
Journal of Molecular Structure 1248 (2022) 131468 

Contents lists available at ScienceDirect 

Journal of Molecular Structure 

journal homepage: www.elsevier.com/locate/molstr 

Photoluminescence of pefloxacindi-ium manganese(II) and zinc(II) 

tetrahalides 

Nicolay N. Golovnev 

a , Marina A. Gerasimova 

a , Maxim S. Molokeev 

a , b , c , d , ∗, 
Mikhail E. Plyaskin 

a , Mikhail E. Baronin 

a 

a Siberian Federal University, 79 Svobodny Prospect, Krasnoyarsk 660041, Russia 
b Laboratory of Crystal Physics, Kirensky Institute of Physics, Federal Research Center KSC SB RAS, bld. 38 Akademgorodok 50, Krasnoyarsk 660036, Russia 
c Department of Physics, Far Eastern State Transport University, 47 Seryshev Str., Khabarovsk 680021, Russia 
d Research and Development Department, Kemerovo State University, 6 Krasnaya Str., Kemerovo 650 0 0 0, Russia 

a r t i c l e i n f o 

Article history: 

Received 12 May 2021 

Revised 1 September 2021 

Accepted 7 September 2021 

Available online 17 September 2021 

Keywords: 

Manganese and zinc halides 

Pefloxacin 

Ionic compounds 

Photoluminescence 

X-ray diffraction 

Thermal decomposition 

a b s t r a c t 

Mn 2 + -based hybrid materials have become the hotspot of current research studies owing to their high 

photoluminescence quantum yield (PLQY), low-cost, environmental friendliness and stability. For the 

first time, we report the hydrothermal synthesis of two lead-free zero-dimensional luminescent organic- 

inorganic hybrid compounds, PefH 2 [MnBr 4 ] ( 1 ) and PefH 2 [MnCl 4 ] ( 2 ) (Pef = pefloxacin). They were char- 

acterized by elemental analysis, TG-DSC, single-crystal and powder XRD. Compounds 1 –2 exhibit a dis- 

torted tetrahedral geometry around the manganese(II) metal center, which is isolated from the same 

centers by bulky pefloxacindi-ium (PefH 2 
2 + ) ions with a Mn ···Mn distance of 7.3 Å. Their structures are 

stabilized by N—H ···O, O—H ···X (X = Br, Cl), C—H ···O and C—H ···X hydrogen bands and π–π stacking in- 

teraction. Thermal decomposition starts at T > 230 °С for 1 and T > 210 °С for 2 and proceeds for several 

stages. Upon UV excitation compounds exhibit a bright green emission with a moderate PLQY of 45% for 

1 and 30% for 2 . The influence of the halide ion and metal ion on the photoluminescence properties of 

isostructural compounds PefH 2 [MX 4 ] (M = Mn, Zn and X = Br, Cl) is discussed. 

© 2021 Elsevier B.V. All rights reserved. 
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. Introduction 

Organic-inorganic hybrid metal halides (HMHs), as a new class 

f functional materials, have been widely expanded due to their 

nique advantages, such as solution-process, low cost, large-scale 

roduction. Among them, lead(II) based HMHs have made great 

rogress in solar energy conversion [1] and show superior bright 

nd size-tunable photoluminescence [2–4] . Lead compounds are 

oxic, however, the use of lead should not preclude commercial- 

zation of hybrid lead halide compounds [5–7] . The development 

f lead-free HMHs is also highly desired. Mn-based HMHs can be 

onsidered as a very good alternative of lead compounds [ 8 , 9 ]. Al-

hough such compounds are well-known [10] , they again attracted 

he attention of the researchers due to the high quantum yield, 

ow cost, environmental friendliness, stability [11–21] and interest- 

ng ferroelectric/magnetic properties [ 22 , 23 ]. For the 0D organic- 

norganic hybrid manganese(II) halides comprise isolated MnX 4 
2–
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X = Br, Cl) anions surrounded by the bulky organic cations, the 

hotoluminescence quantum yield (PLQY) reaches up to 100% [16] . 

