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The everlasting pursuit of hybrid organic—inorganic lead-free semiconductors has directed the focus
towards eco-friendly copper-based systems, perhaps because of the diversity in chemistry, controlling
the structure—property relationship. In this work, we report single crystals of a Cu() halide-based
perovskite-like organic—inorganic hybrid, (TMA)Cu,Brz, (TMA = tetramethylammonium), consisting of
unusual one-dimensional inorganic anionic chains of —(Cu,Brz)—, electrostatically stabilized by organic
cations, and the Cu()-Cu() distance of 2.775 A indicates the possibility of cuprophilic interactions. X-ray
photoelectron spectroscopy measurements further confirmed the presence of exclusive Cu(l) in (TMA)
Cu,Brz and electronic structure calculations based on density functional theory suggested a direct
bandgap value of 2.50 eV. The crystal device demonstrated an impressive bulk photovoltaic effect due to
the emergence of excitonic Cu()-Cu() interactions, as was clearly visualized in the charge-density plot

as well as in the Raman spectroscopic analysis. The single crystals of a silver analogue, (TMA)Ag,Brs, have
Received 22nd November 2023 so b thesized revealing a Agli-Agl) dist f 3.048 A (signature of tophil
Accepted 4th February 2024 also been synthesized revealing a Ag()-Ag() distance of 3. signature of an argentophilic

interaction). Unlike (TMA)Cu,Brs, where more density of states from Cu compared to Br near the Fermi

DOI: 10.1039/d35c06255d level was observed, (TMA)Ag,Brs exhibited the opposite trend, possibly due to variation in the ionic
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Introduction

The chemistry of hybrid organic-inorganic lead (Pb) halide
perovskites (ABX;; A = organic-based cations, B=Pb(u), and X =
halides) and related structures have seen a tremendous surge
over the past two decades.'” It is the unusual chemical bonding
scenarios in various combinations of A, B and X, leading to
distinctive optoelectronic properties in the systems and
opening the door towards a plethora of application possibilities
such as solar cells, light-emitting diodes, photodetectors,
fluorescence-based sensing, second and third harmonic
generations, thermoelectrics, piezoelectrics, and catalysis.*™*
Owing to the ease of controllability over the photoelectric
performance, improved stability and carrier mobility, and
broadband absorption, ABX; and similar materials present an
enormous opportunity for implementation in
optoelectronics.*"” However, in view of the toxicity of Pb(u),"
various lead-free systems with elements such as germanium,
tin, antimony, bismuth, and even the first-row transition

“Department of Chemistry, Indian Institute of Science Education and Research, Dr.
Homi Bhabha Road, Pune 411 008, India. E-mail: nballav@iiserpune.ac.in
*Department of Physics, National Institute of Technology Karnataka, Surathkal,
Mangalore 575 025, India

T Electronic supplementary information (ESI) available. CCDC 2253455 and
2309331. For ESI and crystallographic data in CIF or other electronic format see
DOI: https://doi.org/10.1039/d3sc06255d

© 2024 The Author(s). Published by the Royal Society of Chemistry

potential influencing the overall bonding scenario.

metals were also explored."?* Indeed, such lead-free structures
are emerging as attractive alternatives; specifically, Cu(u) and
Cu(i)-based hybrid organic-inorganic perovskite-like systems
where the redox chemistry offers a great opportunity for struc-
tural flexibility vis-a-vis tuning of the optoelectronic
properties.”*>” However, one aspect that still remains elusive
among such transition-metal based systems is the role of met-
allophilic interactions in regulating photoresponsivity and
similar attributes.

An intriguing aspect of the chemistry of coinage metals,
consisting of Cu, Ag and Au is the respective cuprophilicity
(3d"°-3d"), argentophilicity (4d'°~4d*’) and aurophilicity (5d*°-
5d'°) - so called chemistry beyond valence electrons. In light of
the relativistic effect in Au, aurophilicity is well-established,*®
followed by the exploration of argentophilicity® and also
cuprophilicity to some extent.’*** The Cu(1)-Cu(r) interactions
have been observed to play a pivotal role in achieving super-
conductivity, photoluminescence, mechanochromism,
mechanical flexibility, and catalysis.>*”*” Therefore, cuprophi-
licity can certainly have far reaching implications for imparting
multi-functionality in hybrid organic-inorganic perovskite-
based systems. Herein, we report a facile one-step synthesis of
a thermally stable one-dimensional Cu(i)-based hybrid organic—
inorganic perovskite-like single-crystal, (TMA)Cu,Br;, (TMA =
tetramethylammonium cation), [(CH;),N"], where the anionic
inorganic polymeric chain [Cu,Br;],"" exhibits an unusual and
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rare 1D ladder-like structure of Cu(i) ions arranged in a dis-
torted tetrahedral fashion. The TMA cations stabilize the
anionic polymer unit predominantly through electrostatic
interactions. The Cu(1)-Cu(i) distance has been observed to be
2.775 A (which is shorter than the sum of the van der Waals
radii of two Cu atoms) thereby providing a signature of cupro-
philic interactions. Interestingly, photoresponsivity on the
single-crystal device of (TMA)Cu,Br; was realized to be
remarkable. To unravel the mechanistic insights, electronic
structure calculations based on density functional theory (DFT)
were performed and the unusual photoconduction is assigned
to be due to the emergence of excitonic cuprophilic interactions
in the (TMA)Cu,Br; system, also visualized experimentally from
Raman spectral signatures which is indeed exceptionally note-
worthy. Additionally, we have synthesized (TMA)Ag,Br; and
indeed, the Ag(1)-Ag(1) distance of 3.048 A suggested the pres-
ence of argentophilic interaction. The DFT calculations for the
(TMA)Ag,Br; revealed distinctive electronic
structures.

