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ABSTRACT: Crystals of the new organic—inorganic material
(DAP-H2)[CuBr,] (1); (DAP = hexahydrodiazepine (CH;,N,))
were successfully synthesized by slow evaporation and characterized
by single-crystal X-ray diffraction, infrared spectroscopy, thermal
analysis, UV—Vis—NIR diffuse reflectance spectroscopy, and
magnetic measurements. X-ray investigation demonstrates that 1
crystallizes in the monoclinic space group C2/c. The supramolecular
crystal structure of 1 is guided by several types of hydrogen bonding
which connect anions and cations together into a three-dimensional
network. The optical band gap was determined by diffuse reflectance
spectroscopy to be 1.78 eV for a direct allowed transition, implying
that it is suitable for light harvesting in solar cells. The vibrational
properties of this compound were studied by infrared spectroscopy,
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while its thermal stability was established by simultaneous TGA—DTA from ambient temperature to 600 °C. The study of the
photoresponse behavior of an optoelectronic device, based on (CsH;4N,)[CuBr,], has shown a power conversion efficiency (PCE)
of 0.0017%, with J,. = 0.0208 mA/cm? V.. = 313.7 mV, and FF = 25.46. Temperature dependent magnetic susceptibility
measurements in the temperature range 1.8—310 K reveal weak antiferromagnetic interactions via the two-halide superexchange

pathway [2]/ky = —8.4(3) K].

Bl INTRODUCTION

In recent years, the scientific community has oriented toward
organic—inorganic hybrid (OIH) systems which have received
great interest in the industrial world thanks to their potential
applications in different fields. Special attention is paid to
hybrid halometalate materials, composed of metal halide
anionic complexes and organic cations, due to their functional
properties as well as the low cost of their preparation.'™®
Among these materials, the hybrid perovskite family is the
most famous, demonstrating high performances in photo-
detectors, lasers, light emitting diodes (LEDs), and photo-
voltaics (PVs).”™” For a high-quality device, a low cost and a
high performance are required, and it should also be safe and
nontoxic. Therefore, recent research has avoided the use of Pb-
based hybrid halometalates because of their toxicity and
bioaccumulation.'® Hence, it is important to investigate low-
cost and environmentally friendly hybrid halometalates.
Nowadays, low-dimensional OIHs based on transition metals
have been investigated as good alternatives for applications in
nonhazardous devices.'' As a consequence of the Jahn—Teller
effect, these materials exhibit efficient absorption in the UV—
Vis—NIR region, resulting from the electronic transitions
which include both d—d transitions and ligand-to-metal charge
transfer (LMCT)."” This large absorption makes them suitable

© 2023 The Authors. Published by
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for applications in PVs as absorbers.'”'* For example, the
reported zero-dimensional compound CH;NH;FeCl, has
demonstrated its usefulness as a photodetector and has
shown a photoelectric conversion efficiency (PCE) of
0.054% when applied in the FTO/TiO,/CH;NH;FeCl,/
carbon electrode device (FTO, fluorine-doped tin oxide)."
Most often copper-based OIH compounds have been shown to
possess interesting optical absorption. In this regard, Cu-based
hybrid materials have recently emerged due to their impressive
photovoltaic performance and their excellent power conversion
efficiencies (PCEs). In 2015, Cui et al. investigated the two-
dimensional perovskites (p-F-C4H;C,H,NH;),CuBr, and
(CH,5(CH,);NH;),CuBr, for application in heterojunction
solar cells with PCEs of 0.51 and 0.63%, respectively.'® The
literature shows that the Cu(II) ion is promising, because of its
d’ configuration with its single unpaired electron, making it an
S = 1/2 ion. This ion follows an external magnetic field owing
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to the absence of a large internal magnetic field, and it can
generally be modeled as Heisenberg-like due to its g-factor
close to 2.'”'® In addition, depending on the separation
between the inorganic layers and the distance of the M—X---
X—M nonbonding contacts, magnetic properties of the hybrid
compounds may vary from antiferromagnetic to ferromag-
netic.'”

