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Halide perovskites provide a versatile platform for exploring the effect of non-covalent interactions,
including halogen bonding, on material properties such as band gap, luminescence, and frontier orbital
landscape. Herein we report six new zero-dimensional tellurium iodide perovskite derivatives, consisting
of [Telg]>~ octahedra charge balanced by one of several X-Py cations (X = H, Cl, Br, |, and Py =
pyridinium). These compounds also feature robust halogen bonding between [Telgl>~ octahedra and
polyiodides in the form of I, (1-4), 15~ (5), or adjacent octahedra (4 and 6). These relatively strong non-
covalent interactions (NCls) are modeled by natural bond order (NBO) and second order perturbation
theory (SOPT) calculations. NCls are responsible for reducing the bandgap of these materials (measured
via diffuse reflectance spectroscopy) relative to those without polyiodide species. They also affect inner

sphere bonding in the metal halide, exacerbating [Telgl>~ octahedron asymmetry as compared to
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Accepted 21st April 2023 previously published compounds, with greater asymmetry correlating with higher van der Waals overlap

of halogen—halogen contacts. We also demonstrate the ability of hydrogen and carbon bonding (which

DOI: 10.1038/d3ra00996¢ dominates in the absence of polyiodides) to affect inner sphere tellurium iodide bonding and octahedral
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Introduction

Halide perovskites and their derivatives are a class of structur-
ally and functionally diverse materials with relevance to
photovoltaics, semiconductors, and radiation detection.' Our
group and others have explicitly shown the potential of non-
covalent interactions (NCIs) to influence crystal formation,
stability, and material properties (e.g. band gap) of perovskites
or perovskite derivatives.** Halogen bonding in particular has
also been utilized to improve the stability, quality, and overall
efficiency of halide perovskite photovoltaics,® and systematic
interrogation of new compositions and structural motifs will
serve to advance understanding in these areas. Zero-
dimensional (0D) halide perovskite derivatives, consisting of
entirely discrete metal halide octahedra separated by cations
(both organic and inorganic) are increasingly relevant to the
applications mentioned above.”® These 0D materials provide
a similar platform for tunability of optoelectronic properties,
among others, with the tendency toward greater environmental
stability, than their three-dimensional counterparts.'®* 0D
perovskite derivatives are attractive for use as solar materials,
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and scintillators in particular, which require a high degree of
stability while retaining desirable photophysical properties.®®
Pb, Sn, Bi, Sb e.g. are all frequently explored as components of
low dimensional perovskites with properties appropriate for
these applications. Tellurium has been probed less extensively
than other metals, though it may also form low dimensional
compounds with similar characteristics. Te has also been
utilized as a dopant in perovskite materials, acting as an
emission center in Sn chloride scintillators under X-ray irradi-
ation e.g. ref. 12.

Distortion of the metal halide coordination geometry has
been shown to be an important factor in determining properties
of halide perovskites such as band gap.** The identity of the
organic cation, halogen on the metal halide, and doping have
all been employed to influence the degree of distortion in metal
halide octahedra, and subsequently tune their material prop-
erties.’*'* Metal halides with ns® lone pairs (Te included, 5s°)
have also demonstrated distortion in the excited state, which
has in turn been tied to their relatively broad emission, via the
formation of self-trapped excitons (STEs)." Since these 0D
materials consist of discrete components assembled entirely via
NCIs, there is significant motivation to characterize these types
of interactions in 0D perovskite derivatives. Careful investiga-
tion of NCIs such as hydrogen or halogen bonding is essential
for establishing relationships between material properties and
the non-covalent forces at play in these materials.
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Halogen bonding and its influence on material properties

Halogen bonding may be defined as an attractive non-covalent
interaction indicated structurally by the interpenetration of the
van der Waals volumes of two halogen atoms (usually expressed
as a % of the sum of the vdW radii)."® This phenomenon can
arise due to the polarization of a halogen atom covalently bound
to another atom, carbon for example, enabling the halogen to
act as an electron acceptor.” Computational studies have
shown that charge transfer from a halogen bond donor to an
acceptor can result in a significant stabilization energy between
the two species, in addition to the electrostatic interactions
arising from polarization of the halogen.” Our group has
explored the role of NCIs in Te, In, and Sb 0D perovskite
derivatives, where we thoroughly characterize these interactions
to evaluate their impact on overall structure and material
properties.*** These works have demonstrated that second
sphere NCIs can substantively affect material properties as well
as influence the inner sphere characteristics of the metal halide.

This present effort began as a direct extension of our
previous work on Te chlorides and bromides, yet new and
unique structural motifs and NCIs presented themselves in this
tellurium iodide system. We present a series of new [Telg]*~
based halide perovskite derivatives paired with halogenated
pyridinium cations, and all except for one of these new struc-
tures contains polyiodide species, in the form of I, or I.
Although this type of polyiodide-containing compound is often
reported as an impurity or side product,® we take the oppor-
tunity here to investigate the significant effect of polyiodides on
crystal structure and material properties. These materials
feature robust non-covalent interactions (NCIs), including
halogen bonding between the polyiodide species and the metal
halide, which contribute to the asymmetry of the [Telg]*~
octahedra. A combination of crystallographic and computa-
tional analyses, including natural bond orbitals (NBO), density
of states (DOS), and electrostatic potential (ESP) surfaces, allows
a comprehensive characterization of the effects of polyiodides
on crystal structure and material properties within this series of
compounds. The presence of polyiodides substantively affects
the band gap of our materials, lowering it in comparison to
those without polyiodide species.

Experimental

Reagents were purchased from the following vendors and used
as received. Tellurium oxide (TeO,): Alfa Aesar, hydroiodic acid:
BTC chemical, pyridine, 4-chloropyridine hydrochloride, 4-
bromopyridine hydrochloride, 4-iodopyridine, pyrazine: Sigma
Aldrich.

General synthesis of [1-10]

These efforts represent exploratory, relatively unoptimized
syntheses. Herein we rely on in situ generation of polyiodides by
oxidation of iodide to molecular iodine, which can then
combine with additional iodide to form I;”.>* As such, all
reactions were performed in air and utilized stabilized hydro-
iodic acid as the I" source. Hydrothermal synthesis was
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employed to aid in the incorporation of I, specifically and
resulted in the formation of 1-3. Compounds 4-7 were
produced using slow evaporation, rather than hydrothermal
methods, and so showed a range of polyiodide incorporation.