system also

Results

Single crystals of (TMA)Cu,Br; were synthesized via a slow-
cooling method in a Teflon lined autoclave (Fig. S1f). The
crystal structure of (TMA)Cu,Br; was determined through
single-crystal X-ray diffraction (SCXRD) measurements at 296 K,
and the details of crystallographic refinement parameters are
listed in Tables S1-S4.1 The crystal of (TMA)Cu,Br; belongs to
the orthorhombic space group Pnma with the unit cell param-
eters as follows: a = 16.3590(3) A, b = 6.5479(11) A, ¢ =
9.5918(17) A, and V = 1027.45 A®. The structure consists of
polymeric chains of (Cu,Br;),"” anions and TMA" monomeric
cations (Fig. 1a and S2a-ct). Each Cu(i) ion in the chain is
tetrahedrally coordinated to four Br~ ions, whereas an addi-
tional fifth bond is coordinated to another Cu() ion (Fig. 1b and
¢). The Cu(r) ions form a 1D ladder along the crystallographic
b axis, and the structure can be best described as two parallel
interconnected chains of a distorted tetrahedron (Fig. 1b, S3a
and bt1).*® The Cu-Cu distance was 2.775 A in the direction
perpendicular to the propagation of the ladder. This distance
falls under the regime of cuprophilic interactions between the
two Cu atoms in this particular direction, whereas the Cu-Cu
distance along the direction of propagation of the ladder is
found to have alternate values of 3.258 A and 3.290 A,
respectively.

The structure also consists of a total of three different types
of Br atoms: one central Br atom and two different terminal Br
atoms (Fig. 1c). The central Br1l atoms coordinate to four Cu
atoms and reside alternatively above and below the plane of the
Cu atoms. The four Cu-Brl bonds have two distinct Cu-Brl
distances, two of them having a distance of 2.573 A, whereas the
other two have a distance of 2.587 A. Both of these are somewhat
longer than the Cu-Br distance in CuBr,*® as expected, because
of the four coordination of these Br atoms. Besides, these Br
atoms form a Br1-Cu-Brl angle of 114.92° around the Cu
atoms. Also, around the Br1 atoms we can have as many as three
different Cu-Br1-Cu angles. Along the ladder the Cu-Br1-Cu
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angle is 65.08°, whereas two different Cu-Br1-Cu angles of
78.06° and 79.49° are seen perpendicular to the ladder. Inter-
estingly, all of these are smaller than most of the reported Cu-
Br-Cu angles. The second type of Br atoms (Br2 and Br3) are
located on both the sides of the ladder and reside on the
opposite side of the plane of the ladder compared to the central
Br atoms. These Br atoms coordinate to only two Cu atoms and
have two different Cu-Br bond distances. Cu-Br3 has a distance
of 2.411 A, whereas the Cu-Br2 bond shows a distance of 2.446
A, both having a shorter Cu-Br distance than that in CuBr.
These Br atoms have a Br2-Cu-Br3 angle of 122.42° around the
Cu atoms. Also, they have a Cu-Br2-Cu angle of 84.54° around
Br2 and Cu-Br3-Cu angle of 85.03° around Br3 respectively.
Moreover, the Cu atoms have four different Br-Cu-Br bond
angles resulting in a distorted tetrahedral environment.

(Cu,Br3),,"” polymeric ladders are isolated from each other,
and one single ladder is surrounded by six stacks of TMA"
cations which run along the b axis (Fig. 1a and S3ct). This leads
to a typical 1D structure in the crystal. TMA" cations are held
together with the ladder mainly by electrostatic interactions.
The shortest distance between the N atom of a TMA" cation and
Br atom is found to be 4.275 A. Also, the methyl carbons and the
bromine atoms have a shortest contact of 3.595 A which is even
less than the sum of their van der Waal's radii of 3.95 A.* The
closest distance between cations is 4.003 A found between C3
atoms in two adjacent stacks. Furthermore, the distance
between the N atoms of successive cations in each stack is 6.548
A, same as the length of the b axis.

