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Copper- and silver-containing heterometallic iodobismuthates(lir)
with 4-(dimethylamino)-1-methylpyridinium cation: structures,
thermal stability and optical properties
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Reactions of Bil;, copper or silver iodide and 4-(dimethyl-
amino)-1-methylpyridinium iodide [(Me-DMAP)I] result
in formation of heterometallic complexes
(MeDMAP)A{[Bi,Cu,l;3]} and (MeDMAP){[Bi,Ag,lo]}-
Their crystal structures, thermal stability and optical
properties have been studied. Optical band gaps calculated
from diffuse reflectance spectroscopy data are 1.81 and 2.06 eV
for copper- and silver-containing complexes, respectively.
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During the last years, halide complexes of p-block metals receive
much attention® due to their remarkable structural diversity?-10
and applicability in materials science.’’13 There are many
exceptional physical properties useful for a wide range of
applications, such as thermo-* and photochromism,%16
ferroelectricity and ferroelasticity,’”-2° luminescence,?-% etc.,
but of special interest is the fact that iodometalates can be used
as components of photovoltaic devices. The solar cells based on
three-dimensional  perovskite-like iodoplumbates®-30  now
demonstrate efficiencies exceeding 20%. However, toxicity of
lead(i) and stability issues inspire research aiming at
investigation of photovoltaic properties of other halometalates,
in particular those of 15 group (Sb and Bi).3* A promising way to
create new materials of this type is combining of different p- and
d-metals in the same anionic structure. An argument in favor of
this approach is that homometallic iodoargentates®2-34 and
iodocuprates®-3° demonstrate photovoltaic and luminescent
properties. The examples of Bi/Cu and Bi/Ag iodide**-*8 anionic
complexes are known; in last years, large amount of work in this
field has been done by the Heine’s group.*®->* However, the
number of such studies is yet incomparable with one for
homometallic iodometalates. Therefore, preparation and
investigation of new heterometallic (Bi/Cu and Bi/Ag) complexes
are well justified.

In  this work, we describe a preparation of
(MeDMAP),Bi,Cu,l;; 1 and (MeDMAP),Bi,Ag,l;y 2.
Synthetic procedures for 1 and 2 are given in Online
Supplementary Materials (SI); the complexes were prepared
with good (>60%) yields by reaction of Bil;, Cul or Agl and
MeDMAP iodide in acetonitrile/acetone/ethanol or acetonitrile/
acetone mixtures, respectively. As follows from both element
analysis and PXRD data (see Sl), both compounds were isolated
as pure single phases.

According to XRD," 1 and 2 are isostructural. The anionic
parts of both complexes are 1D polymeric. There are two dimeric
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{Bi,lo} units connected via terminal and p,-iodide ligands with
copper or silver atoms (Figure 1).

Figure 1 Anionic part in 1 and 2. Bi white, | purple, heterometal cyan.

T Crystal data for 1. CgHy3BiCulsN, (M =1044.22), triclinic, space
group P1, a=8.1043(4), b=10.1446(6) and c=13.1303(7) A,
a =108.118(5)°, B =97.669(4)°, y = 105.060(4)°, V =963.37(10) A3,
Z =2, u(MoKa) = 18.22 mm=2, Total of 7006 reflections were collected,
and 4119 independent reflections (R;,; = 0.040) were used in the further
refinement. Final Rindexes [I > 20(1)], R, = 0.044, wR, = 0.092.

Crystal data for 2. CgH;3BiAgIsN, (M =1088.55), triclinic, space
group P1, a=8.2888(4), b=10.2404(6) and c=13.0507(7) A,
a=108.116(2)°, B=99.187(2)°, y=104.645(2)°, V =983.84(9) A3,
Z=2,u(MoKa) = 17.76 mm~L, Total of 21719 reflections were collected,
and 5963 independent reflections (R, = 0.044) were used in the further
refinement. Final R indexes [I > 20(1)], R; = 0.026, wR, = 0.058.

The data were collected at 15 K. (1) New Xcalibur (Agilent
Technologies) diffractometer with MoKa radiation (A = 0.71073) by
doing ¢ scans of narrow (0.5°) frames at 150 K. Absorption correction
was done empirically using SCALE3 ABSPACK (CrysAlisPro, Agilent
Technologies, Version 1.171.37.35). (2) Bruker D8 Venture diffractometer
witha CMOS PHOTON |11 detector and 1uS 3.0 source (MoK radiation,
2 =0.71073 A). Absorption correction was applied by SADABS (Bruker
Apex3 software suite: Apex3, SADABS-2016/2 and SAINT, version
2018.7-2; Bruker AXS Inc.: Madison, WI, 2017). The crystal structures
were solved using the SHELXT®® and refined using SHELXL®S in
ShelXle®” programs. Atomic displacement parameters for non-hydrogen
atoms were refined anisotropically.