Compounds 1-3: (HXPy),[Telg]-I, (X = H, Cl, I). The first
step in the synthesis of 1-3 was the production of an iodide or
polyiodide pyridinium salt. These triiodide XPy salts ((XPy)[I3]-
H,0 X = Cl, Br, I) in particular had not been previously reported
in the Cambridge Structural Database (CSD) and are reported
herein as compounds 8, 9 and 10 (powder X-ray diffraction
(PXRD), Fig. S10-S127). 4-X pyridine (XPy) (X = H, I) (0.2 mmol,
0.016 g, 0.042 g) or the HXPy (X = Cl, Br) chloride salt (0.030 g,
0.038 g) was dissolved in 2.0 mL of 2 M stabilized HI and placed
in a 23 ml Teflon-lined Parr autoclave. The solutions were
heated at 110 °C for 48 hours except for the 4-bromopyridine
mixture, which was heated at 70 °C for 48 hours. After cooling to
room temperature, the solutions were removed from the auto-
claves and allowed to completely evaporate in air. Separately,
tellurium oxide TeO,, (0.1 mmol, 0.016 g) was dissolved in
2.0 mL of 2 M stabilized HI, and dried halopyridinium (I" or I~
salts) material from the previous step was added. This mixture
containing tellurium iodide (TeO, - >Tel, via HI, characterized
via PXRD, Fig. S13t) and the pyridinium was again placed in to
a 23 mL Teflon-lined Parr autoclave and heated at 110 °C for 48
hours except for the mixture containing 4-bromopyridinium,
which was heated at 70 °C for 48 hours. The resulting liquid-
solid mixtures were removed from the autoclave after cooling to
room temperature and allowed to dry completely. Black-grey
single crystals of 1 and 2, and silvery-grey single crystals of 3
were extracted from the dried mixtures for single crystal X-ray
diffraction. Small amounts of Tel, and compounds 8-10 were
also present as impurities in some cases, as determined by
PXRD.

Compounds 4-6: (HPyz),[Telg]-I,, (HCIPy);[Telg(13)],
(HBrPy),[Tels]. Compounds 4-6 were synthesized via room
temperature reaction of tellurium oxide (TeO,), 2 M stabilized
HI, and pyrazine (pyz) or halopyridinium. Tellurium oxide
(TeO,) (0.1 mmol, 0.016 g), and either HXPy (X = Cl, Br) chloride
salt or pyrazine (0.2 mmol, 0.030 g, 0.038 g, or 0.016 g) were
mixed with 2.0 mL of 2 M stabilized HI in a 1 dram glass vial.
Mixtures were stirred briefly with a spatula and allowed to settle
for 24 hours. With these reaction conditions, Tel, precipitates
from 5 and 6 immediately after mixing. This initial precipita-
tion, and subsequent ingrowth of product phases over time in 5
and 6 is demonstrated by powder X-ray diffraction in the ESI
(Fig. S5-S81). To obtain crystals of 4-6, solids that had settled at
the bottom of the 1 dram vial were separated from the liquid
portion after waiting at least 24 hours for product to form. Small
single crystals were isolated from this collection of solids for
single crystal X-ray diffraction. Evaporation of the separated
liquid also yielded single crystals, but of inconsistent
composition.

Compound 7: (HIPy),[Tel]-H,0. Tellurium oxide (TeO,,
0.1 mmol, 0.016 g) and IPy (0.2 mmol, 0.041 g) were mixed with
2.0 mL of 2 M stabilized HI in a 1 dram glass vial. The mixture
was stirred with a spatula and the solids allowed to settle for 30
minutes. Aliquots of the dark brown translucent solution were

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Diagram of Telg containing compounds 1-7, showing compound number, moiety formula, and presence of I, I3

View Article Online

RSC Advances

3 4 5 6 7

(HPy),[Telg]l, (HCIPy),[Telgll, (HIPy),[Telgll, (HPyz),[Telg]-21, (HCIPy),[Tels]-l; (HBrPy),[Tels] (HIPy),[Tele]

H,0
Br I

I—I I—] 1l—]—I

N\///
JCICIC

N+
H

N+
H

~, or H>O if present.

While compounds 1-4 were made hydrothermally, 4—7 were made from reactions at room temperature.

pipetted onto a glass slide to evaporate. This yielded a few small
black crystals of 7. A graphical summary of compositions 1-7 is
shown in Fig. 1.

Compounds 8-10: (HXPy)[I;]- H,O (X = Cl, Br, I). Pyridinium
triiodide salts (8-10, Fig. 2) were also encountered in varying
quantities as side products in nearly all syntheses involving XPy
and HI. These compounds were prepared directly, however, by
the first step of the method described for 1-3: 2.0 mL of stabi-
lized HI was mixed with 0.2 mmol XPy-HCI (X = Cl, Br), 0.030 g,
0.038 g, or IPy, 0.041 g, and allowed to dry in air. Hydrothermal
treatment of XPy and 2 M stabilized HI also yields I~ Py salts.
The resulting brown solid was used as a starting material for 1-
3. Lower solubility of unprotonated IPy may require a larger
volume or multiple treatments of HI more fully convert to the
I;~ salt. PXRD also revels the presence of some amount of
(HXPy)[1], a colorless translucent solid, which can be easily
distinguished from the brown 8-10. Crystal structures and
descriptions for 8-10 can be found in the ESI.f We note that the
use of unstabilized HI may also produce compounds 1-5, and
8-10 since it contains some unknown quantity of polyiodides
due to its age and exposure to air. Unstabilized HI was used in
our initial exploratory synthesis efforts, which were somewhat
unpredictable with very low yields in some cases. We suggest
the synthesis of 1-10 may be further optimized by combining
controlled amounts of iodide salts and dissolved I, as has been

8 9 10
(HCIPY)[I] - H,0  (HBIPY)[s]- H,0  (HIPY)[I;] - H,0
I—]—I I—I—I I—I—1I

Cl Br I
H,0 H,0 H,0
1 C1 O
NS NS NS
N+ N+ N+
Fig. 2 Diagram of 8—-10, which consist of |3 paired with HXPy (X = C|,
Br, 1). These are also the main impurity phases in 1-7.

© 2023 The Author(s). Published by the Royal Society of Chemistry

utilized for systematic incorporation of polyiodides into lead
based perovskites.”* Such control over the polyiodide content
may allow better control of products and impurities.

X-ray crystallography

Crystals of 1-10 were harvested from dried products or filtered
solids and mounted on MiTeGen micromounts. All measure-
ments were made using monochromated microfocus Mo Ka (A
= 0.71073 A) radiation on a Bruker D8 Quest, equipped with
a Photon II detector. All reflections were collected at 100(2) K
with 0.5° ¢ and w scans. Initial space group determination was
performed using a single ¢ scan in the APEX III software suite.
The data were reduced using SAINT>® and empirical absorption
correction applied using SADABS.> Structures solutions, solved
using intrinsic phasing, and refinement were performed using
the ShelXT package® and ShelXL*® in APEX III. ShelXle,** OLEX
2,> and PLATON?® programs were used for subsequent refine-
ment, modeling of disorder, and space group changes when
necessary. All atoms were refined anisotropically, and aromatic
hydrogen atoms were placed in idealized positions using the
appropriate AFIX command and allowed to ride on the coordi-
nates of the parent atom with isotropic thermal parameters
(Usso) fixed at 1.2 Ueq. Specific crystal structure parameters of 1-
10 are summarized in Table 1. CheckCIF documents containing
thermal ellipsoids (generated via ORTEP*) for 1-10 can be
found in the ESL. ¥

A noticeable gap in our suite of materials is present in that
the Tels + BrPy analogue containing I, is not reported above.
Like 1-3, hydrothermal syntheses (at 70 °C) involving tellurium
and BrPy did yield single crystals, however these structures
could not be adequately refined. In the P3, trigonal space group,
8 twin domains are possible simply due to the symmetry of the
system.*® Despite the application of several simultaneous twin
laws to try and resolve the merohedral twinning issue, a satis-
factory refinement was not obtained. However, powder X-ray
diffraction (PXRD, Fig. S12f) revealed the presence of
a compound nearly identical to 3 in syntheses attempting to
make (HBrPy),[Tels]-I,. It is therefore reasonable to surmise
that the structure of (HBrPy),[Tels] 1, is analogous to that of 3.