X-ray photoelectron spectroscopy (XPS) analysis of (TMA)
Cu,Br; was carried out to get further insight into the valence
state of the elements. The Cu 2p photoemission showed clear
peaks at binding energy values of ~950.6 eV and ~930.8 eV
corresponding to Cu 2p;, and Cu 2pz.,, respectively, which
indicates the exclusive presence of Cu(i) in (TMA)Cu,Br;
(Fig. 2a).* Moreover, the absence of any satellite features
excluded the possibility of any trace of Cu(u) in (TMA)Cu,Brs;.
Furthermore, the valence-band (VB) photoemission signal was
also collected to get the 3d features of Cu, and the spectrum
indeed showed a prominent peak at ~2.1 eV which is a charac-
teristic photoemission signature from Cu 3d states of Cu(i)
species, while the peak at ~5.0 eV is primarily contributed by Br
4p with minor contributions from Cu 3d states, complementing
the density of states (DOS) plot discussed below (Fig. 2b).*** Br
3d photoemission showed two prominent peaks at ~69.1 eV
and ~68.1 eV corresponding to Br 3d;, and Br 3ds,, respec-
tively, indicative of the presence of bromide ions in the sample
(Fig. 2c).* Also, as expected from the chemical formula, the
elemental stoichiometric ratio of Cu: Br was estimated to be 2 :
3 from the XPS data.

X-band electron paramagnetic resonance (EPR) spectra of the
sample were collected in the temperature range of 100-300 K,
and the data revealed no observable peak at any temperature
(Fig. S4t1), which further confirms the absence of any Cu(u)
species in (TMA)Cu,Br;, thereby complementing the XPS inves-
tigations. To understand the electronic properties of (TMA)
Cu,Br;, density functional theory (DFT) calculations were per-
formed, and band structures (Fig. 2d) along with the density of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Crystal structure of (TMA)Cu,Brs. (a) Arrangements of cations (TMA) and anionic chains as viewed along the crystallographic b-axis
(slightly tilted, H atoms are omitted for clarity). (Cu,Brs),"~ polymeric ladders are isolated from one another, and each ladder is surrounded by six

stacks of TMA cations which run along the b axis. (b) Zoomed-in view of the inorganic (Cu,Brs),

n—

chain along the crystallographic c-axis. (c)

Coordination environment around Cu depicting the distorted tetrahedral geometry as well as the Cu—-Cu bond (top panel) and distinctive
bonding scenario of three Br (Brl, Br2 and Br3) around Cu (bottom panel), as viewed from the crystallographic a-axis.

states (DOS) plots (Fig. 2e) were extracted. (TMA)Cu,Br;
possessed a direct bandgap (E;) of 2.50 eV with both the valence
band maximum (VBM) and conduction band minimum (CBM)
located at the gamma (G) point. This bandgap is comparable
with those of other Cu(r) halide-based hybrid organic-inorganic
perovskite-like systems such as (MA),Cu,Brs (3.87 e€V),
[N(CH3),]5[Cu,Brs] (3.08 eV), [N(C,Hs)4][Cu,Br,4] (3.09 eV), and
[N(C3H;)4]o[CuyBre] (3.01 eV).**** We performed the diffuse
reflectance spectroscopy (DRS) measurements to get insight
about the optical absorption properties of the (TMA)Cu,Br;
system. The spectrum shows the majority of its absorption in the
UV region (200-350 nm) with the absorption maxima centered at
around ~275 nm and an absorption tail with very small intensity
extending up to ~460 nm (Fig. S5at). Absorption in this lower
energy region is so weak that practically it does not contribute to
the color, and thus, (TMA)Cu,Br; appears to be colorless under
visible light; similar observations have already been reported in
the literature.** Furthermore, the optical band gap of the mate-
rial is calculated experimentally from the Tauc plot and is found
to have an onset of absorption at 3.6 eV; however, upon closer
inspection into the lower energy region, another absorption
onset can be found at 2.65 eV corresponding to the weakly
absorbing tail (Fig. S5b¥). This value reasonably matches with
the band gap predicted from the DFT calculations and the slight
disagreement is a very common realization.*

