C and D.

First, we present room temperature synthesis of HKUST-1 (crys-
tal size 50-55 micrometers) without any pH adjustment.

Copper nitrate trihydrate CuNO3-3H,0 (1 mmol) and BTC (1
mmol) is dissolved in a mixture of three solvents (deionised wa-
ter, DMF and ethanol), in the volummetric ratio 1:1:1 (pH=1.8-
2.2). After 16-20 hours, crystals of HKUST-1 are formed at the
bottom of the vial (pH=2.1-2.3). A clear depiction of the mor-
phology of the as-synthesized HKUST-1 is shown in Figure and
bulk quality crystals showing the homogeneity is shown in Figure
S1 in Supplementary information (SI)

The crystal obtained is measured by SXRD which confirms the
well-known structure of HKUST-1 MOF Figure [TA-B. For detailed
structure description refer to SI.

In order to obtain large and quality crystals of HKUST-1, our

pH adjustment technique is useful. A stepwise decrease in pH of
the reaction mixture by varying concentration of acid shows that
large crystals in the millimeter range are synthesized in the pH
range 0.7-0.9. This is done by adding 0.1 ml of strong acid i.e.
nitric acid (HNO3) in the reaction mixture. The resulting pH is
in the range 0.7-0.9. After 8-10 days, large crystals of HKUST-1,
crystal size ~1-1.2 mm as shown in Figure[I]A is obtained. Large
and bulk quality crystals are shown in Figure S2 in SI.
We also synthesized large crystals of HKUST-1 in the range ~0.9-
1.0 mm using 37% hydrochloric acid (HCI) instead of HNO3 and
copper chloride(CuCl) instead of CuNO3-3H,0. The morphology
and crystal size is shown in Figure S3 in SI

The weak acid pH-condition (pH range 2.2-3.2) is favourable
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for obtaining crystals of Cu(BTC)-3H,0. Large crystals as shown
in Figure [1[C is obtained in the pH range 2.8-3.2 in 2-3 weeks af-
ter mixing the precursors.

The synthesis is done keeping the molar ratio of the two precur-
sors 1:1 and the ratio of three solvents (deionised water, DMF,
and ethanol) is 5:1:1. At this condition, the pH of the resulting
reaction mixture is 2.1. After 3-4 hours, tiny-needle like feature
appears as shown in Figure . This indicates the point of nucle-
ation. A stepwise increment in the pH value shows that as the
pH increases, crystallisation is more evident. In the pH range
2.2-2.7, both tiny needles and bar shaped crystals are present as
shown in Figure and C. The quanity and quality of the crys-
tals is improved when the pH is greater than 2.5. Also, when
the pH is greater than 2.7 homogeneous crystals of bar shaped
morphology as shown in Figure is obtained without any tiny
needle-like feature.

Crystallisation for tiny needles, shown in Figure [2A without any
further pH adjustment takes approximately 4 weeks. In the pH
range 2.2-2.4 (Figure 2B), crystallisation takes place in 12-16
hours whereas beyond 2.5 Figure and D, crystals appear in
18-24 hours.
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pH=2.1

pH=2.2-2.4 pH = 2.5-2.7 pH=2.8-2.9

Fig. 2 A stepwise pH controlled synthesis of large crystals of
Cu(BTC)-3H,0

The crystallinity of the obtained single crystal of
Cu(BTC)-3H,0O is examined by SXRD technique. The crys-
tallographic representations of Cu(BTC)-3H,0 packing structure
along [100], [001] and [010] crystallographic plane are shown
in FigureA, B and C respectively .

The crystal structure is monoclinic with space group P21/n
and lattice parameters a=6.7654, b=18.8135, c¢=8.5144; a=
Y= 90°, B= 92.439°. The empirical formula of the structure is
CoH(CuOy. The structure was previously reported in®Z#1l, The
metal ion copper is coordinated to the organic ligand BTC in the
ratio (BTC:Cu= 1:1). The copper atom has square pyramidal co-
ordination environment4L,

Figureshows the 2D layers of the coordination polymer show-
ing the hydrogen bonding (dotted line). The layers are held to-
gether by a combination of hydrogen bonding and #-7 stacking
of the BTC ligand. The distance between the planes of the offset
aromatic ring is 3.435 angstrom.

BTC consists of three carboxylic acid group attached to the ben-
zene ring. Two of three carboxylic group of the ligand is coordi-
nated to the metal ion and thus forms a zig-zag polymeric chain.
The third uncoordinated carboxylic group together with the co-
ordinated water molecules make the hydrogen bonding between
the chains. The three water molecules are coordinated to the cop-
per which has the distorted square pyramidal or pentacoordinate
geometry (Jahn-Teller distortation)=8.



Fig. 3 Panels A, B and C shows the structures of Cu(BTC)-3H,0O coordi-

nation polymer along the [100], [001] and [010] crystallographic planes,
respectively.