RSC Adv, 2023, 13,13477-13492 | 13479
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Table 1 Crystallographic data table for compounds 1-10

View Article Online

Paper

1 2 3 4 5
CCDC no. 2238872 2238873 2238874 2238875 2238876
Formula (CsH5NH),[Telq] I, (CsH5NCI),[Telg] 1, (CsH5NI),[Telq] I, (C4HgN,)[Telq]-2(L,) (CsH5NCI)3[Telg)- I
Crystal system Monoclinic Monoclinic Trigonal Triclinic Triclinic
Space group C2/c Cc P3, P1 P1
a (A) 18.0503(11) 19.0162(14) 15.0194(10) 9.4074(3) 8.9408(3)
b (&) 10.1185(6) 10.6017(8) 15.0194(10) 11.5528(4) 9.9568(4)
c(A) 14.6269(8) 14.2508(11) 33.038(3) 13.8021(4) 19.7612(8)
a (0) 90 90 90 81.7110(10) 103.0060(10)
8 () 106.830(2) 111.154(3) 90 79.8470(10) 96.6570(10)
v (©) 90 990 120 69.0100(10) 90.2810(10)
Volume (A% 2557.06 2679.42 6454.31 1373.2 1701.62
Z 4 2 3 4 4
Peale (g cm™?) 3.385 3.401 3.6 3.77 3.149
Radiation 0.71073 0.71073 0.71073 0.71073 0.71073
Temp. (K) 100 100(2) 100(2) 100(2) 100(2)

Residuals: R (Rin)

0.0305, 0.0584

0.0348, 0.0601

0.0242, 0.0963

0.0200, 0.0426

0.0340, 0.0426

6 7 8 9 10
CCDC no. 2238877 2238878 2238879 2238880 2238881
Formula (CsH5NBr),[Telq] (HIPy),[Tels]-H,O (HCIPy)[15]-H,O (HBrPy)[I;]- H,O (HIPy)[I,]- H,0
Crystal system Monoclinic Triclinic Triclinic Monoclinic Monoclinic
Space group P24/n P1 P1 C2/c C2/c
a (A) 12.1949(6) 7.7588(4) 7.0961(3) 22.6882(7) 22.8618(8)
b (&) 14.1651(7) 11.8319(4) 7.8772(3) 7.0484(2) 7.1336(2)
c(4) 14.3164(7) 14.2751(8) 11.4958(5) 15.6003(5) 15.7192(6)
a () 90 86.842(2) 95.461(2) 90 90
8 (°) 110.829(2) 80.992(2) 99.379(2) 101.8650(10) 103.2200(10)
v (©) 90 78.3800(10) 107.782(2) 90 90
Volume (A%) 2311.42 1267.41 592.48 2441.43 2495.66
zZ 4 2 2 8 8
Peae (g cm™) 3.469 3.456 2.858 3.3035 3.219
Radiation 0.71073 0.71073 0.71073 0.71073 0.71073
Temp. (K) 100(2) 100(2) 100(2) 100(2) 100(2)

Residuals: R (Rint) 0.0208, 0.0765 0.0203, 0.0469

Photophysical measurements

Diffuse reflectance spectra were collected on solid, dry samples
at 298 K. Spectra were collected from 200 nm to 1500 nm on
a Jasco V-770 UV-visible/NIR spectrophotometer equipped with
a 60 mm integrating sphere (Jasco ISN-923). Data were pro-
cessed using Spectra Manager™ Suite spectroscopy software.
Steady-state luminescence scans of 1-3 and 5 were collected at
298 K and 78 K with a Fluorologs-3 photoluminescence spec-
trophotometer from Horiba using a 450 W xenon arc lamp
combined with a double excitation monochromator and double
emission monochromator, with a photomultiplier tube at 950 V
used as the emission detector. Low temperature luminescence
measurements were collected on solid samples under vacuum
using a Janis VPF-100 cryostat equipped with UV-grade fused
silica windows coupled with a Lakeshore model 325 tempera-
ture controller.

Computational methods

Natural bond orbital (NBO) analyses, including second order
perturbation theory (SOPT) calculations, were performed using

13480 | RSC Adv,, 2023, 13, 13477-13492

0.0264, 0.0600 0.0223, 0.0422 0.0167, 0.0422

the NBO7 package as implemented in Gaussian 16, rev. C.01.*
The model chosen for NBO calculations consisted of a central
[Tels)*~ species and its vdW or near-vdW contacts, including
organic cations and other molecular species. The coordinates of
all atoms were taken from the single crystal X-ray diffraction
data for each compound. Single point energy (SPE) calculations
were performed using the B3LYP*** functional and the def2-
tzvp**® basis set for all atoms (with effective core potential
(ECP) for I and Te).

Density of states (DOS) and SPE calculations incorporating
periodic boundary conditions (PBC) were performed using
Gaussian 16, rev. C.01 on crystallographically determined unit
cells, using the HSEh1PBE®*® functional and the basis sets def2-
tzvp for Cl, Br, I and Te (with ECP for I and Te), and 6-311G**
(ref. 37 and 38) for C, H and N atoms. Total and partial density
of states (TDOS, PDOS) data were extracted using Multiwfin
v3.7.* Individual PDOS fragments were generated using
appropriate atomic orbital contributions (s and p orbitals of Te,
I, Cl and Br atoms, and p orbitals of C and N atoms). DOS curves
were plotted at a FWHM of ca. 0.25 eV.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Elemental analysis

Elemental analysis was performed on all compounds by Atlantic
Microlab, Inc. for C, H, N, and I. Results are tabulated in Table
S3.%

Results and discussion

Structure descriptions

Compounds 1-3 (HXPy),[Telq]-1, (X = H, Cl, I). Compounds
1-3 contain polyhalide (I,) molecules, and have a generic
formula of: (HXPy),[Tels] I, where X = H, Cl, L. The structures
consist of [Telg]”~ octahedra linked to I, molecules via halogen
bonding, and HXPy' units linked to other substituents via
hydrogen and halogen bonding. The basic coordination envi-
ronment of the metal halide octahedron is very similar for 1-3.
Each [Telg]”~ octahedron participates in halogen bonding with
its six closest I, molecules, with each tellurium bound iodine
interacting with one I, molecule, adopting one of two possible
arrangements (Fig. 3). These halogen bonding interactions
could be thought of as type I (end-on) and type II (side-on)
interactions geometrically speaking.*® However, the nature of
these end-on [Telg]* -1, halogen bonds, including the pres-
ence of charge transfer behavior, does not strictly fit the stan-
dard type I halogen bond definition,” and details of this
interaction are further explained in the computational section.
There are also halogen bonds between the halogen substituent
on the Py and the [Telg]*” in the case of 2 and 3. Each I,
molecule is in turn halogen-bonded to the six nearest [Telg]*~,
creating a 3D halogen-bonded framework which can be seen in
Fig. S14.7

