Electronic Supplementary Material (ESI) for Materials Advances.
This journal is © The Royal Society of Chemistry 2021

Electronic Supplementary Material

Room temperature synthesis of luminescent crys-
talline Cu-BTC coordination polymer and metal-
organic framework

Shiraz Ahmed Siddiqui,” Alexander Prado-Roller,’ and Hidetsugu Shiozawa*®*
“Faculty of Physics, University of Vienna, Boltzmanngasse 5, 1090 Vienna, Austria

b Department of Inorganic Chemistry, University of Vienna, Wiahringer Strae 42, 1090, Vi-
enna, Austria

¢J. Heyrovsky Institute of Physical Chemistry, Czech Academy of Sciences, Dolejskova 3, 182

23 Prague 8, Czech Republic

*To whom correspondence should be addressed; E-mail: hide.shiozawa@jh-inst.cas.cz &

hidetsugu.shiozawa@univie.ac.at

1 Synthesis of HKUST-1

Copper nitrate trihydrate (CuNO3-3H0) (0.241 grams, Immol) and benzene-1,3,5-tricarboxylic
acid (BTC) (0.210 grams, lmmol) was dissolved in a mixture of three solvents (4ml deionised
water, 4ml N, N-Dimethylformamide anhyrous DMF, and 4ml ethanol) i.e. in a volummetric
ratio of 1:1:1. The pH of the resulting mixyure was 1.8-2.0. Without any pH adjustment,
after 16-18 hours HKUST-1 crystals (50-55 micrometers) as shown in Fig. [S1| were obtained.

Furthermore, using nitric acid to adjust the pH in the range 0.7-0.9, we get large HKUST-1
crystals in 8-10 days as shown in Fig. [S2]
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Figure S1: Optical micrograph of the as-synthesized HKUST-1 MOF.

The synthesis of HKUST-1 was also possible using copper (II) chloride (CuCly) instead
of CuNO3-:3H50. The molar ratio of CuCly and BTC was kept 1:1 and volummetric ratio of
the three solvents(4ml deionised water,4ml DMF and 4ml ethanol) was 1:1:1. The synthesis
was successful and we obtained crystals (55-60 micrometers) in 16-18 hours as shown in Fig.
S3A.

The next step was to apply our pH-controlled method to obtain large single crystals of
HKUST-1. For this, after completely dissolving CuCly and BTC (as above) we added 0.1
ml 37% hydrochloric acid (HCI) in the reaction mixture. Large and quality single crystals
~0.9-1.0 mm in size was obtained in 8-10 days as shown in Fig/[S3B.



Figure S2: (A) HKUST-1 crystal (pH=0.7-0.9) obtained by pH adjustment using nitric acid
reproduced from the main text. (B) large crystals synthesized by pH adjustment using nitric

acid.

(A)

1000 pm

Figure S3: (A) Optical micrograph of the as-synthesized HKUST-1 MOF using CuCly with-
out any pH adjustment. (B) optical micrograph of the large single crystal of HKUST-1
synthesized by pH adjustment using HCI.



2 X-ray diffraction analysis

The X-ray intensity data were measured on Bruker D8 Venture diffractometer equipped with
multilayer monochromator, Mo K/a INCOATEC micro focus sealed tube and Oxford cool-
ing system. The structures were solved by Charge Flipping and Patterson Methods. Non-
hydrogen atoms were refined with anisotropic displacement parameters. Hydrogen atoms
were inserted at calculated positions and refined with riding model. The following software
was used: Bruker SAINT software package[l] using a narrow-frame algorithm for frame inte-
gration, SADABS[2] for absorption correction, OLEX2 for structure solution [3], refinement,
molecular diagrams and graphical user-interface, Shelxle for refinement [4] and graphical
user-interface SHELXS-2015 for structure solution, SHELXL-2015 for refinement [5], Platon
for symmetry check [6]. Experimental data and CCDC-Codes Experimental data (Available
online: http://www.ccde.cam.ac.uk/conts/retrieving.html) can be found in Table[S1] Crys-
tal data, data collection parameters, and structure refinement details are given in Tables

to [S5l  Asymmetric Unit, packing views, electron density map and void map visualized in

Figs. [S4] to [ST1]

Table S1: Experimental parameter and CCDC-Codes

Sample Source | Temp. | Detector Time/ | Frames | Frame | CCDC
Distance Frame width
K] [mm] [s] [°]
HKUST-1 Mo 100 40 40 1900 0.360 | 2069999
Cu(BTC)-3H,0 Mo 100 40 60 1691 0.360 | 2070000




2.1 HKUST-1
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Figure S4: Asymmetric Unit drawn with 50% displacement ellipsoid. The bond precision for

C-C single bonds is 0.0083A. Disorder omitted for clarity.