Figure @A shows the Raman spectra for HKUST-1 and
Cu(BTC)-3H,0 excited with a green laser (A = 514.5 nm) focused
on the single crystal as shown in Figure B and C. For HKUST-
1, the bands appearing in the low frequency region i.e. below
600 cm™~! is due to the copper ions in the framework. The dou-
blet at 177.54 cm~! and 197.63 ~! indicates that the MOF is hy-
drated and correspondingly Cu-Cu stretching modes appeard243,
The complex band at 275.49 ecm~! is indicative of the Cu-O,,
stretching vibration, where O,, represents the oxygen of the water
molecule adsorbed on Cu2+ ions.
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Fig. 4 Raman spectra of the HKUST-1 and Cu(BTC)-3H,0O measured at
A =514.5 nm. Panel B and C shows the single crystal of HKUST-1 and
Cu(BTC)-3H,0, respectively, on which the laser is focused.

The bands in the range 700-1800 cm~' are mostly due to
vibrational modes of the BTC ligand. The characteristic of
C=C modes of benzene ring is found at 1008.87 and 1615.42
em~! for HKUST-142"4> whereas 1003.47 and 1614.44 cm™! for
Cu(BTC)-3H,0.

In the HKUST-1 spectrum, the peaks at 745.15 and 829.29
em~! are designated as C-H bending vibrations#243.  The
peak at 811.13 cm™' is designated as C-H bending in case
of Cu(BTC)-3H,0. The peaks due to C-O-O symmetric and C-
O-O asymmetric units are centered at 1464.72 and 1552.63
ecm™! for HKUST-149, and at 1459.81 and 1567.92 cm™' for
Cu(BTC)-3H,0.

The analysis is consistent
ports“2H6 [43147] 44145 [48)

with the literature re-

The presence of luminescence for HKUST-1 and Cu(BTC)-3H,0
crystals were examined using seven different excitation laser

energies. The photoluminescence spectra of HKUST-1 and

Cu(BTC)-3H,0 crystal is shown in Figure[5]and Figure [6] respec-
tively.

For HKUST-1, the luminescence peak appears in the range 770-
970 nm with 633 nm laser and with 647 nm laser it appears in
the range 720-940 nm.
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Fig. 5 Photoluminescence spectra of HKUST-1 crystal on the same spot
measured using different lasers A = 458, 488, 514.5, 531, 568, 633 and
647 nm, plotted on absolute wavelength scale. The inset shows the mea-
sured HKUST-1 crystal synthesized at pH=0.9

Similarly, for Cu(BTC)-3H,O the spectra recorded with laser
wavelengths 488 nm, 514.5 nm, 531 nm, 568 nm and 633 nm
have no luminescence whereas that recorded with 458 and 647
nm manifests a steadily increasing luminescence peak appearing

at approximately 510-570 nm (in case of 458 nm) and 700-970
nm (for 647 nm).
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Fig. 6 Photoluminescence spectra of Cu(BTC)-3H,0 on the same crystal
spot measured using different lasers A = 458, 488, 514.5, 531, 568, 633
and 647 nm, plotted on absolute wavelength scale. The inset shows the
measured Cu(BTC)-3H,0 crystal synthesized at pH=2.9

One of the major concern in the MOF research is that owing
to the porosity the framework can absorb harmful gases. These
harmful gases gets trapped in the pores of the framework and

Journal Name, [year], [vol.], 1~E| |3



can cause a threat to environment. Our pH controlled analysis
shows that by adjusting the pH of the reaction mixture the porous
framework can be converted to non-porous Cu(BTC)-3H,O.

Our procedure is to extract a large crystal of HKUST-1 and im-
merse it in deionised water in such a way that the pH of the reac-
tion mixture is in the range 2.8-3.2. The water molecule coordi-
nates the metal site of the framework which results in increased
coordination around the metal site. As a result, hydrolysis takes
place and the organic ligand (BTC) is displaced away-destroying
the framework. Ultimately, the metal hydroxide remains along
with the protonated linker!. The pH range 2.8-3.2 is suitable
for obtaining quality crystals of Cu(BTC)-3H,O (see Figure [2D)
as discussed before. Furthermore, a detailed step by step proce-
dure of slow conversion of as-synthesized HKUST-1 crystals into
Cu(BTC)-3H,0 without any pH adjustment is demonstrated in SI.

To conclude, the present work is focused on synthesis of quality
crystals of two different chemical compounds i.e. metal organic
framework HKUST-1 and coordination polymer Cu(BTC)-3H,O.
We have demonstrated a room temperature, pH dependent syn-
thetic route for obtaining large single crystals. HKUST-1 crystals
can be synthesized in the millimeter range by adjusting the pH in
the range 0.7-0.9, whereas quality crystals of Cu(BTC)-3H,0 are
synthesized in the pH range 2.8-3.2. HKUST-1 exhibits lumines-
cence with red lasers A = 633 and 647 nm while Cu(BTC)-3H,0
shows luminescence with A= 458 and 647 nm. The work is use-
ful for researchers working in the field of MOFs and coordination
polymers to synthesize large and quality crystals.
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