Compound 1 (HPy),[Tels]-I, has been reported previously by
Faoro et al., during the investigation of aryltellurenyl iodides,
although with slightly different crystallographic parameters,
likely due to the difference in collection temperatures (293 K vs.
100 K).** Compound 1 (Fig. 4) crystallizes in the C2/c space
group, and the average Te-I bond length is 2.940(1) A, with min.
and max. I-Te-I angles of 87.5° and 92.4° respectively. As in all
compounds presented here, 1 consists of [Telg]’~ octahedra

Fig. 3 a. Halogen bonding in compounds 1-3 between the [Telgl?~
octahedron between end on (a) and side on (b) I, molecules.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 A portion of the structure of 1 showing (a) halogen bonding and
(b) hydrogen bonding between |, and pyridinium species.

charge-balanced by organic cations and features discrete I,
molecules halogen bonded with the [Tels]>~. For brevity, we will
describe the strongest halogen bonding interactions in each
compound, which for 1-3 occur between end-on bound I,
molecules and the [Tels]*". For 1, a single crystallographically
unique end-on I, is present with a Te-I---I, distance of 3.252(1)
A. This represents a significant overlap of the van der Waals
(vdW) radii of the Te bound iodine and the I, iodine, 82.1% of
the sum of the vdW radii (hereafter expressed as % vdwW).*> In
contrast, halogen bonding distances between [Tels]*~ and side-
on I, are ~98% vdW. More insight into the nature of this rather
robust interaction is given in the computational results section.
Hydrogen bonding also contributes to the overall assembly of 1-
7, and is present in 1-3 between [HXPy|" and [Tel¢]*".
Compound 2 (HCIPy),[Tels]-I, (Fig. 5) exhibits a similar
second sphere coordination environment as 1, crystallizing in
the lower symmetry Cc space group. The average Te-I bond
length is 2.947(1) A, with min. and max. I-Te-I angles of 85.9°
and 93.2° respectively. The closest halogen-halogen contacts
are once again the two end-on coordinated I, molecules with

Fig. 5 Second sphere interaction in 2. (a) Hydrogen bonding; (b) and
(c) halogen bonding between the [Telgl>~ octahedron and an end-on
I> and CIPy respectively.

RSC Adv, 2023, 13, 13477-13492 | 13481
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Te-I---T, distances of 3.287(1) A and 3.353(1) A, 83.0% and
84.7% vdW respectively. The Cl substituent on the chloropyr-
idinium is just beyond overlapping with the vdW radius of the
tellurium bound iodine, with a Cl---I distance of 3.740(1) A, or
100.3% vdW. Fig. 5 shows examples of each type of non-covalent
interaction present.

Compound 3 (HXPy),[Tel]-I, crystallizes in the P3, space
group, a stark departure from monoclinic space groups of 1 and
2. Nevertheless the [Telg|*” octahedra in 3 retain the same
second sphere coordination as 1 and 2. The average Te-I bond
length is 2.954(1) A, with min. and max. I-Te-I angles of 85.41°
and 93.59° respectively. Due to the symmetry of 3, there are 3
crystallographically unique [Telg]*~ octahedra (Fig. S1571), so an
average of their closest (end on) Te-1---I, coordination distances
were taken for the purpose of comparison. These distances are
3.367(1) A and 3.394(1) A, 85.0% and 85.7% respectively. Iodine
atoms on multiple iodopyridiniums were modelled as disor-
dered, indicating a disorder of the entire pyridinium molecule.

Compound 4 (HPyz),[Telg]-I, crystallizes in the P1 space
group and exhibits a completely different second sphere coor-
dination from 1-3 (Fig. 6). In this new arrangement, there are
still I, molecules involved in halogen bonding with the [Tel,]*",
the shortest of which is 3.316(1) A, 83.7% vdW. There is also
halogen bonding present between the I atoms on adjacent
[Telg]*~, with the closest contact being 3.582(1) A, 90.5% vdW.
[Tels]*~ octahedra are charge balanced by infinite 1D chains of
singly protonated pyrazine molecules hydrogen bonded to one
another end to end, with additional hydrogen bonding to both
I, and [Tels]*". Like 1-3, the [Telg]*~ octahedron is slightly
distorted, with an average Te-I bond length of 2.949(1) A
and min. max. I-Te-I angles of 86.48° and 95.88° respectively.
This compound demonstrates the diversity of potential second
sphere coordination environments around the [Tels]*~ while
still retaining a large vdW overlap between the tellurium iodide
and the I,. We wish to highlight the robust nature and variety of
the [Telg]>” -1, halogen bonding in compounds 1-4 in general,
while not discounting that hydrogen bonding also plays a role
in the assembly of these compounds.

Compound 5 (HCIPy);[Telg(I5)] crystallizes in the P1 space
group and modification of synthesis parameters results in the
inclusion of I;~ rather than I,. Analogous to 1-4, halogen

v

Fig. 6 Selection from the structure of 4 showing the overall coordi-
nation environment, both halogen and hydrogen bonding, in contrast
to compounds 1-3.
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Fig. 7 Examples of second sphere interactions in 5: halogen bonding
between the [Telgl>~ and an (a) end-on s, (b) side-on I3, and (c)
chlorine substituent on the pyridinium.

bonding occurs between the I3~ species and the [Tels]*~ in both
side-on and end-on arrangements (Fig. 7). A somewhat smaller
degree of van der Waals overlap occurs between I~ and [Telq]*",
compared to the larger overlap present in the end-on I, inter-
actions in 1-3. Relevant distances and angles for the end on
halogen interaction (Te-I---I;7) in 5 are: 3.630(1) A, 91.67%
vdW. Side-on I;~ interactions have a lesser vdW overlap of
~97%, again analogous to 1-3. The average Te-I bond length is
2.937(1) A and min. and max. I-Te-I angles of 87.17° and 91.86°
respectively.