© 2024 The Author(s). Published by the Royal Society of Chemistry

As revealed by the DOS plot, the VBM is predominantly
composed of Cu 3d and Br 4p orbitals, while the CBM is mainly
composed of Cu 4s and Br 4p orbitals (Fig. S6-S8t). Interest-
ingly, little contribution from the organic part is realized in the
VBM and CBM of (TMA)Cu,Br;. Notably, a relatively narrow
band gap in the (TMA)Cu,Br; system could facilitate efficient
photon harvesting. Accordingly, a single crystal device was
fabricated where two eutectic-gallium-indium (EGaln) alloy
spheres were used as contact electrodes and placed on two
opposite edges of the crystal (Fig. S91). The probes were then
connected to the contact electrodes and electrical transport
measurements were performed in a conventional two-probe set-
up in the Galn/(TMA)Cu,Br;/Galn configuration under ambient
conditions. The current-voltage (I-V) profiles were recorded in
the dark and at three different wavelengths of laser irradiation
(450 nm, 532 nm, and 808 nm) as well as with varied light
intensity at each wavelength (Fig. 3, S10, and S117). The dark
current (Ig,,1) was measured to be Iy, = 1.5 pA (Vipjas = 1 V)
and the best photoresponse was seen with the 450 nm laser,
where Lo was measured to be as high as ~26 pA, giving rise to
the highest on/off ratio of ~17.5 (Fig. 3a). A low I4.r is desirable
for efficient photodetection and our extremely low Iy, value is
indicative of the sensitivity of the device. Also, the good linearity
and symmetric nature of all the I-V curves in the dark and under
light illumination imply that an ohmic contact was consistently

Chem. Sci., 2024, 15, 4075-4085 | 4077
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Fig.2 Electronic structure of (TMA)Cu,Brs. (a) Cu2p XPS spectrum featuring spin—orbit coupled (~19.8 eV) doublet signals (2ps,» and 2py/,). Raw
spectral data points (black spheres) were duly fitted (red lines). (b) Valence band (VB) spectra showing a signal at ~2.1 eV corresponding to the
Cu()) 3d state. The dotted vertical line represents the Fermi level (Ef). (c) Br3d XPS spectrum featuring spin—orbit coupled (~1.0 eV) doublet signals
(3ds/2 and 3ds,,). Raw spectral data points (black spheres) were duly fitted (cyan lines). (d) Electronic band structure calculated from DFT showing
a direct bandgap (E,) value of 2.50 eV at the gamma (G) point. (e) Density of states (DOS) plots exhibiting the total as well as atomic contributions.

The dotted vertical line represents the Fermi level (Ef).

established between the crystal and the contact electrodes. In
addition to this, an open-circuit voltage (V,.) of —4.7 mV and
a short-circuit current (I;.) of 0.18 pA were recorded for the
450 nm laser irradiation. This V,. indicates the offset of a built-
in electric potential across the device, suggestive of a self-
powered photodetector. A systematic variation of light power
with the 450 nm laser was carried out and the corresponding I-V
profiles were recorded (Fig. 3b). With increasing light intensity
from 10 mW mm > to 50 mW mm 2, a gradual yet significant
increment in the photocurrent was observed ranging from ~12
PA to ~26 pA, which is a direct consequence of the proportional
relationship between the photogenerated charge-carriers and
photon flux absorption. This dependency can be fitted using the
power law, I, = a X P%, where I, represents the photocurrent,
a denotes a proportionality constant, P stands for incident light
excitation power and ( signifies the recombination of the
photoexcited carriers.*® The fitted curve suggests a sublinear
relationship and the value of § was calculated to be 0.51 from
the fit (Fig. 3c). It is noteworthy that such a fractional value of
power dependence (0.5 < $ < 1.0) arises probably due to the
complexity of the processes of carrier generation, recombina-
tion, and trapping within the system. A similar finding was
consistently obtained for the irradiation with 532 nm and
808 nm laser sources (Fig. S10a-c and S11a-ct).

To study the time response, current-time (I-¢) plots were
generated in self-powered mode (V4,5 = 0 V, bulk photovoltaic)
with a pulse bandwidth of 30 s per cycle. A reversible switching