CCDC 2168549 and 2168550 contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via
http://www.ccdc.cam.ac.uk.
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Figure 2 TG and DTA curves for 1 and 2.

The lengths of Bi-l, bonds in 1 are 2.892 and 2.913 A.
Cu—1,-1 and Cu—1-1 distances are 2.638 and 2.640-2.651 A, so
the {Cul,} tetrahedra are undistorted. The Bi—u,-1 and Bi—;-I
are 3.046 and 3.161-3.304 A, respectively. In 2, lengths of
corresponding bonds are very similar: Bi-ly, =2.890 and
2.908 A, Bi—,-1 = 3.070 A, Bi—j13-1 = 3.070and 3.324-3.325 A,
respectively. Corresponding {Agl,} tetrahedra are slightly
distorted: Ag—u,-1 and Ag—p;-1 distances are 2.798 and 2.848-
2.879 A, respectively.

According to TGA data (Figure 2), both compounds are
stable up to 270°C, and there is only one prominent
decomposition step (the processes at >200 °C detectable by
DSC are, most likely, related to melting or other phase transition).
High stability is favorable in terms of the potential applicability
of 1 or 2 as photovoltaic materials.

Diffuse reflectance spectra are shown in Figure 3. The
absorption edge is sharper in 2 spectrum. To determine the band
gap, diffuse reflectance spectra were recalculated utilizing the
Kubelka—Munk formula (Figures 4 and 5). The band gap for
silver-containing compound is slightly higher than in cuprous
derivative (2.06 vs. 1.81 eV in 1 and 2, respectively), which is a
common feature in a series Bi/Ag and Bi/Cu-based heterometallic
iodides characterized so far.®4346:47

To conclude, we prepared two isostructural heterometallic
complexes of bismuth with methylated dimethyammonium
cation. Great thermal stability and promising optical properties
make these compounds of interest for further research in terms
of photovoltaic devices and/or, possibly, in photocatalysis.
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Figure 3 Diffuse reflectance spectra of complexes (a) 1 and (b) 2.
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Figure 4 Band gap determination for 1 using Tauc coordinates.
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Figure 5 Band gap determination for 2 using Tauc coordinates.
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Supplementary data associated with this article can be found
in the online version at doi: 10.1016/j.mencom.2022.11.015.

References

1 L.-M.Wu, X.-T. Wu and L. Chen, Coord. Chem. Rev., 2009, 253, 2787.

2 P. A. Buikin, A. Yu. Rudenko, A. B. Ilyukhin, N. P. Simonenko,
Kh. E. Yorov and V. Yu. Kotov, Russ. J. Coord. Chem., 2020, 46, 111
(Koord. Khim., 2020, 46, 104).

3 P. A. Buikin, A. B. llyukhin, V. K. Laurinavichyute and V. Yu. Kotov,
Russ. J. Inorg. Chem., 2021, 66, 133 (Zh. Neorg. Khim., 2021, 66, 128).

4 P. A. Buikin, A. Yu. Rudenko, A. B. llyukhin and V. Yu. Kotov, Russ.
J. Inorg. Chem,, 2021, 66, 482 (Zh. Neorg. Khim., 2021, 66, 456).

5 V. V. Sharutin, I. V. Egorova, N. N. Klepikov, E. A. Boyarkina and
O. K. Sharutina, Russ. J. Inorg. Chem., 2009, 54, 1768 (Zh. Neorg.
Khim., 2009, 54, 1847).

6 A. M. Wheaton, M. E. Streep, C. M. Ohlhaver, A. D. Nicholas,
F. H. Barnes, H. H. Patterson and R. D. Pike, ACS Omega, 2018, 3,
15281.

7 M. A. Moyet, S. M. Kanan, H. M. Varney, N. Abu-Farha, D. B. Gold,
W. J. Lain, R. D. Pike and H. H. Patterson, Res. Chem. Intermed., 2019,
45, 5919.