I;~ containing crystal structures are sometimes reported as
side products in the literature, with an example being
(dimethylammonium);[PtI4(I3)] by Evans et al.>® a study focused
on mainly compunds containg I,. A search of the Cambridge
Structural Database (CSD) reveals only a single (divalent) tellu-
rium halide containing I3~ ((C3H;0N),[Te(2+)L,]) and no struc-
tures combining Te(4+) and I;~. Compound 5 therefore
represents a rarely reported structural motif for Te halide based
materials. As with I;~, many authors seem to first encounter I,
containing materials pursing other products, as reported by
Faoro et al.*' This precedent should not diminish the impor-
tance of polyiodides, as the presence of I, has been demon-
strated to play a role in the defect chemistry of the well-known
halide perovskite MAPbI;, as well as in the degradation pathway
of Sn based perovskite solar cells.**** Additionally, polyhalide
rich solutions have recently been utilized as a crystallization aid
in halide perovskite based solar cells.** The presence of discrete
I, molecules has also been reported before in Pt halides, yet this
study emphasized hydrogen bonding between I, and the
organic cations, referencing halogen bonding only in passing.*
In our case, the organic molecules do not seem to systematically
complement or template the positions of I, in the crystal. We
instead call attention to the robust I,---[Tels]>~ halogen bonds
present in 1-5. Novikov et al. focused on the properties of
photovoltaic devices made with polyiodide containing mate-
rials, while noting the role of halogen bonding between I, and
[TeBre]>~ in assembling their materials. Considering these
observations, we see an opportunity to advance our under-
standing of the halogen bonding interactions between the I,
and metal halide. Compounds 1-6 provide a platform to

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Subset of second sphere interactions in 6: (a) halogen bonding
between two [Telg]?~ (b) hydrogen bonding and/or carbon bonding
between BrPy and [Telg]>™ and (c) halogen bonding between [Telgl?~
and bromine substituent on the pyridinium.

systematically probe the effects of polyiodides and halogen
bonding on structure and material properties.

Compound 6 (HBrPy),[Tels] crystallizes in the P2,/n space
group and contains no polyiodide species owing to changes in
synthesis detailed in the experimental section. As in 2-5 there is
halogen bonding between the BrPy and the [Telg]*~, with a Br---
I distance of 3.758(1) A (98.12% vdW). There is also halogen
bonding between adjacent [Tels]>~ units, with the shortest Te-
I---I-Te distance being 3.801(1) A (96.0% vdW). (Fig. 8). The
average Te-1 bond length is 2.944(1) A with min. and max. I-Te-
I angles of 86.6° and 93.4° respectively. In addition, compound
6 exhibits carbon bonding,*® where the interaction is between
the halogen donor and C=C or C=N c* bonds in [HXpy]', as
opposed to the C-H or N-H bond c*, is present along with
normal hydrogen bonding. The Te-1---C distance (see Fig. 8b) is
3.489(1) A additional details on this interaction can be found in
the computational section.

Compound 7 (IPy),[Tels]-H,O crystallizes in the P1 space
group and exhibits halogen bonding with the IPy is present
(Fig. S18t), with the later having an I--1 distance of 3.836 (1) A
(96.9% vdW). There is also halogen bonding between adjacent
[Tels)*~ units, with the shortest Te-I---I-Te distance being
3.830(1) A (96.7% vdw). Unlike 1-5, 7 does not contain poly-
iodides, but rather an H,0 molecule, highlighting the possible
diversity of the tellurium iodide - pyridinium system. Due to its
low yield during synthesis 7 is excluded from most subsequent
analyses.

Table 2 Halogen bonding overlap and distortion metrics for compounds 1-6. Distortion metric is defined as: Ad = — Z

dm is a metal-halogen distance and d,e is the average M—X distance
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Compiled crystallographic metrics

[Tels]’~ asymmetry. The internal symmetry of the metal-
halide polyhedron plays an important role in determining the
resultant material properties of 0D perovskites in particular,**°
and a distortion metric (Ad) is commonly used to quantify the
deviation of each metal-halide bond length from an ideal octa-
hedral geometry (Table 2).*° Depending on the system, [TeXc]*~
octahedra can be completely symmetric, as is the case for inor-
ganic cubic compounds such as Cs,TeXq (X = Cl, Br, I),* yet in
cases where the packing environment of the [TeXq]*~ octahedron
is of lower symmetry, the octahedron itself becomes distorted to
varying degrees. A survey of crystal structures from the Cam-
bridge Structural Database (CSD) containing [Tels]”~ octahedra
yielded 34 compounds with varying levels of distortion in the
octahedron. Among the most distorted were ((C,,H,00,P),[Telg],
space group P1) and ((C,oH,gP),[Tels] space group C2/c), which
have Ad values of 1.68 x 10 * and 1.58 x 10~ ° respectively.”>* In
these hybrid organic-inorganic compounds, only hydrogen
bonding between the organic components and the metal halide
is present. Numerical values for our compounds range from as
low as ~10~° (for previously reported [TeCls]*~ and [TeBre]*~
based compounds) to as high as ~10™% in compounds 1-6 re-
ported here (Table 2). 1-6 have a much larger distortion metric
than any [Tels]”~ containing compound present in the CSD, and
also larger than our previously reported [TeCls]*~ and [TeBrg]*~
based materials. The distortion metric in 1-6 tends to increase as
the halogen bond between [Telg]*” and end-on I, species
becomes shorter (lower % in Table 2). These data suggest that
halogen bonding may increase distortion of the metal halide
octahedron, beyond what has been observed to arise due to an
asymmetric packing environment and hydrogen bonding with
[Telg]*~. We therefore call attention to the potential utility of this
polyiodide halogen bonding motif to affect the distortion of
metal halides. Additional metrics involving octahedral distortion
can be seen in subsequent sections.

Luminescence

Compounds 1-6 were not found to be luminescent at room
temperature or at 77 K. All inorganic tellurium halides, e.g
Cs,TeXe (X = Cl, Br, I) exhibit luminescence output with

1 (dm - dave> ?
——— ) , where
6,576 dave

Closest halogen

Compound Chemical formula vdW overlap % Distortion metric (Ad)
1 (HPy),[Tel] I, 82.1 1.49 x 107°
2 (HCIPy),[Telc] 1, 83.0 1.39 x 10
3 (HIPy),[Telg] 1, 85.0 1.01 x 1073
4 (HPyz),[Telg] 1, 83.7 6.78 x 107*
5 (HCIPy),[Telq] 15 91.2 3.72 x 107*
6 (HBrPy),[Tely] 98.1 6.54 x 10°*
SOSYEGg;, (C32H,00,P),[Telg) n/a 1.68 x 107*
IRIHEW;, (CyoH15P),[Tel) n/a 1.58 x 10°°
OMOLEK, (HIPy),[TeClg) 92.6 4.61 x 10°°
OMOMAH, (HIPy),[TeBrg) 92.2 3.45 x 107°
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intensities varying as Cl > Br > 1.*“** Our previous work with
tellurium chloride and bromide halo pyridiniums found that
their luminescence is only significant at low temperature (~77
K), and is sometimes not present at all.* The combined presence
of pyridinium cations and polyiodides, especially considering
the intimate second sphere contacts present in 1-5, likely
provides multiple pathways for non-radiative decay of the
excited [Telg]*”. Besides eliminating polypodies, other organic
cations besides pyridine could be potentially utilized in an
attempt to improve luminescent behavior. Biswas et al. noted
that benzyltriethylammonium, in contrast to various other
organic cations, resulted in high room temperature photo-
luminescence quantum yield of a hybrid organic-inorganic
tellurium chloride. Lack of luminescence does not preclude the
possible use of these materials as potential direct radiation
detectors or photovoltaic devices e.g., where electron hole pairs
are detected by a supporting device without the need for emis-
sion of photons.”>*%¢