4078 | Chem. Sci, 2024, 15, 4075-4085

between the high and low conducting states was observed for both
the laser irradiation sources, with the 450 nm laser having the
best on/off ratio (Fig. 3d). Furthermore, the temporal response
was recorded as a function of power, where the I-¢ plot depicts the
gradual increment in photocurrent with increasing light intensity
due to the increased population of photogenerated carriers
(Fig. 3e). Similar behavior for the other laser sources was also
noted (Fig. S10d, e, S11d and et). The I-¢ plots were also recorded
at different bias voltages, starting from 2 V to 10 V with similar
pulse bandwidth (Fig. 3f, S10f, and S11f}), showing a continuous
increase in ljg,: With increasing voltage, including the self-
powered mode (0 V) (Fig. S12f). We calculated the responsivity
(R) of (TMA)Cu,Br; as a function of light irradiation intensity at
1 V bias voltage, and the dataset is presented in Table S9.1 The
cycling stability of the crystal device was tested upon turning on
and off the 450 nm laser irradiation for 200 continuous cycles in
self-powered mode (0 V bias). The photocurrent exhibits no
significant change between the high and low conducting states,
thus indicating excellent stability and reversibility (Fig. S137).
Also, the photocurrent measurements were carried out under the
same testing conditions after storage in open air for 3 months
without any encapsulation to validate its long-term environmental
stability; the crystal device continued to work efficiently, main-
taining nearly the same photocurrent response (Fig. S14f).
Furthermore, the thermal stability of the (TMA)Cu,Br; system was
investigated by thermogravimetric analysis (TGA) and the crystal
showed excellent stability up to 550 K (Fig. S151).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Photo-responsivity on the (TMA)Cu,Brs crystal device. (a), Current—voltage (/-V) profiles in the dark and under light illumination (light
wavelength of 450 nm and intensity of 50 mW.mm~2). (b), I-V curves at varying light intensities ranging from 10 mW.mm™2 to 50 mW.mm~2. (c),
Plot of photocurrent variation with incident light intensity. Data points are fitted using the power law (black line). (d), Time-dependent photo-
current response at 50 mW.mm™2 light intensity at O V bias (normalized plots). (), Current as a function of time at different light irradiation
intensities (0 V bias) (normalized plots). (f), Current as a function of time at different bias voltages (light intensity 50 mW.mm™2) (normalized plots).

Discussion

The above findings on the photoresponsive characteristics are
really exciting for such a Cu(i)-based hybrid perovskite-like
material, certainly rendering our (TMA)Cu,Br; promising for
photodetector applications. The question remains: what drives
the photoconduction in (TMA)Cu,Br;? From the DOS plots, it is
clear that the VBM and CBM were primarily composed of Cu 3d
and Cu 4s states and, therefore, can be assigned to an impli-
cation of the presence of cuprophilic interactions as was sug-
gested by the single-crystal X-ray diffraction (SCXRD) analysis.
To understand the mechanistic insights, we have estimated
exciton binding energy and reorganization energy in the (TMA)
Cu,Br; system using DFT calculations. We found an exciton
binding energy of ~600 meV and reorganization energy values
due to addition and removal of one electron per unit cell in the
system that were estimated to be —0.087 eV and —0.575 eV,
respectively. Such a distinctive energy difference in the reorga-
nization energy along with a large exciton binding energy
suggest that the electron-hole recombination in (TMA)Cu,Br; is
apparently a slow process. Addition of electrons and holes in the
(TMA)Cu,Br; system changed the respective DOS plots as well
as the band structures, though the VBM and CBM were
primarily composed of Cu and Br states (Fig. S16 and S177).
Looking at the charge-density plot after electronic excitation,
(and comparing it with the same before electronic excitation),
the hole density near the VBM was mainly found to be distrib-
uted over the Cu and Br atoms and so was the distribution of
electrons near the CBM (Fig. 4 and S18%). More importantly,
direct visualization of the Cu-Cu interaction is seen in the
charge-density plot viz. orbital overlap which is remarkable in

© 2024 The Author(s). Published by the Royal Society of Chemistry

the sense that without excitation no direct orbital overlap was
evidenced. Therefore, we would like to attribute the efficient
photoconduction by the (TMA)Cu,Br; system to a novel
phenomenon - excitonic cuprophilic interactions.

In order to experimentally probe the excitonic cuprophilic
interactions in (TMA)Cu,Br;, Raman spectroscopic measure-
ments were performed and compared with the simulated
Raman spectrum for tracking the behavioral changes of the
Cu(1)-Cu(r) environment within the inorganic chain under
additional photon excitation. The experimental Raman spectra
(Aexe = 632.8 nm) exhibited a broad signal at ~82.5 cm ™, with
a shoulder at ~90.3 cm™" (Fig. 5). The simulated Raman spec-
trum suggested that the former phonon mode was centered
around Cu(1)-Cu(i) bonds within an inorganic chain (Fig. 5 and
Movies S1-S27). Interestingly, when an additional laser excita-
tion of 450 nm (which has energy greater than the estimated
band-gap of the material of ~2.50 eV) was incident along with
Aexes this phonon mode underwent a significant spectral blue
shift by ~2.6 cm™' (Fig. 5), while the rest of the phonon
signatures remained unperturbed (Fig. S191). This blue shift is
in agreement with the theoretical calculations, corroborating
the increased electronic charge density around the Cu(1)-Cu(y)
region after electron excitation. Therefore, the above observa-
tions present direct evidence of photon irradiation influencing
cuprophilic interactions within our (TMA)Cu,Br; system, hence
implying a causality towards the origin of its photoresponsive
behavior.