Table S2: Sample and crystal data

Radiation [A] MoKa (A =0.71073) z 16 Measurement method \f and \w scans
Crystal habit clear blue block a[A] 26.2775(9)
Crystal size [mm?] 0.05 x 0.05 x0.04 b [A] 26.2775(3) | Abs. correction type multiscan
Empirical formula C18H14Cu3015 cA] 26.2775(9) | Abs. correction Tmin 0.2278
Formula weight [g/mol] 660.91 a[] 90 | Abs. correction Tmax 0.2550
Temperature [K] 100.0 B 90 | Density (calculated) [g/cm?] 0.968
Crystal system Cubic vl 30 | Absorption coefficient [mm-2] 1.432
Space group Fm-3m Volume [A%] 18144.8(19) | F (000) [e] 5264.0
Table S3: Data collection and structure refinement
20 range for data collection [°] 4.384 to 50.638 Index ranges Goodness-of-fit on F2 1.109
Reflections collected 92060 h 31ths31 Diff. peak and hole [e-hA3] 0.72/-0.30
Data / restraints / parameters 893/0/39 k 31sk=31
Refinement method Charge Flipping I 31<l=31 Function minimized Iw(Fe? -F2)P
R1=0.0399,
all data Weighting scheme where
wR2 =0.1163
R1=0.0363, w=1/[o*(Fo?) + (0.0658P)* +
1=20(1) e ) P={Fo2+2F2)/3
wR2 =0.1135 60.8615P]
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Figure S5: Packing view in the plane b c¢. Along axis a the void tube in the center is visible

enclosed by potential hydrogen bonds forming H,O positions.



Figure S6: Free solvent accessible voids (left view 100, right view 111). Two different kinds of
voids can be characterized. In the left graph we see orange arrows which show the tube voids
building one big connected free accessible void for the whole structure. Additionally voids of
approximately pyramidal shape are almost separated from the rest of the volume. They are
enclosed by planes, simulated by the aromatic rings of the MOF. Pyramid’s are pointed out
by vellow arrows. Finally we can calculate a volume of 10683 A® and according 2378 ¢~ per
unit cell for the available voids (solvent radius 1.2 Aand truncation 0.7 A, different to the
platon model). This is more than 50% of the unit cell volume of 18145 A3. The low height
of the separated rest electron densities (smaller than 1.6) forced the decision not to exclude
volume with the help of squeeze. The Formula Unit (C18H14Cu3015) corresponds to 323
e~ . The related volume of the unit cell is 668 A® and contains 149 e~ embedded in the free
accessible void the values should be similar because of the approximately 50% ration of free
void. This causes in fact a lower density, and is detected as an alert by Platon too. But it is
a characteristic that should be kept in mind. The effect of the void is bigger in the Platon

report because the rest electron density is not part of the calculation in the density



Figure S7: Electron density distribution along view 111 in the pyramidal void. The bottom
is formed by the aromatic ring (not visible) the top is formed by the three orientations
of disordered water molecules pointing to the center located on Cu. Three main layers of
electron densities are visualized. From left to right the layer moves from bottom to top.
From the distribution we must conclude that solvent is enclosed in the pyramidal void. The

density is not enough to model solvents. It seems that several different positions are possible



2.2 Cu(BTC)-3H,0

Figure S8: Asymmetric Unit drawn with 50% displacement ellipsoid. The bond precision for
C-C single bonds is 0.0050A.

Figure S9: Density map showing that one of the carboxyl groups is protonated.