Computational analysis: NBO, ESP,
DOS

As crystallographic metrics strongly indicated the presence of
robust halogen bonding as described above, natural bond order
(NBO), density of states (DOS), and electrostatic potential
surfaces (ESP) were utilized to quantify and visualize the nature

Table 3 Details of most intimate halogen—halogen interactions for
compounds 1-6 noting interacting species, vdW %, and calculated
stabilization energy of the interaction

Closest halogen Stab. Energy

Compound Halogen bonded species vdW overlap %  (kcal mol™")

2

1 [Telg]* I, (end-on) 82.1 17.8
2 [Telg]* I, (end-on) 83.0 15.4
3 [Telg]* I, (end-on) 85.0 13.1
4 [Telg]* I, 83.7 20.1
5 [Telg]* I (end-on) 91.2 8.91
6 [Telg]*™---HIPy 98.1 1.58
<
Fig. 9
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of these interactions and investigate the frontier orbital land-
scape of our materials. In this work, we wish to employ our
computational analyses to rigorously evaluate the consequences
of the presence of polyiodides, obtain an orbital level under-
standing of the robust halogen bonding interactions between I,
or I3~ and [Tels]>", and investigate any resultant effects on
material properties. Studies of other polyiodide containing
systems, such as those undertaken by Adonin et al., have
utilized some computational analysis in the form of QTAIM
(quantum theory of atoms in molecules) to obtain electron
density maps of similar NCIs in bismuth iodides.>” Owing to the
intimate nature of halogen bonds in our materials, we sought to
probe these interactions in several ways to better understand
their effects.

Analysis of halogen bonding in 1-3: (HXPy),[Telg] I, (X = H,
CcL 1)

NBO analyses shed light on the two different types of Te-I--I,
close-contacts in compounds 1-3. SOPT-calculated stabilization
energies for these interactions are listed in Table 3 and iso-
surface renderings of the NBOs involved shown in Fig. 9. As
expected from % vdW overlap, the stronger interaction is
between the end-on bound I, and the [Tels]>~ octahedron, with
a stabilization energy ranging from 13.2 to 17.5 keal mol ™" in all
three complexes (Table 3). The donor NBO consists of a lone
pair of electrons on a tellurium-bound iodide, and the acceptor
NBO, of an antibonding c*-type orbital localized on I,. This
end-on interaction can geometrically be considered a type I
halogen bond (contact angels §; = 6, = ~180°). In the case of
end-on halogen bonding in 1-3, the large stabilization energy
and charge transfer character demonstrated by our computa-
tional analyses does not strictly meet the definition of a type I
interaction. The side-on-I,-[Tels]*~ interaction, a bifurcated
halogen bond geometrically analogous to a typical type II
halogen bond, is significantly weaker, ranging from ca. 3.0-
4.8 keal mol ™" (Table S11), with the donor NBOs consisting of I,
lone pairs and acceptor NBO of a Te-I antibonding c*-type
orbital.

Isosurface renderings of the NBOs involved in the interactions between end-on bound (left) and side-on bound (right) I, molecules and

the [Telgl>~ octahedron in compound 1. For simplicity, only one of each kind is shown (see text for details). Similar interactions are seenin 2 and 3.
Green/red isosurfaces represent donor NBO and blue/yellow isosurfaces represent acceptor NBO.
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In all three complexes, each [Tels]*~ octahedron is also
surrounded by four side-on bound and two end-on bound I,
molecules, resulting in non-negligible contributions to overall
stabilization energies (Table S1t) from the former. It is worth
noting that the nature of this side-on, bifurcated halogen bond
is very different in each compound, presumably owing to
perturbations introduced by the organic cations and the
resulting overall packing of the structures. This is most
evidently seen in 3, in which (a) a weak halogen bond is present
between iodopyridine and [Telg]*~ (% vdW = 97%), and (b) the
side-on-I,-[Tels >~ interaction is no longer bifurcated. Also of
note is that only a subset of the four I, molecules are involved in
bifurcated halogen bonding in all three complexes (three in 1,
three in 2 and only one in 3). These changes in the second
sphere environment are most likely due to packing effects of the
changing organic cations in 1-3 (HPy > HCIPy > HIPy).

Halogen bonding in 4: (HPyz),[Telq] 1,

Compared to compounds 1-3, compound 4 exhibits a different
second sphere coordination scheme between [Tels]>~ and I,
(recall Fig. 3). There are four I, molecules engaged in a halogen-
bond with the [Tels]>~ octahedron, with varying Te-I--'I,
distances and Te-I-I, angles. Although the atoms involved in
halogen-bonding, the % vdW overlap of the closest contacts
(Table 3), and the associated donor and acceptor NBOs are all
comparable or the same, the geometry of this interaction is
quite different compared to those seen in compounds 1-3. In
general, halogen bonds are extremely directional, and this
perhaps explains why, at ca. 20.1 kcal mol™", the strongest
halogen bond in compound 4 is also the strongest of all six
compounds reported here.

Halogen bonding in 5: (HCIPy);[Telq(I5)]

There are two types of Telg” ---I;~ interactions present in
compound 5 - end-on and side-on. NBO and SOPT calculations
suggest that both these halogen-bonding interactions are
approximately equal in strength (ca. 9 kcal mol™ and
6 kcal mol " respectively). Both the end-on and side-on

H‘-_..I_- '
o—0—9o

Fig. 10
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[Tel]* ---I;~ interactions occur via the same type of donor
and acceptor NBOs (Fig. 10). The donor NBO consists of a lone
pair of electrons on an iodine atom of I;~, while the acceptor
NBO is a Te-T antibonding ¢* orbital, reminiscent of the weaker
side-on interactions in compounds 1-3.