(2-Amino-S-chloropyridinium),CuBr, and (2-amino-5-
methylpyridinium),CuBr, have aroused interest as good
examples of intralayer antiferromagnetic exchange interactions
between copper(II) ions.”® Several works were focused on
metal(II) halides to study the effects of the nature of an
organoammonium cation, metal, and halogen on the structural,
optical, magnetic, and biological properties of the hybrid
materials.”’~>* Hexahydrodiazepine and its derivatives are
extensively used due to their interesting biological and
pharmacological activities.””~ >

In continuation of our previous work on OIH compounds
based on transition metals, we report in this paper the crystal
structure, thermal analysis, spectroscopic characterization,
optoelectronic studies, and magnetic properties of the new
hybrid compound (DAP-H2)[CuBr,] (DAP = hexahydrodia-
zepine (CsHy4N,)) containing discrete CuBr, tetrahedra.

B RESULTS AND DISCUSSION
Structural Analysis of (DAP-H2)[CuBr,]. The present

structure was solved in the monoclinic space group C2/c¢ with
four formula units in the unit cell. The asymmetric unit of this
complex, displayed in Figure la, includes 1/2 CuBr,*” anion

Figure 1. (a) Asymmetric unit of (CsH,N,)[CuBr,] showing the
atom-numbering scheme. (b) Distorted tetrahedral environment of
Cu?* ion. (c) Projection of the atomic arrangement along the c-axis.

and one (CsH,,N,)** cation. The hexahydrodiazepine ring lies
across a 2-fold axis and was refined as a two-site disordered
molecule with occupancies constrained at 50:50. The disorder
of the organic cation was modeled using the EADP and SUMP
constraints. All crystallographic data, measurement details, and
refinement are summarized in Table S1. In the inorganic anion,
the central Cu®* cation is coordinated by four Br™ anions and
forms a [CuBr,]*” distorted tetrahedron (see Figure 1b). The
inorganic part is constituted by an isolated [CuBr,]*”
tetrahedron with the Cu—Br bond distances varying from

2.3697(10) to 2.4049(11) A and the Br—Cu—Br angles
ranging from 99.34(3) to 138.44(8)° (Table S2), which are
comparable to those found in similar structures.”**” With
Br2i—Cul—Br2 and Brl—Cul—Brli angles of 124.87(8) and
138.44(8)°, respectively, the tetrahedral [CuBr,]*” ion is
strongly distorted and has D,; symmetry.”® This expected
distortion is due to the Jahn—Teller effect. The C—C and N—
C distances range from 1.448(19) to 1.512(16) A and from
1.473(10) to 1.490 (12) A, respectively (Table S1). These
values are close to those given for hexahydrodiazepine
derivatives.””~*' The intermolecular hydrogen bonding con-
tacts N—H--Br provide a linkage between the (CH,N,)*"
cations and the [CuBr,]*” anions and give rise to a three-
dimensional packing. The hydrogen bond parameters are
depicted in Table S3. The N---Br distances vary from 3.351(9)
to 3.637(9) A and the N—H—Br angles range from 118 to
158°.

Thermal Behavior of (DAP-H2)[CuBr,]. The thermal
behavior of (DAP-H2)[CuBr,] was studied by simultaneous
TGA—-DTA experiments, as depicted in Figure 2. The
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Figure 2. Simultaneous thermogravimetric analysis and differential
thermal analysis scans for the decomposition of (CsH;,N,)[CuBr,]
under flowing air with a heating rate of 10 °C/min between 25 and
600 °C.

compound is totally decomposed in two stages. The first
weight loss observed between 183 and 273 °C corresponds to
the decomposition of the organic moiety (observed weight
loss, 18%; theoretical, 21.15%). This phenomenon is
accompanied by two endothermic peaks on the DTA curve
at 192 and 208 °C. The second weight loss observed in the TG
curve, occurring between 273 and 452 °C, is due to the loss of
two HBr molecules, thus leading to the formation of the CuBr,
moiety (observed weight loss, 36%; theoretical, 33%). This
decomposition process is accompanied by a large endothermic
peak on the DTA curve at 335 °C. The DSC analysis at low
temperature was also recorded from —100 to 25 °C (Figure
S1), and the material shows a phase transition between —70
and —80 °C. This transition corresponds to the order—
disorder transition which is characteristic of Cu(II)-based
organic—inorganic hybrid compounds.”*~**