8 J. C. Ahern, A. D. Nicholas, A. W. Kelly, B. Chan, R. D. Pike and
H. H. Patterson, Inorg. Chim. Acta, 2018, 478, 71.

9 N. Dehnhardt, H. Paneth, N. Hecht and J. Heine, Inorg. Chem., 2020,
59, 3394.

10 J. Heine, Dalton Trans., 2015, 44, 10069.

11 T. A. Shestimerova, N. A. Golubev, N. A. Yelavik, M. A. Bykov,
A. V. Grigorieva, Z. Wei, E. V. Dikarev and A. V. Shevelkov, Cryst.
Growth Des,, 2018, 18, 2572.

12 N. A. Yelovik, A. V. Mironov, M. A. Bykov, A. N. Kuznetsov,
A. V. Grigorieva, Z. Wei, E. V. Dikarev and A. V. Shevelkov, Inorg.
Chem.,, 2016, 55, 4132.

13 T. A. Shestimerova, N. A. Golubev, A. V. Mironov, M. A. Bykov and
A. V. Shevelkov, Russ. Chem. Bull., 2018, 67, 1212.

14 A. Garcia-Fernandez, |.  Marcos-Cives, C.
S. Castro-Garcia, D. Véazquez-Garcia, A.
M. Sénchez-Andujar, Inorg. Chem., 2018, 57, 7655.

15 R.-G. Lin, G. Xu, M.-S. Wang, G. Lu, P.-X. Li and G.-C. Guo, Inorg.
Chem,, 2013, 52, 1199.

16 O. Toma, N. Mercier and C. Botta, Eur. J. Inorg. Chem., 2013, 1113.

17 J. Przestawski, A. Piecha-Bisiorek and R. Jakubas, J. Mol. Struct., 2016,
1110, 97.

18 K. Mencel, V. Kinzhybalo, R. Jakubas, J. K. Zargba, P. Szklarz,
P. Durlak, M. Drozd and A. Piecha-Bisiorek, Chem. Mater., 2021, 33,
8591.

19 R.Jakubas, A. Gagor, M. J. Winiarski, M. Ptak, A. Piecha-Bisiorek and
A. Cizman, Inorg. Chem,, 2020, 59, 3417.

20 P. Szklarz, R. Jakubas, W. Medycki, A. Gagor, J. Cichos, M. Karbowiak
and G. Bator, Dalton Trans., 2022, 51, 1850.

21 L. El-Adel, A. Ouasri, A. Rhandour and L. Hajji, Solid Sate Commun.,
2021, 340, 114541.

Platas-Iglesias,
Fernandez and

- 755 -



22

23

24

25

26

27

28

29

30

31

32

33
34

35

36

37

38
39

Mendeleev Commun., 2022, 32, 754-756

C. Marwitz, A. D. Nicholas, L. M. Breuer, J. A. Bertke and
E. Knope, Inorg. Chem., 2021, 60, 16840.
Z.
44,

>

.-C.Jin, Y.-P. Lin, L.-F. Lin, C. Xiao, Y. Song, N.-N. Shen, L.-K. Gong,
.-Z. Zhang, K.-Z. Du and X.-Y. Huang, CrystEngComm, 2021, 23,

w N &

744

J.-C. Jin, N.-N. Shen, Z.-P. Wang, Y.-C. Peng and X.-Y. Huang, Coord.
Chem. Rev., 2021, 448, 214185.

B. M. Benin, K. M. McCall, M. Worle, V. Morad, M. Aebli, S. Yakunin,
Y. Shynkarenko and M. V. Kovalenko, Angew. Chem., Int. Ed., 2020, 59,
14490.

N. N. Shlenskaya, N. A. Belich, M. Grétzel, E. A. Goodilin and
A. B. Tarasov, J. Mater. Chem. A, 2018, 6, 1780.

A. Yu. Grishko, E. A. Zharenova, E. A. Goodilin and A. B. Tarasov,
Mendeleev Commun., 2021, 31, 163.

E. I. Marchenko, S. A. Fateev, A. A. Petrov, E. A. Goodilin and
A. B. Tarasov, Mendeleev Commun., 2020, 30, 279.

A.S. Tutantsev, N. N. Udalova, S. A. Fateev, A. A. Petrov, W. Chengyuan,
E. G. Maksimov, E. A. Goodilin and A. B. Tarasov, J. Phys. Chem. C,
2020, 124, 11117.

A. A. Petrov, S. A. Fateev, V. N. Khrustaley, Y. Li, P. V. Dorovatovskii,
Y. V. Zubavichus, E. A. Goodilin and A. B. Tarasov, Chem. Mater.,
2020, 32, 7739.