n comparison with the synthesis of Mn-based HMHs with a high 

uantum yield, great difficulties arise from the regulation of their 

ptical properties. Various organic components and metal halide 

ons were used to achieve this goal, but the regulation is still 

 challenge. Weak absorption in the blue region due to the for- 

idden nature of d-d transitions requires new strategies of the 

aterial design based on the sensitization or enhancement of 

he spin-orbit coupling (SOC) effect [17] . To show trends in the 

hange of photoluminescent properties, we chose four isostruc- 

ural HMHs containing pefloxacin (Pef) in the form of a double 

harged PefH 2 
2 + cation and Mn(II) or Zn(II) in the form of tetra- 

hloride and tetrabromide anions. The bulkiness of this organic 

on ( Fig. 1 ) favors the crystallization of ionic compounds with 

solated tetrahedral MX 4 
2– (M = Mn, Zn; X = Br, Cl) units. Be- 

ides the ability to influence on photoluminescence (PL) of hy- 

rid metal halides, PefH 2 
2 + ion itself can also exhibit promising 

hotoluminescent properties in solution [24] with potential ap- 

lication [25] . Unlike Mn(II), Zn(II) complexes show no emission 

riginating from MLCT/LMCT excited states, since the Zn(II) ion is 

ifficult to oxidize or reduce. The photoluminescence arises from 

https://doi.org/10.1016/j.molstruc.2021.131468
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2021.131468&domain=pdf
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Fig. 1. Crystal structure of PefH 2 [MnBr 4 ] (a) and PefH 2 [MnCl 4 ] (b) in the asymmetric part of the unit cell, the hydrogen bonds are presented as dashed lines. The thermal 

ellipsoids are drawn at the 50% probability level. 
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ntraligand electronic transitions, therefore the electronic proper- 

ies (and thus luminescence) of Zn(II) complexes can be easily 

uned by modification of the ligands [ 6 , 7 ]. Here, we propose the

odification of photoluminescent properties of organic ions by as- 

embly of organic PefH 2 
2 + (pefloxacindi-ium) cations with man- 

anese(II) and zinc(II) tetrahalides in HMHs. Two new hybrid man- 

anese(II) halides, PefH 2 [MnBr 4 ] ( 1 ) and PefH 2 [MnCl 4 ] ( 2 ) are syn-

hesized and their photoluminescent (PL) properties are investi- 

ated and compared to isostructural hybrid zinc(II) compounds, 

efH 2 [ZnBr 4 ] ( 3 ) and PefH 2 [ZnCl 4 ] ( 4 ). 

. Experimental section 

.1. Reagents 

Pefloxacin (CAS 70458-92-3, 3-carboxy-1-ethyl-6-fluoro-4- 

ydroxy-7-(4-methylpiperazin-4-ium-1-yl)quinolone) was obtained 

rom Sigma-Aldrich. The reagents MnBr 2 ·4H 2 O, MnCl 2 ·4H 2 O, ZnCl 2 , 

nO, HBr, HCl were of analytical grade. All chemicals were used 

ithout further purification. 

.2. Synthesis of crystals 1 - 4 

PefH 2 [MnBr 4 ] ( 1 ) and PefH 2 [MnCl 4 ] (2 ) were prepared by the

rystallization from the aqueous solution of concentrated HCl and 

Br at a molar ratio of MnX 2: Pef = 5:1. 0.30 g of pefloxacin

as added to 3.0 ml of 8 M HBr (10 M HCl), then stoichiometric

mount of solid MnBr 2 ·4H 2 O (MnCl 2 ·4H 2 O) was added. The result- 

ng solutions were evaporated to a volume of 1.5 ml and slowly 

ooled. The pale yellow and pale green crystals of 1 and 2 were 

ltered off and dried between sheets of filter paper in air at room 

emperature. The synthesized compounds are stable in air. The sin- 

le crystals of compounds for the X-ray diffraction analysis were 

irectly selected from the total mass of the corresponding pre- 

ipitates. Yield of compounds 1 - 2 is 40-50%. The elemental anal- 

sis for C 17 H 22 Br 4 FMnN 3 O 3 ( 1 ): Calc.: C, 28.8%; H, 3.12%; N, 5.92%.

ound: C, 28.5%; H, 3.27%; N, 5.77%. The elemental analysis for 

 17 H 22 Cl 4 FMnN 3 O 3 ( 2 ): Calc.: C, 38.4%; H, 4.17%; N, 7.90%. Found:

, 38.1%; H, 4.32%; N, 8.06%. PefH 2 [ZnBr 4 ] ( 3 ) and PefH 2 [ZnCl 4 ]