Halogen bonding in 6: (HBrPy),[Telg]

Compound 6 is the only compound reported herein that is
devoid of any polyiodide species. Halogen bonding interactions
do exist between the bromine substituent of the bromopyr-
idinium cation and the [Telg]”” octahedron. The SOPT-
calculated stabilization energy of the [HBrPy|™-:[Tel¢]*” inter-
action (3.758(1) A, 98.1% vdWw) is only 2.48 kcal mol™*, and
represents the strongest halogen-halogen interaction present
in 6 that was included in our computational model. Halogen
bonding interactions also exist between adjacent octahedra as
illustrated previously, but these interactions were too compu-
tationally expensive to be modeled. In 6, a combination of
hydrogen and carbon bonding also contribute to octahedron
asymmetry. In 1-5, the longest Te-I bonds in the [Telc]*~
octahedron were simply those with the strongest halogen
bonding between the tellurium bound halide and the
surrounding polyiodides. However in 6, the longest Te-I bond
(3.048(1) xzk A) is not involved in halogen bonding with the
[HBrPy]" or an adjacent metal halide octahedron. The signifi-
cant hydrogen and carbon bonding (Fig. 11) between a single
tellurium bound iodine and the surrounding pyridinium
species have a total stabilization energy of 6.85 kcal mol *,
spread between two different BrPy molecules. Therefore in 6,
hydrogen and carbon bonding interactions trump halogen
bonding in their overall stabilization energy and in their influ-
ence on the metal halide inner sphere bonding. A summation of
stabilization energies for hydrogen, carbon, and halogen
bonding in compound 6 can be seen in Table S2.f This
6.85 kcal mol " stabilization energy, spread over two BrPy, is
still smaller than the 8.91 kcal mol™" of the single strongest
halogen bond in 5, and even smaller than those in 1-4.
Electrostatic surface potential (ESP) maps on the surface of
molecules are an additional tool to study noncovalent

*—o o
2
o— 0 —o
o— 0o

Isosurface renderings of the NBOs involved in the XB interactions between end-on bound (left) and side-on bound (right) Is~ and the

[Telgl>~ octahedron in compound 5. Green/red isosurfaces represent donor NBO and blue/yellow isosurfaces represent acceptor NBO.

Counter-cations omitted for clarity.
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| lone pair into C-H o*

-
| lone pair into C-C o*

Fig. 11 Selected view of 6, showing hydrogen bonding (a) and carbon
bonding (b) between the [Telg]>~ and adjacent bromopyridinium
cations. lodine one pairs donate electron density into either a C-H o*
(hydrogen bonding), or C—C or C-N o* (carbon bonding).

interactions and their role in the assembly of crystalline mate-
rials. Complementing the NBO calculations described above,
the ESP maps in Fig. 12 adequately rationalize both the different
modes of halogen bonding between [Tels]”>~ and I, or I;~, and
their relative strengths. For compounds 1-4, in cases where the

-124.4 kcal/mol

-161.6 kcal/mol
43.2 kcal/mol
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donor NBO is based on a Te-bound iodide, the most electron-
rich portion of the [Tels]*~ octahedron (molecular electro-
static potential (MEP) energy plotted on a 0.002 &-bohr ™" iso-
density surface = —161.6 kcal mol ') is sterically inaccessible to
the neighboring I, molecules. As a consequence, there is a clear
trend in interaction energies as a function of the Te-I-I angles.
The Te-I--I, distances and Te-I-I angles for the strongest
halogen bonds (XBs) in 1-4 are as follows: 3.252(1) A, 167.4° [1];
3.287(1) A, 161.1°[2]; 3.367 A(1), 151.6° [3]; 3.315(1) A, 101.7° for
[4]. As the most electrophilic region of I, (MEP =
43.2 kcal mol™ ') approaches the nucleophilic [Tels]*~ octahe-
dron, the largest difference in MEPs is achieved as Te-I-I angle
approaches 90°, typical of a type-II XB. The directional nature of
the weaker bifurcated XB in 1-3, where I, acts as the nucleo-
phile, is also readily seen from Fig. 13. In compound 5, the
orientation of the nucleophilic region (min, max MEP =
—96.3 keal mol ™, —90.1 kcal mol ) local to the central iodine
towards the [Tels]>~ octahedron results in the side-on binding
mode of I;” shown in Fig. 10. The arrangement of iodine atoms
in the end-on bound I, is intriguing as there are two different
I-1 bond lengths in I;~. Let us consider the three distinct I
atoms involved, referred to hereafter as I,, I, and I (Fig. S207).
In our model, the two I-I distances are slightly uneven, with
(I,—Iy) ca. 2.86 A and (I,—I.) at ca. 2.97 A (typical of I, in the
solid state).® An isodensity surface of 0.002 au around I, has
a maximal MEP value of ca. —71.1 kcal mol™?, while I. has

-2.6 kcal/mol

-90.1 kcal/mol
-71.1 kcal/mol -77.8 kcal/mol

-97.8 kcal/mol

- Electron rich

Fig. 12 Electrostatic potential maps of: the [Telgl>~ (left), I, (middle), and I~ (right) with highest and lowest electrostatic potentials labeled. Blue
indicates electron poor regions, while red indicates regions rich in electron density. ESP surfaces were calculated from geometry optimized
molecular species. Note: Color gradients are specific to each molecule, not global. ESP energies represent what a unit positive charge would

experience at that point on the surface.

2-828(1) 4
2 % ﬁ“ e

f{/"f 3, 252(1)4 ~ {4 :‘:70)

. T —e == o %

\“ 051 W 329 ~ . _\_\4 3. 367(1}
A 7(1)4' 38 <4
.885(1) A
1 2 3

Fig. 13 Most significant halogen bonds in compounds 1-3, which include end-on and side-on I---| bonds geometrically matching type | and Il

halogen bonds respectively.
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a maximal value of —77.8 kcal mol . It is interesting to note
that it is I,, and not L, that is oriented towards the [Tels]*~
octahedron. While this may seem at odds with the e -donor
nature of I, it is to be noted that each I;~ unit is involved in
four XBs at the same time (see Fig. S18t). Our simplified models
for NBO analyses have included only one such interaction per
I;7; a more extensive model would perhaps account for this
behavior.

Whereas NBO calculations and ESP maps shed light on
individual NCIs within our selected molecular models, DOS
calculations (applying periodic boundary conditions) were also
performed to highlight atomic contributions to the frontier
crystal orbitals, and to support experimental bandgap
measurements. In all six compounds, the frontier orbitals in the
valence band are dominated by [Tels]*". An obvious difference
between 1-5 and 6 is the presence of I, or I3~ in the former,
while the latter lacks any polyiodide species. This has a clear
effect on electronic structure, as can be seen from the sizeable
contributions of I,/I;~ to the valence band of 1-5, particularly
closer to the band edge (Fig. 14). Similar contributions by pol-
yiodide species are seen in the conduction band as well, except
for the case of 4, for which the counter-cation, being a pyr-
azinium instead of a pyridinium, has its =* orbitals inter-
spersed between the valence band and orbitals of Tels>™ and I,.
Also of note is the negligible contribution of the more
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electronegative chloro- and bromo-substituted pyridiniums to
the valence band. Iyyp,-based orbitals, owing to the more elec-
tropositive nature of iodine, have some minor contributions
near the band edge.

Unlike in our previous work with tellurium chlorides and
bromides,* as well as antimony halides,' we find here that the
‘intermediate bands’ just below the bulk of the conduction
band are composed entirely of Te, Ir.; and I,/I; orbitals, and
have no contribution from 7* orbitals of the organic cations,
except in the case of 4. In 5, I3~ orbitals and chloropyridinium
m* orbitals are found in the conduction band edge. Whereas in
6, bromopyridinium 7* orbitals dominate the lowest unoccu-
pied orbitals, there is a non-negligible contribution from the
[Tels]*™ units.