Optical Study. Optical properties show a good way of
examining the properties of semiconductors. The diffuse
reflectance spectrum (Figure 3) is translated into an absorption
spectrtum (Figure 4) using the Kubelka—Munk (KM)
remission function (eq 1).*°

https://doi.org/10.1021/acsomega.2c08035
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Fey(R) = (1 = R)*/2R (1)

where R is the reflectance of the sample.
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Figure 3. Reflectance spectrum of (C;H,,N,)[CuBr,].
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Figure 4. Multipeak Gaussian fitting of the KM absorption F(R) of
(C5H14N2) [CuBr,].

A multipeak Gaussian fitting was used to characterize the
possible electronic transitions within the title compound
(Figure 4). The bands observed around 1000 nm are
characteristic of d—d transitions within the halidocuprate(1I)
complex in its pseudotetrahedral D,; geometry.”® The bands at
910 and 1089 nm are assigned to the crystal field transitions
from the a; (d,2) and e (d,; d .) orbitals to the highest energy
level b, (d.2 Yy 2), respectively.’® The bands located at 264, 380,
508, and 631 nm are due to the ligand—metal charge transfer
(LMCT) from P- orbitals of the Br~ ligand to d-orbitals of Cu**
(b, (dg_y)). 3973 Tentative assignments of the observed
LMCT peaks are listed in Table 1.

For such a material, the optical band gap is one of the optical
constants that have an 1mportant effect to adapt to the needs of
technological components.”” The band gap energy can be
determined from the following relationship:

[Bey(R)-hv] = B(hv — Eg) )

Table 1. Assignment of Observed LMCT Electronic
Transitions Compared to Those of TMA,MnBr,; Cu®**®

obsd transition transition in doped

assignment (nm) TMA,MnBr,; Cu**
la, (nb.) = 4b, («* — y%) 631 -
4e (1) — 4b, (x> — y%) 508 SSS
3a; (7) — 4b, (x* — ) - 420
3e (1) — 4b, (x> — y) - -
2e (0) — 4b, («* — %) 380 352
2a, (6) = 4b, (x> — ) 264 277

where B is a constant,  is Planck’s constant, E, represents the
optical band gap, and n is the power factor which indicates the
transition mode; n equals 2 for indirect and 1/2 for direct
transition natures, respectively. This value is determined by the
plot of Ln[(F(R)-hv] versus Ln(hv — E,), as shown in Figure
Sb and yields 1/2, which confirms the direct transition nature.
The measured optical band gap energy is shown in Figure Sa.
The energy band gap estimated from the linear extrapolation of
(Fxam(R)-hv)? values to zero absorption is 1.78 eV (inset of
Figure Sa). This low value confirms that the title compound
can be classified as a semiconductor material which could be
used as a promising solar cell absorber material for photo-
voltaic applications.'"*** The estimated E, (~1.78 eV)
compares well with those of Cu-based hybrids with good
performances in solar cell applications, such as
(C¢HsCH,NH,),CuBr, (E, = 1.81 eV),"! (CHSNH3)2CuC1212
(E, = 1.99 eV)," (CH3NH3)2CuC12Br2 (E, = 104 eV)," and
(C.H,NH,) CuBr,I (B = 164 V).

The behavior of the Urbach energy (E,) can describe the
degree of dlsorder and the defects of the structural connection
of this material.*> Equation 3 presents the Urbach rule in the
low photon energy range.

a = ope (3)

where a is a constant and E, is the Urbach energy which
characterizes the slope of the exponential edge. As F(R) x a,
eq 3 can be rewritten as eq 4.