It is important to find out the influencing factors that
modulate the extent of metallophilicity. In that regard,
a systematic comparison was investigated, wherein, the single
crystals of the silver analogue of (TMA)Cu,Br;, formulated as

Chem. Sci., 2024, 15, 4075-4085 | 4079
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Fig. 4 Visualizing the excitonic cuprophilic interactions in (TMA)Cu,Brs. (a) Charge density plot depicting the distribution of electron charge
before electronic excitation (electron accumulation is represented by the yellow isosurface). (b) Charge density plot depicting the distribution of
electron charge at the CBM, upon addition of one electron in the system (electron accumulation is represented by the yellow isosurface) (left
panel). The charge density plot depicting the distribution of hole charge at the VBM, upon removal of one electron (addition of one hole) from the
system (hole accumulation is represented by the yellow isosurface) (right panel) is shown.

(TMA)Ag,Br;, have also been synthesized following a similar
reaction protocol. The crystal structure was determined using
single crystal X-ray diffraction (SCXRD) at 150 K and the crystal
parameters are listed in Tables S5-S8.1 The crystal is solved in
orthorhombic space group Pnma, having the following unit cell
parameters: a = 16.535(2) A, b = 7.0771(9) A, ¢ = 9.6517(11) A,
and V = 1129.4(2) A%, Structurally, (TMA)Ag,Br; is composed of
inorganic polymeric chains of (Ag,Br;),”” anions and organic
TMA" cations, where both are electrostatically bound together
giving stability to the system (Fig. 6a and S20a-ct). This is quite
similar to the previously synthesized (TMA)Cu,Br;. The chains
are separated from each other and a single chain is surrounded
by six stacks of TMA" cations along the b-axis. This relative
orientation manifested into a typical 1D structure of the crystal
(Fig. 6b and S21at). Furthermore, each Ag(i) in a chain is
coordinated to four Br~ anions in a tetrahedral manner. It also
consists of three different Br atoms, one central tetra-
coordinated and two different terminal bi-coordinated
bromines to be specific (Fig. 6¢, S21b and ct). The smallest
Ag-Ag distance in the crystal is found to be 3.048 A which falls
under the conventional definition of argentophilic interaction
between neighboring Ag atoms.

To dive into the electronic properties of (TMA)Ag,Br;, similar
density functional theory (DFT) calculations were executed to
shed light on the band structure along with partial charge

4080 | Chem. Sci,, 2024, 15, 4075-4085

density plots. (TMA)Ag,Br; is shown to have a direct band gap
(Eg) value of 2.98 eV at the crystallographic gamma (G) point
(Fig. S22at). Furthermore, density of states (DOS) plots were
generated and they showed that both the VBM and CBM
primarily consist of Ag 4d and Br 4p orbitals (Fig. S22bt). Here,
it is noteworthy to mention that, contrary to (TMA)Cu,Brs3,
where the VBM has a greater contribution from Cu compared to
Br, (TMA)Ag,Br; shows the opposite trend (more contribution
from Br than Ag). Also, there is a nominal contribution of the
organic part towards the VBM and CBM. The charge density plot
in the ground state of (TMA)Ag,Br; depicted accumulation of
electronic charge mainly on Ag and Br atoms (Fig. 7a and
S23at). Interestingly, unlike (TMA)Cu,Br;, there is already
electron accumulation in the Ag-Ag region (orbital overlap) in
(TMA)Ag,Br;, indicative of strong argentophilic interaction in
the ground state itself. After electronic excitation, both elec-
tronic density near the CBM and hole density near the VBM
remained distributed mainly over Ag and Br atoms (Fig. 7b and
S23bt). Moreover, electron density accumulation is mostly
unaltered in the Ag-Ag region showing retention of argento-
philicity within the system. Keeping our DFT results from the
perspective of molecular orbital theory (MOT), it can be ratio-
nalized that during electron excitation, electrons from the
antibonding orbitals of the Cu-Cu bond are expected to be
removed resulting in an increase in the bond order viz. stronger

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Experimental validation using Raman spectroscopy. Comparison between the simulated Raman spectrum and the experimental spectra
without and with additional 450 nm laser irradiation with a ~632.8 nm laser being the excitation source (Aex). The additional irradiation resulted
in a ~2.6 cm™! spectral blue shift (middle panel). The simulated peak at ~82.53 cm™! represents the phonon mode exhibiting continuous
breaking and making of the Cu—Cu bond, rendering it ideal to monitor the cuprophilic interactions (left panel). Visualization of the phonon mode
at ~91.68 cm™! (right panel). Copper and bromine atoms are represented by yellow and red coloured spheres.

orbital overlap, whereas considering the strong orbital overlap Photocurrent measurements were also performed for the

in the ground state itself, electrons are expected to come out of (TMA)Ag,Br; system in both the dark and under 450 nm of laser

the bonding orbitals of the Ag-Ag bond. irradiation. From current-voltage (I-V) plots, dark current (Zgas)
a 9