 4 ) was prepared according to the previously described methods 

 26 , 27 ]. The elemental analysis for C 17 H 22 Br 4 FN 3 O 3 Zn ( 3 ): Calc.:

, 28.3%; H, 3.08%; N, 5.83%. Found: C, 28.1%; H, 2.82%; N, 5.66%. 

he elemental analysis for C 17 H 22 Cl 4 FN 3 O 3 Zn ( 4 ): Calc.: C, 37.6%;

, 4.09%; N, 7.74%. Found: C, 37.2%; H, 3.88%; N, 7.56%. 

.3. X-ray diffraction analysis 

The intensity patterns were collected from single crystals 

efH 2 [MnBr 4 ] ( 1 ) and PefH 2 [MnCl 4 ] ( 2 ) at 296 K using a Bruker

XS SMART APEX II single crystal diffractometer equipped with 
2 
 CCD-detector, graphite monochromator and Mo K α radiation 

ource. The absorption corrections were applied using the SAD- 

BS program. The structures were solved by the direct methods 

sing package SHELXT and refined in the anisotropic approach 

or all non-hydrogen atoms using the SHELXL program [28] . All 

ydrogen atoms of the PefH 2 
2 + ions were positioned geomet- 

ically as riding on their parent atoms with d(C–H) = 0.97 Å 

or the C–H bonds and d(N–H) = 0.89 Å for all other N–H bonds

nd U iso (H) = 1.2U eq (C,N). The structure test for the presence of 

issing symmetry elements and possible voids was produced us- 

ng the PLATON program [29] . The parameters of crystal struc- 

ure for 1 and 2 are shown in Table 1 . The coordinates of atoms

re in Table S1, Table S2, main bond lengths are given in Table 

3. The DIAMOND program [30] is used for the crystal structure 

lotting ( Fig. 1 ). Powder X-ray diffraction data of 1 - 4 were col-

ected at room temperature with a Bruker D8 ADVANCE powder 

iffractometer using Cu K α radiation and linear VANTEC detec- 

or with a Ni filter. All peaks were indexed by monoclinic cell 

 P 2 1 / c ) with parameters close to ones obtained from single crys-

al. These parameters were taken as starting model for Le Bail 

rofile fitting which was performed using TOPAS 4.2 [31] . Refine- 

ents gave low R -factors proving that bulk materials were pure 

Fig. S1, Table S4). 

.4. Measurements of physico-chemical properties 

Thermogravimetric (TG) and differential scanning calorimetry 

DSC) analysis of synthesized compounds 1 and 2 was carried out 

n a NETZSCH STA 409 PC/PG Thermal Analyzer under the dynamic 

rgon atmosphere (15 ml/min flow rate) within 25–600 °C at the 

can rate of 10 °C/min. The sample weight was 26.620 mg for 1 and 

.830 mg for 2 . Platinum crucibles with perforated lids were used 

s containers. The chemical analysis was performed with a HCNS-0 

A 1112 Flash Elemental Analyzer. 

.5. Measurements of photoluminescent properties 

The photoluminescence (PL) and photoluminescence excitation 

PLE) spectra of powders 1 - 4 as well as the PL decays on the mi-

rosecond time scale were recorded on a Horiba Scientific Fluo- 

olog 3–22 spectrofluorometer. The emission for decays was col- 

ected at the wavelength of 445 and 520 nm from flash lamp; the 

elay time was 60 μs. The measurements of PL spectra of pow- 

ers were carried out at different excitation wavelengths of 320- 

00 nm. The PL spectra were corrected to the following distorting 

actors: spectral sensitivity of PMT, different intensity of excitation, 

nd the background. All spectral measurements were performed at 

 room temperature using the front face geometry. Under experi- 

ental conditions, the samples were stable to the UV irradiation. 
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Table 1 

The parameters of crystal structure for 1 and 2 . 