F(R) = Ce"/E (4)

where C is a constant. E, is extracted from the inverse of the
slope of the straight line of the plot of Ln(F(R)) versus (hv) as
shown in Figure 6. The weak value of the E, energy, 0.62 €V,
indicates that our studied component is ordered.

Device Characterization. Current density—voltage (J—V)
curves were recorded with a 3A Oriel solar simulator
(Newport) producing 1 sun AMLSG (100 mW cm?). A
square active area (0.09 cm?®) was used to decrease the
influence of scattered light. The external quantum efliciency
(EQE) measurements were carried out with a 150 W xenon
lamp attached to a Bentham PVE300 motorized 1/4 m
monochromator as the light source. In the concept of
photovoltaic performance, the fabricated device with
(CsH4N,)CuBr, has shown a power conversion efficiency
(PCE) of 0.0017%, with J,. = 0.0208 mA/cm?, V,. = 313.7 mV,
and fill factor (FF) = 25.46. The same measurements were
performed after 4 days to check the stability and the PCE
performance of this material; as a result . and PEC losses are
observed, probably due to the low stability of the material, as
depicted in Figure 7a and Table 2. This low PCE value results
mainly from the zero-dimensionality of the inorganic
sublattice. In fact, the charge transfer within the inorganic
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clusters is related to the compound dimensionality and is more
important in materials with a 3D inorganic fragment than that
with a low-dimensional cluster. For example, for the 3D
CH,NH,Pbl, perovskite, the PCE is about 3.8%,"" while for
the Cu-based 2D materials the highest value reached was
0.63% with (CH,(CH,);NH,),CuBr,."°

Table 2. PV Parameters of (CsH,;,N,)CuBr,

device Vo (mV) J. (mA cm™) FF (%) PCE (%)
(CsH4N,)CuBr, 313.7 0.0208 25.46 0.0017
device after 4 days 322.6 0.0112 26.72 0.001

The incident EQE (Figure 7b) measurement demonstrates a
narrow absorption peak at 340 nm. The results indicate that
only metal to ligand charge transfer transitions below 400 nm
contribute to the photoresponsivity.

Magnetic Properties. Magnetization as a function of the
applied field was measured on compound 1 from 0 to 50 kOe
(see Figure S2). The magnetization reaches a value of ~1270
emu/mol, approximately 30% of the expected saturation value
for an § = 1/2 moment with g slightly greater than 2 as is
normal for Cu(1l). The response was linear to ~8 kQOe. In
addition, upward curvature is observed with increasing field,
indicative of a low-dimensional antiferromagnetic (AMF)
lattice.* The magnetic susceptibility was measured from 1.8
to 310 K in an applied field of 1 kOe. A Curie—Weiss plot (see
Figure S3) over the temperature range 35—300 K gave a Curie
constant (CC) of 0.419(2) emu-K/mol-Oe and a Weiss
constant (#) of —3.5(7) K in agreement with the AFM
interactions indicated in the M(H) data. y(T) data are shown
in Figure 8. y increases with decreasing temperature, reaching a

0,025
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Figure 7. (a) J—V curve of solar cells sensitized with (CsH,,N,)CuBr,. (b) Corresponding external quantum efficiency graph with n—i—p device

structure.
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Figure 8. Susceptibility data for (CsH,,N,)[CuBr,]. The solid line
represents the best fit to the uniform 1D-Heisenberg chain model.
The inset shows the quality of fit in the region of the maximum in y.

maximum of 2.75 X 107> emu/mol-Oe at 5.7 K, before
decreasing with further decrease in temperature, again
indicating antiferromagnetic exchange. Such interactions were
expected via the two-halide superexchange pathway as has
been observed previously in many materials.””*>*” Examina-
tion of the structure revealed short Br-- Br contacts which
generated a chain structure parallel to the ac-face diagonal
(Figure 9) with parameters dp,.p, = 4.197 A, 2Cul—Brl--

Figure 9. Chain structure formed by short Br--Br contacts in
compound 1. Symmetry operation for A = —x + 0.5, =y + 1.5, —z + 1.