Fig.6 Crystal structure of (TMA)Ag,Brs. (@) Arrangements of cations (TMA) and anionic chains as viewed along the crystallographic b-axis (slightly
tilted, H atoms are omitted for clarity). (Ag»Brs),”~ polymeric ladders are isolated from one another, and each ladder is surrounded by six stacks of
TMA cations which run along the b axis. (b) Zoomed-in view of the inorganic (Ag,Brz),,"~ chain along the crystallographic c-axis. (c) Coordination
environment around Ag depicting the distorted tetrahedral geometry as well as the Ag—Ag bond (top panel) and distinctive bonding scenario of
three Br (Brl, Br2 and Br3) around Ag (bottom panel), as viewed from the crystallographic a-axis.
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Fig. 7 Visualizing the argentophilic interactions in (TMA)Ag,Brs. (a) Charge density plot depicting the distribution of electron charge before
electronic excitation (electron accumulation is represented by the yellow isosurface). (b) Distribution of additional electronic charge density (at
the CBM) due to addition of an extra electron (left panel). Distribution of hole density (at the VBM) due to removal of an electron (right panel).
Hydrogen, carbon, nitrogen, silver, and bromine atoms are represented by pink, grey, cyan, green, and red coloured spheres.

was measured to be Ig,y = 4.4 pA (Vpias = 1 V), whereas,
interestingly, under 450 nm light irradiation no significant
modulation in the current (Ijgn) is observed (Fig. S25at). This
demonstrates the lack of responsivity of this particular material
towards light irradiation. Furthermore, for systematic compar-
ison, I-V measurements were carried out at variable light
intensities, and the compound remains non-responsive at all of
the above light intensities (Fig. S25bt). To support these find-
ings, current-time (/-t) experiments were also designed under
450 nm light (50 mW mm ™ ?), where no reversible switching
between any high-conducting and low-conducting states was
observed, confirming the absence of photoresponse in (TMA)
Ag,Br; (Fig. S25ct). In (TMA)Ag,Br;, since there is already
strong electronic charge accumulation in the Ag-Ag region in
the ground state (argentophilic interaction), this system differs
electronically from the Cu analogue (TMA)Cu,Br;, and is,
therefore, unable to show current modulation upon irradiation
of light - clearly endorsing our claim on the excitonic cupro-
philic interactions.

Conclusions

In summary, we present a lead-free Cu(r)-based organic-inor-
ganic hybrid semiconductor, (TMA)Cu,Brj;, consisting of a rare
structural arrangement of the inorganic chain, wherein the
Cu(1)-Cu(i) distance was observed to be unusually short. Our
electrical conductivity measurements under light irradiation on

4082 | Chem. Sci,, 2024, 15, 4075-4085

the single-crystal device clearly present a prospect of using
(TMA)Cu,Br; as a favorable candidate for the fabrication of
highly stable and environment-friendly photodetectors. DFT
calculations revealed a direct band gap electronic structure for
the (TMA)Cu,Br; system and unraveled features of excitonic
cuprophilic interactions which were further confirmed by
combined experimental-simulated Raman spectral analysis. In
contrast, the (TMA)Ag,Br; system revealed orbital overlap
between the Ag atoms, both in the ground state as well as upon
electron excitation. Identification of an excitonic cuprophilicity
is an impressive observation which certainly encourages gain-
ing further insights on this still elusive concept. Such an exci-
tonic effect on metal-metal bonding offers great potential for
developing structure-property relationships in similar hybrid
organic-inorganic systems for various other optoelectronic
applications.

Experimental

Materials

Copper(i) bromide (CuBr; =98%), silver(1) bromide (AgBr; 99%),
tetramethylammonium bromide (TMAB; =98%) and hydro-
bromic acid (48 wt% in H,0; =99.99%) were purchased from
Sigma-Aldrich. Acetone (HPLC grade), DMF (HPLC grade),
DMSO (HPLC grade) and hypophosphorous acid (H3PO,;
50 wt% in H,0) were purchased from RANKEM (India). All
chemicals were used without any further purification.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Synthesis of (TMA)Cu,Br; single crystals

A mixture of CuBr (143.45 mg, 1 mmol) and TMAB (154.05 mg, 1
mmol) was taken in a 15 mL teflon-lined vessel and dissolved in
3 mL acetone. This was followed by the addition of 500 pL of
H;PO, to prevent the oxidation of Cu() to Cu(u). Subsequently,
1 mL of HBr was added to the reaction mixture and the vessel
was sealed in a stainless-steel autoclave. Thereafter, it was
heated at 60 °C for 1 h in an oven and finally, the reaction
mixture was allowed to cool down slowly to room-temperature
for 24 h. Colourless needle-like single crystals of (TMA)Cu,Br;
were obtained, collected through filtration and washed with
acetone, followed by drying at 100 °C for 12 h.