Chemical formula C 17 H 22 Br 4 FMnN 3 O 3 C 17 H 22 Cl 4 FMnN 3 O 3 

Molecular weight 709.95 532.11 

Temperature (K) 296(2) 296(2) 

Space group, Z P 2 1 / c P 2 1 / c 

a ( ̊A) 14.3099(5) 14.0713(4) 

b ( ̊A) 12.4183(4) 12.0626(3) 

c ( ̊A) 13.6155(4) 13.2988(4) 

β ( °) 90.2681(8) 90.8350(10) 

V ( ̊A 3 ) 2419.51(14) 2257.05(11) 

ρcalc (g/cm 

3 ) 1.949 1.566 

μ (mm 

−1 ) 7.181 1.090 

Reflections measured 37164 33340 

Reflections independent 7895 7005 

Reflections with F > 4 σ ( F ) 5260 4873 

2 θmax ( °) 62.70 61.40 

h, k, l - limits -20 ≤ h ≤ 20; -18 ≤ k ≤ 18; -19 ≤ l ≤ 19 -20 ≤ h ≤ 20; -17 ≤ k ≤ 17; -19 ≤ l ≤ 19 

R int 0.0455 0.0517 

Refinement results 

The weighed refinement of F 2 w = 1/[ σ 2 ( F o 
2 ) + (0.0274 P ) 2 + 1.0312P] where 

P = max( F o 
2 + 2 F c 

2 )/3 

w = 1/[ σ 2 ( F o 
2 ) + (0.0582 P ) 2 + 0.9352P] where 

P = max( F o 
2 + 2 F c 

2 )/3 

Number of refinement parameters 268 268 

R 1 [ F o > 4 σ ( F o )] 0.0344 0.0389 

wR 2 0.0660 0.0967 

Goof 1.026 0.918 

�ρmax (e/ ̊A 3 ) 1.039 0.303 

�ρmin (e/ ̊A 3 ) -0.630 -0.281 

( �/ σ ) max 0.077 0.056 

Extinction coefficient (SHELXL 2014/7) none none 
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Fig. 2. Hydrogen bonds and π–π interactions in PefH 2 [MnBr 4 ] ( 1 ). 
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The photoluminescence quantum yield (PLQY) of polycrystals 

 - 4 was measured using a Newport integrating sphere RTC-060- 

F, an Ocean Optics spectrometer Maya20 0 0 with fiber-optic input 

nd three LEDs: L365A, L405A (Ocean Optics) and one standard 

ED peaking 450 nm. The reliability of PLQY values measured with 

aya200 spectrometer and Newport integrating sphere were ap- 

roved using Qauntarus-QY absolute quantum yield spectrometer. 

he differences were within three standard errors for all samples, 

hich means that good reliability of experimental data was ob- 

ained. The standard YAG:Ce 3 + powder sample from factory, which 

as measured recently, showed 98 ± 1 % under 450 nm excitation 

real values should be 98-100 %). 

. Results and discussion 

.1. Crystal structures of 1 and 2 

The asymmetric part of the PefH 2 [MnBr 4 ] and PefH 2 [MnCl 4 ] 

nit cell contains one of PefH 2 
2 + (C 17 H 22 FN 3 O 3 

2 + ), one Mn 

2 + and

our Br –/Cl – ions. The Mn 

2 + ion is coordinated by four Br –/Cl –

ons forming Mn(Br/Cl) 4 distorted tetrahedron ( Fig. 1 ) with bond 

engths between 2.4726(5) and 2.5337(5) Å for 1 , 2.3272 (7) and 

.3927 (7) Å for 2 (Table S3). The Mn—Br bond lengths in 1 slightly 

onger then the Mn—Cl bond lengths in 2 due to the larger ra- 

ius of the bromide ion. The X—Mn—X angles are varied from 

06.130(19) to 113.597(18) ° for 1 and 105.43(2) to 115.48(3) ° for 2 . 

hese values are close to those found in the reported Mn(Br/Cl) 4 
etrahedrons [11–21] . These tetrahedrons are isolated from each 

ther by bulky PefH 2 
2 + ions. The closest Mn ···Mn distance within 

he crystal is 7.3300(5) Å for 1 and 7.2727(5) Å for 2 . Due to

he similarity of compounds 1 and 2 , only the structure of 1 

as described. Double protonated PefH 2 
2 + (pefloxacindi-ium) ion 

s formed only in extremely acidic conditions [32] , which cor- 

esponds to the conditions of the synthesis. The PefH 2 
2 + con- 

ains a protonated carboxyl group, a protonated N3 atom of the 

iperazinyl ring, and a protonated carbonyl atom O1 ( Figs. 1 , 2 ).