Table S4: Sample and crystal data

Radiation [A] MoKa (A =0.71073) rd 4 Measurement method \f and \w scans
Crystal habit clear blue block a[A] 6.7654(11)
Crystal size [mmZ] 0.035 x0.035 x 0.035 b [A] 18.813(5) | Abs. correction type multiscan
Empirical formula C9H10Cu03 clA] 8.5144(13) | Abs. correction Tmin 0.2237
Formula weight [g/mol] 325.71 al’ 90 | Abs. correction Tmax 0.2657
Temperature [K] 100.0 B 92.439(5) | Density (calculated) [g/cm3] 1.998
Crystal system Monoclinic vy [l 30 | Absorption coefficient [mm2] 2.062
Space group P21/n Volume [A%] 1082.7(4) | F (000) [e7] 660.0
Table S5: Data collection and structure refinement
20 range for data collection [°] 4,33 to 50.698 Index ranges Goodness-of-fit on P2 1.050
Reflections collected 19273 h 2<h<8 Diff. peak and hele [eh3] 0.46,/-0.58
Data / restraints / parameters 1982/0/170 k -22 2 k<22
Refinement method Patterson Method | 10110 Function minimized Iw (Fo? - B2
R1=0.0509,
all data Weighting scheme where
wR2 =0.0838
R1=10.0338
I=2a(l ' w=1/[0?(Fo?) + 1.8669P P=(Fo2+2F:2)/3
U E——, N16%(Fo?) ] (Fi2+2F3)/
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Figure S10: Packing in the plane bc. Moderate hydrogen bonds form a two dimensional net

in be

Figure S11: Packing in the plane ac. The different layers are connected via moderate hy-
drogen bonds again. Additionally to the chain structure of the molecule a three dimensional

network of hydrogen bonds characterizes the structure.
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3 Photoluminescence

The luminescence spectra of HKUST-1 and Cu(BTC)-3H,0 measured with a laser wavelength
of 647 nm and different laser powers are shown in Fig. A and B.
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Figure S12:  (A) Photoluminescence spectra of HKUST-1 measured at a laser wavelength
of 647 nm and powers of 67.2, 122.3, 259 and 548 yW. (B) Photoluminescence spectra of
Cu(BTC)-3H50 measured at a laser wavelength of 647 nm and powers of 62.8, 113.5, 250
and 528 pW.

The luminescence spectra of Cu(BTC)-3H,O measured with a 458 nm laser at different
laser powers are shown in Fig. [SI3] The relationship between the photoluminescence intensity
and excitation power is shown in the inset, which demonstrates that the intensity is linear
as a function of laser power and no saturation is observed up to 356 uW.

After being exposed to a 633 nm laser at high powers, the crystal surface of HKUST-
1 appears to get damaged, as observed as the dark spot within the red circle in the inset
micrograph in Fig. and as the spectral changes at laser powers of 81.2 and 172 uW in
Fig. No laser damages were observed with 458 and 633 nm lasers.
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Figure S13: Photoluminescence spectra of Cu(BTC)-3HyO measured using a 458 nm laser
at laser powers of 75, 123, 210 and 356 ¢W. The inset shows the photoluminescence intensity

versus the laser power.
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Figure S14: Photoluminescence spectra of HKUST-1 measured using a 633 nm laser at laser
powers of 81.2, 172, 346 and 738 uW. The inset is the micrograph of the crystal after the

measurements. The laser damage is observed as the dark spot within the red circle.
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4 Infrared absorption

Figure shows the O-H stretching mode of the coordinated water observed for HKUST-1
and Cu(BTC)-3H,0. Both peaks are located at ~ 3675 cm™! and skewed towards lower
wavenumbers. The spectra are consistent with those previously reported for HKUST-1
[7, 8, @9, 10, 11, 12, 13, 14, 15, 16, 17] and for Cu(BTC)-3H20 [I8]. The broader peak
for Cu(BTC)-3H50 than that for HKUST-1 can be attributed to different coordination envi-
ronments. In HKUST-1, two water molecules are coordinated symmetrically to the dimeric
copper core in the paddlewheel structure. In Cu(BTC)-3H;0, three water molecules are
coordinated to copper. The coordination axis of one is in a direction along the 2D layer of

BTC, while that of the other two are out of the layer.
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Figure S15: Infrared spectra of HKUST-1 (bottom) and Cu(BTC)-3H;0 (top).
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