BrlA = £CulA—BrlA:---Brl = 98.7°, and £Cul—Brl---BrlA—
CulA = 180°. Although there are several Br---Br contacts of
<5.0 A,* these are the shortest and are expected to dominate
the interactions. A fit to the 1D-Heisenberg AFM chain model
gave very reasonable values for CC [0.0417(1) emu-K/mol-
Oe] and 2J/kg = —8.7(1) K but required a negative percentage
paramagnetic impurity (—0.85%) and an unphysical result.
This indicated that additional interactions must also play a
measurable role, so the data were refit to the 1D-Heisenberg
AFM chain model with a Curie—Weiss correction to take
interchain interactions into account. This resulted in CC =
0.420(2) emuK/mol-Oe, 2J/k; = —8.4(3) K, 0 = —0.5(3) K,
and a 0.9(8)% paramagnetic impurity. The small, negative
Weiss constant indicates that there are indeed weak, but
detectable, antiferromagnetic interactions between the chains.

B CONCLUSION

In summary, this article details the synthesis of a new hybrid
compound using the hexahydro-1,4-diazepine ligand, (DAP-
H2)[CuBr,]. Single-crystal X-ray structure determination
reveals that (DAP-H2)[CuBr,] crystallizes in the monoclinic

space group C2/c. The structure of the synthesized material
exhibits a three-dimensional supramolecular assembly where
the formulary entities are stabilized by N—H:--Br intermo-
lecular hydrogen bonds. The thermal decompositions of the
complex were studied by simultaneous TGA—DTA which
demonstrated the thermal stability of (DAP-H2)[CuBr,] up to
180 °C. The optical behavior study, using solid-state UV—Vis—
NIR absorption analysis, reveals that with a band gap energy of
1.78 eV our compound is suitable for wide-band-gap top cell
application in solar cells. Due to the low band gap and the
stable light absorption of (CsH4N,)CuBr,, we applied this
material in a solar cell device and attained a PCE of 0.0017%.
In addition, the magnetic measurements in the 1.8—300 K
temperature range indicated weak antiferromagnetic inter-
actions that were well modeled by a 1D-AFM model with a
small correction for interchain interactions.

B EXPERIMENTAL SECTION

Materials and Synthesis. All chemicals and solvents were
purchased from Sigma-Aldrich and were used as received. The
solvent used in this synthesis was distilled water. (DAP-
H2)[CuBr,] was formed by the same method used for the
preparation of (CyH,N,)[CuCl,],*® except that CuCl, was
replaced by CuBr, and HCIl was replaced by HBr. For this
synthesis, 10 mL of an aqueous solution containing 0.222 g
(2.223 mmol) of hexahydro-1,4-diazepine (CsH,N,), 0.318 g
(2.223 mmol) of copper bromide, and 0.5 mL of HBr (48%)
was prepared and then stirred under heating (60 °C) for a few
minutes. After room temperature evaporation of the obtained
solution for a few days, black prismatic crystals were collected
with a sample percent yield of 82%. Elemental analysis (C/H/
N) was performed to confirm the composition of the
compound. Caled (%): C 12.37, H 2.9, N 5.77. Found: C
12.31(4), H 2.87(4), N 4.63(S). Analysis of the halogens
showed that Br constituted 65.79(4)% of the sample
(theoretical value 65.85%). The consistency of the exper-
imental and theoretical mass percentages confirmed the
molecular formula of the compound. The vibrational IR
study confirms the existence of different functional fragments
within the molecular structure. Figure S4 represents the major
selected absorptions in the IR spectra of the title compound
with their respective assignments (Table S3). A detailed
analysis of IR and Raman spectra and assignments of all bands
observed are cited in the Supporting Information.