Synthesis of (TMA)Ag,Br; single crystals

(TMA)Ag,Br; was synthesized following a slightly different
reaction protocol. A mixture of AgBr (187.77 mg, 1 mmol) and
TMAB (462.15 mg, 3 mmol) was taken in a 30 mL glass vessel
and dissolved in a solvent mixture of 12 mL DMF, 4 mL DMSO
and 4 mL acetone. This was followed by the addition of 100 uL
of H;3PO, to prevent areal oxidation. Subsequently, it was heated
at 60 °C for 6 h in an oil bath and then the solution was filtered
through a ~0.22p syringe filter. Finally, the reaction mixture
was allowed to cool down slowly to room-temperature for 24 h.
Colourless needle-like single crystals of (TMA)Ag,Br; were ob-
tained, filtered and washed with acetone, followed by drying at
100 °C for 12 h.

Characterization

Crystal data for the single crystals were collected on a Bruker
Smart Apex Duo diffractometer at 296 K for (TMA)Cu,Br; and at
150 K for (TMA)Ag,Br; using Mo Ko, radiation (A = 0.71073 A).
Absorption corrections were performed using the APEX3 soft-
ware. The crystal structure was solved by the direct method and
refined by full-matrix least-squares on F2(SHELXL-2014/6) and
Olex2 with a ShelXT2 structure solution program.*~** Details of
the structural refinement are presented in the ESI. XPS spectra
were recorded by using a Thermo Fisher Scientific ESCALAB
Xi+. EPR was recorded using an EMX micro X BRUKER EPR
spectrophotometer with an X-band on solid samples. TGA
profiles were recorded using a PerkinElmer thermal analyzer
STA 6000 model. Electrical transport measurements on crystals
were carried out using a Keithley 4200 SCS parameter analyzer
system assembled with an Everbeing probe station using
eutectic gallium indium (EGaln) alloys as contact electrodes.
Light irradiation experiments were carried out under ambient
conditions, using 450 nm, 532 nm and 808 nm 1 W fiber
coupled diode lasers supplied by Specialise Instruments Intel-
ligent Solutions (India). Raman spectra (Aexc = 632.8 nm) were
recorded on a Raman microscope (LabRAM HR, Hori-
baJobinYvon) using a 50 objective lens (spectral resolution of
the system is ~1 cm™").

Computational studies

A detailed computational study was performed using first
principles electronic structure calculations based on density

© 2024 The Author(s). Published by the Royal Society of Chemistry
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functional theory (DFT) as implemented in the Vienna Ab initio
Simulation Package (VASP).** The unit cell structure was
modelled from the experimentally produced crystal structure
information and subsequently relaxed to obtain the ground
state geometric configuration. The generalized gradient
approximation (GGA) exchange-correlation potential with Per-
dew, Burke and Ernzerhof (PBE) parametrization® was used to
optimize the structure. The on-site Coulomb interaction for 3d
electrons has been considered using the DFT + U method as
introduced by Liechtenstein.?* Our calculation uses an effective
U = 4 eV for Cu 3d states. The electronic properties are calcu-
lated from the converged optimized geometry. The self-
consistent energy convergence criteria were set to be 107 eV,
and the accuracy of force convergence on all atoms was set to
0.01 eV A", The Brillouin zone sampling was performed using
the gamma-centered k-point grid with a k-point mesh of 5 x 3 x
2. A Gaussian smearing of 0.01 eV is used to optimize the
orbitals, calculate the band structure and extracting the atom
projected as well as the total density of states of the system. To
estimate the electron and hole density states during the photo-
excitation process, we further studied the charged system by
increasing (electron) and decreasing (hole) one electron from
the total number of valence electrons. The partial (band
decomposed) charge density method was used to separate and
plot the electron/hole density. The ionization potential (IP) and
electron affinity (EA) were calculated using the Koopmans
theorem, from which the exciton binding energy (EBE) was
estimated using the following formula: EBE = IP — EA — E,,
where E, represents the electronic band gap of the system.
Finally, the electron and hole reorganization energy was calcu-
lated from the optimized energy of the charged systems. To
calculate the Raman spectrum, we utilized the QuantumATK*
atomic-scale modelling software and computed all phonon
modes by determining the dynamical matrix and susceptibility
derivatives.> This is accomplished using the central finite
difference method with an atomic displacement of 0.01
Angstrom in a repeated cell, also known as the frozen-phonon
or super-cell method. We evaluate all vibrational phonon
modes at the gamma point (0 0 0) only as a fractional g-point.
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