A. M. Ganose, C. N. Savory and D. O. Scanlon, Chem. Commun., 2017,
53, 20.

G.-N. Liu, X. Zhang, H.-M. Wang, H. Xu, Z.-H. Wang, X.-L. Meng,
Y.-N. Dong, R.-Y. Zhao and C. Li, Dalton Trans., 2017, 46, 12474.

L. Huang and J. Zhou, Inorg. Chem., 2020, 59, 16814.

P. Hao, Y. Qiao, T. Yu, J. Shen, D. Dai and Y. Fu, RSC Adv., 2016, 6,
87628.

A.V.Artem’ev, M. |. Rakhmanova, K. A. Brylevand |. Yu. Bagryanskaya,
J. Struct. Chem,, 2020, 61, 1068 (Zh. Strukt. Khim., 2020, 61, 1131).
M. Deng, Y. Wu, P. Rao, W. Zhang, R. Wang and T. Doert, Z. Anorg.
Allg. Chem,, 2018, 644, 1754.

X.-F. Jiang, Q. Wei, B.-D. Ge, A.-P. Fu, J.-H. Li and G.-M. Wang, Opt.
Mater. (Amsterdam, Neth.), 2020, 109, 110376.

L.Yang, J. Zhou and L. Fu, Dyes Pigm., 2020, 174, 108039.

A. V. Artem’ev, A. S. Berezin, I. V. Taidakov and I. Yu. Bagryanskaya,
Inorg. Chem. Front., 2020, 7, 2195.

40

41

42

43

44

45

46

47

48

49

50
51

52
53

54
55

56
57

Z. Xu, H.Wu, D. Li, W.Wu, L. Liand J. Luo, J. Mater. Chem. C, 2021,
9, 13157.

Y. Yao, B. Kou, Y. Peng, Z. Wu, L. Li, S. Wang, X. Zhang, X. Liu and
J. Luo, Chem. Commun., 2020, 56, 3206.

C. Feldmann, Inorg. Chem., 2001, 40, 818.

L.-Y. Bi, Y.-Q. Hu, M.-Q. Li, T.-L. Hu, H.-L. Zhang, X.-T. Yin,
W.-X. Que, M. S. Lassoued and Y.-Z. Zheng, J. Mater. Chem. A, 2019,
7,19662.

D. Fu, S. Wu, Y. Liu, Y. Yao, Y. He and X. M. Zhang, Inorg. Chem.
Front., 2021, 8, 3576.

L.-Y. Bi, T.-L. Hu, M.-Q. Li, B.-K. Ling, M. S. Lassoued, Y.-Q. Hu,
Z.Wu, G. Zhou and Y.-Z. Zheng, J. Mater. Chem. A, 2020, 8, 7288.
W.-X. Chai, L.-M. Wu, J.-Q. Li and L. Chen, Inorg. Chem., 2007, 46,
1042.

W.-X. Chai, L.-M. Wu, J.-Q. Li and L. Chen, Inorg. Chem., 2007, 46,
8698.

A. W. Kelly, A. M. Wheaton, A. D. Nicholas, F. H. Barnes,
H. H. Patterson and R. D. Pike, Eur. J. Inorg. Chem., 2017, 4990.

N. Dehnhardt, H. Borkowski, J. Schepp, R. Tonner and J. Heine, Inorg.
Chem.,, 2018, 57, 633.

J. Mdbs and J. Heine, Inorg. Chem,, 2019, 58, 6175.

N. Dehnhardt, P. Klement, S. Chatterjee and J. Heine, Inorg. Chem.,
2019, 58, 10983.

J. Mdbs, M. Gerhard and J. Heine, Dalton Trans., 2020, 49, 14397.

J. Mobs, J. N. Luy, A. Shlyaykher, R. Tonner and J. Heine, Dalton
Trans., 2021, 50, 15855.

N. Dehnhardt, J. N. Luy, P. Klement, L. Schipplick, S. Chatterjee,
R. Tonner and J. Heine, Angew. Chem,, Int. Ed., 2021, 60, 3906.

G. M. Sheldrick, Acta Crystallogr., Sect. A: Found. Adv., 2015, 71, 3.
G. M. Sheldrick, Acta Crystallogr., Sect. C: Struct. Chem,, 2015, 71, 3.
C. B. Hilbschle, G. M. Sheldrick and B. Dittrich, J. Appl. Crystallogr.,
2011, 44, 1281.

Received: 25th April 2022; Com. 22/6881

- 756 —