X-ray Data Collection. Details of the crystallographic data
collection and refinement parameters for the studied
compound are given in Table SI. A single crystal of
dimensions 0.41 X 025 X 0.14 mm was used for the
diffraction data collection at 150 K on a D8 VENTURE Bruker
AXS diffractometer using Mo Ka radiation (4 = 0.71073 A)
through the program APEX3."” The frame integration and data
reduction were carried out with the program SAINT.*’ The
program SADABS’' was employed for multiscan type
absorption corrections. The crystal structure was solved by
direct methods using the SHELXT software package’ and
refined with full-matrix least-squares methods based on F?
(SHELXL-2015).>* All non-hydrogen atoms were anisotropi-
cally refined, and the positions of H atoms were geometrically
assigned and allowed to ride on their parent atoms, with C—H
= 0.97 A and N—H = 0.89 A. All figures were made using
DIAMOND.™

Fabrication of the (DAP-H2)[CuBr,] Optoelectronic
Device. FTO-coated glass substrates were cleaned by
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sonication in detergent. A Hellmanex solution (2%), deionized
water, acetone, and isopropanol were used to clean FTO-
coated glass substrates for 20 min, respectively, followed by
UV—ozone treatment for 30 min. A compact blocking layer of
TiO, was deposited on the FTO substrates by spray pyrolysis
at 500 °C, employing 1/19 mL of titanium(IV) diisopropoxide
bis(acetylacetonate) precursor solution (75% in 2-propanol) in
pure ethanol, and then keeping them for another 30 min. After
that, a 150—200 nm mesoporous TiO, layer was deposited by
a spin-coating process. For this, a (1:8) TiO, paste (Dyesol 30
NR-D) diluted in ethanol for 30 s at 4000 rpm was used. The
substrates were dried at 125 °C and then annealed until 500
°C in a four-step temperature ramp and maintained at 500 °C
for 30 min. DMF solutions of 1 M concentration were
prepared by dissolving the crystals of (CsH,N,)CuBr, and
spin coating for 30 s with 3000 rpm. They were then annealed
for 30 min at 100 °C. To confirm the structural composition of
the thin film, the powder XRD pattern was recorded. The
convergence between the experimental pattern and the
simulated one indicates that the product obtained by spin
coating from the DMF solution is still the original compound
(see Figure SS). Once it was cooled to room temperature, the
hole transport material (HTM) layer was deposited. Spiro-
OMeTAD (70 mM) was prepared by dissolving the
corresponding material in 1 mL of chlorobenzene. Spiro-
OMeTAD was doped by adding bis(trifluoromethylsulfonyl)-
imide lithium salt (Li-TFSI) and 4-tert-butylpyridine (4-t-BP)
in molar ratios of 0.5 and 3.3, respectively. HTM solutions (40
uL) were spin-coated atop the perovskite layer at 4000 rpm for
30 s, in an argon-filled glovebox. To finish the device
construction, the gold cathode layer of 70 nm was thermally
evaporated under a low vacuum (10—6 Torr).
Characterization Techniques. TGA—DTA measure-
ments were obtained using a SETSYS Evolution instrument
(Pt crucibles, Al,O; as a reference), under nitrogen flow (100
mL/min), with a heating rate of S °C min™" up to 600 °C. The
infrared spectrum was recorded in the 500—4000 cm™' range
with a PerkinElmer 1600 FT-IR Spectrometer using a sample
pressed in a spectroscopically pure KBr pellet. The diffuse
reflectance spectrum was measured at room temperature using
a Varian Cary 5000 UV—vis—NIR spectrophotometer at room
temperature in the wavelength range 200—1200 nm.
Magnetic studies were conducted on a Quantum Design
MPMS-XL SQUID magnetometer. Single crystals of the
sample were crushed into powder and packed in a gelatin
capsule. The magnetization of the sample was measured as a
function of the field from 0 to 50 kOe. Several data points were
collected as the field was reduced to 0 to check for hysteresis
effects; none were observed. Temperature dependent magnetic
susceptibility data were collected over the temperature range
1.8—310 K at an applied magnetic field of 1000 Oe. The data
were corrected for the background of the sample holder
(measured independently), the temperature independent
paramagnetism of the Cu(Il) ion, and the diamagnetic
contributions of the constituent atoms as estimated via Pascal’s
constants.”> The data were fit using the Hamiltonian H =

=2]3°S:"S,.
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