Bandgap measurements by diffuse reflectence spectroscopy

Fig. 15 shows a combination of diffuse reflectance spectra for 1-
4, 6, and 8. The I,-containing materials (1-4) have the lowest
energy bandgaps (1.0-1.17 eV) of the set. Previously reported
[TeBre]*~ containing I, species have higher energy bandgaps in
the range of 1.4-1.5 eV (826-885 nm).*> Compound 6 (BrPy),|-
Telg] (green in Fig. 15) exhibits a bandgap of 1.42 eV, signifi-
cantly higher in energy than 1-4. Compound 5 could not be
produced in a reasonably pure state, and is therefore was not
included in these measurements. The bandgaps of (HCIPy)[I;]-

B mos [l Te M., B Lorl, B X, .x=csrorn [l HXpy® or Hpyz'

4

E-E, . (eV)

FEEE

Fig.14 Density of states (x-axis) of compounds 1-6 projected onto atomic orbitals of Te (s and p), lre— (sand p), Iz or I3~ (s and p), Xpxpy+ (X = CL,
Bror 1), and HXpy*/Hpyz*; |te_; = Te-bound | atoms, Xixpy+ = halogen atoms in respective halopyridinium cations, and pyz = pyrazine. Dashed
line at O eV represents the valence band edge (HOCO, highest occupied crystal orbital).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 Normalized diffuse reflectance measurements for 1-4, 6, 8—10 and Telg.

Table 4 Optical bandgaps calculated from diffuse reflectance spectra
from Fig. 15, and DFT-calculated bandgaps

Bandgap expt. Bandgap DFT

Compound (ev) (eV)
[1] (HPy),[Telg] 1, 1.20 1.71
[2] (HCIPy),[Tel,]- L, 1.21 1.86
[3] (HIPy),[Telg] 1, 1.25 1.82
[4] (HPyz),[Telq]-2(1,) 1.18 1.54
[6] (HBrPy),[Tel,] 1.42 2.12
Tel, 1.36 —

(8] (HCIPy)[1;]-H,O 1.71 —

H,0 and Tel, (Fig. 15 and Table 4) are shown to be 1.71 and
1.36 eV respectively, both higher in energy than each of the I,
containing compounds. These data suggest that the presence of
I, (in 1-4) and robust halogen bonding substantially affects the
band gap of these materials. These results fit with our crystal-
lographic metrics, with 1-4 exhibiting halogen bonding with
a relatively large vdW overlap, and our computational metrics
showing relatively high stabilization energies for [Tels]> -1,
halogen bonds.

Compiled metrics

A collection of the computational and crystallographic metrics
presented so far can be seen in Fig. 16. [Telg]*~ octahedra
generally tend to become more asymmetric with stronger
halogen bonds (lower vdW %, Fig. 16a). Within compounds 1-3,
the size of the halogen substituent on the pyridinium appears to
affect the vdW overlap, with the closest I---I contact (lowest %
vdW) and highest distortion of the [Tel]*>~ belonging to 1, with
less overlap (higher % vdW) in 2 and 3. Compounds 1-5 as

13488 | RSC Adv, 2023, 13, 13477-13492

a group also generally fit this trend, albeit less neatly than the
subset of 1-3. 6 is expected to be an outlier in this case, having
no polyiodides present. The dominance of hydrogen and carbon
bonding over halogen bonding in 6, as seen from their relative
stabilization energies, also contributes to its status as an outlier
in this case. Stabilization energy in halogen bonding interac-
tions increases with closer second sphere halogen-halogen
interactions (low vdW overlap %, Fig. 16b). The highest stabi-
lization energy for a halogen-halogen interaction belongs to 4,
which is slightly larger than that for 1 or 2. In 1-4, a lower energy
bandgap correlates with a more intimate vdW overlap, again
indicating that relatively strong halogen bonding with poly-
iodide species lower the bandgap of 0 dimensional tellurium
iodides relative to materials, namely compound 6, without such
species (Fig. 16c and d). A plot of calculated bandgap vs.
stabilization energy is present in Fig. S21.t

Elemental analysis

Results of elemental analysis (Table S3t) ranged from good
agreement with theoretical values (compounds 4 and 5) to
expectedly off (compounds 1-3, 6, 7-10). Excepting 4 and 5,
most compounds exhibited lower than theoretical iodine
content and conversely higher than expected C, H, N content.
We ascribe this discrepancy to the impurity phases explicity
identified by PXRD (e.g. Tel, or iodide salts of pyridinium) as
well as the volatilization of I, evidenced by the brownish purple
coloration of sample containers. The percent compositons of
impurity phases have been tabulated in Fig. S4.f We note that
the PXRD for compounds 4 and 5 (Fig. S4 and S6-S8t) revealed
the presence of significant impurity phases, which did not seem
to be reflected in the elemental anlysis results. Elemental
analysis of compound 7 was predictably off-base, being

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 Plots showing correlation of distortion metric (a), vdW % overlap (a—c), stabilization energy (kcal mol™, b and d), and bandgap (eV, ¢ and

d) of the most intimate halogen bond in 1-6.

a minority phase grown by evaporation on glass slides, as stated
in the experimental section.

Conclusions

We have presented a family of tellurium based halide perovskite
derivatives and have evaluated the role of non-covalent inter-
actions, mainly halogen bonding, in their assembly and mate-
rial properties. Close contacts between [Telg]*~ and polyiodide
species occur in 1-5, with crystallographic metrics indicating
strong halogen bonding. Computational metrics reinforce this
assertion, with 1-5 exhibiting stabilization energies of 10-
15 kecal mol ™" between [Tels]>~ and I, or I3~ species, as deter-
mined by NBO and SOPT analyses. This relatively robust
halogen bonding between the [Tels]>~ and polyiodide species
seems to exacerbate the asymmetry of the metal halide octa-
hedron, with greater vdW overlap correlating with octahedral
asymmetry. Furthermore, the presence of I, and the resulting
halogen bonding directly affect the bandgap of the material,
lowering it compared to materials without polyiodide species
(compounds 1-4 vs. 6). Within 1-3, the size of the halogen
substituent on the XPy affects the vdW overalp of the [Tel¢]* -
I, pair, with the overlap decreasing (higher vdW %) with
increasing halogen size. 1-3 also exhibit a very similar second
sphere interaction geometry, with 6 I, halogen bonding with

© 2023 The Author(s). Published by the Royal Society of Chemistry

each [Telg]*~ octahedron. In 6, a combination of hydrogen and
carbon bonding contribute to octahedral asymmetry, with the
longest Te-I bond in the [Tel,]*~ participating in said bonding.
Hydrogen and carbon bonding between a single iodine of the
[Tels]*~ octahedron and the surrounding pyridinium species
have a stabilization energy of 6.85 kcal mol™!, more than the
halogen bonding stabilization energy of 1.58 kcal mol " in the
same compound. Future work could center around evaluating
how the inner sphere of different metal halides are influenced
by the relatively strong second sphere halogen bonds involving
polyiodides. It is an open question how other perovskite-
relevant metal halides, Sn or Bi halides e.g., would behave in
the presence of polyiodide species.
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