ll values of bond lengths and bond angles in PefH 2 
2 + ions 

re in good agreement with those obtained in other compounds 
3 
 26 , 33–37 ]. Two intramolecular O1—HO1 ···O2 and C14—H14A ···F 
ydrogen bonds are presented in the structure ( Fig. 1 ). The in- 

ermolecular N3—H3 ···Br1 and O3—H ···Br2 hydrogen bonds form 

igzag chains, each of which consists of the alternating PefH 2 
2 + 

nd Br – ions. These interactions together with weaker С —H ···O and 

—H ···Br hydrogen bonds ( Figs. 1 , 2 , Tables S5, S6) form a three-

imensional network. All bromide ions are involved in hydrogen 

onding. Two PefH 2 
2 + ions from neighboring chains are linked by 

–π interaction of the "head-to-tail" type ( Fig. 2 , Table S7), and 

eighboring PefH 2 
2 + ions located in the same chain are linked by 

–π interaction with PefH 2 
2 + ions from the different chains. 

.2. Thermal decomposition of 1 and 2 

To know general stability, the thermal decomposition was im- 

lemented for synthesized compounds. The TG and DSC curves 

easured in argon (Figs. S2, S3) indicate the thermal stability of 

amples 1 and 2 up to 230 °C and 210 °C respectively. The TG and

SC curves are similar for Mn(II) compounds and show at least 

hree-step decomposition accompanied by several endo and exo 

ffects. The strong endo effect is observed at 279 °C for 1 and 
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Fig. 3. PL spectra of powders 1 - 4 under different excitation. Insertion: The position of powders 1 - 4 in CIE coordinates are indicated. 

Table 2 

PL properties of powders under excitation of 365 nm at room temperature. 

Powder λexc_max , nm 

a λPL_max , nm 

b FWHM, nm 

c 

PefH 2 [MnBr 4 ] ( 1 ) 453; 427; 362; 340 521 48 

PefH 2 [MnCl 4 ] ( 2 ) 410; 363; 341 521 52 

PefH 2 [ZnBr 4 ] ( 3 ) 418; 363, 340 510 84 

PefH 2 [ZnCl 4 ] ( 4 ) 420; 362; 340 445 44 

Pef 360; 340 402 56 

a λexc_max is the wavelength of peaks and obvious shoulders in PLE spec- 

trum. 
b λPL_max is the wavelength of maximum of PL spectrum. 
c FWHM is full width at half maximum of PL spectrum. 
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76 °C for 2 . The first stage of decomposition of 1 proceeded in

he range of 230-310 °C and showed the weight loss ( 	m) equal 

o ∼12.6% (Fig. S2), which is best consistent with the loss of one 

Br molecule by the compound ( 	m theor = 11.4%). The thermal de- 

omposition of 2 presumably starts with the removal of two easily 

olatile HCl molecules. 

.3. Photoluminescent properties 

.3.1. PL and PLE spectra 

The powders 1 - 3 exhibit green luminescence under excitation, 

hile powder 4 has blue luminescence (see photographs in SI, Fig. 

4). The PL spectra of powders 1 - 4 under different excitation in the 

ange of 365–450 nm are shown in Fig. 3 with insertion of chro- 

aticity coordinates. The calculated CIE coordinates of PL spectra 

re given separately for polycrystals 1 - 4 in Fig. S5 and equal to 

0.22, 0.69), (0.22, 0.67), (0.28, 0.56) and (0.16, 0.12) respectively. 

The luminescent parameters of powders 1 - 4 are presented in 

able 2 . The PL spectra of Mn(II) compounds 1 - 2 consists of pro-

ounced green band with a maximum at 521 nm and weak blue 

and at 445 nm. The green band of emission is independent of 

he nature of halide ion, in contrast to the blue band, which is 

ore intense in the case of chloride than bromide. In this case, the 

hloride compound gives a wider green band (FWHM = 52 nm) as 

ompared to the bromide one (FWHM = 48 nm). The intensity re- 

istribution of blue and green bands at 445 and 521 nm depends 

n the excitation wavelength. At λexc > 450 nm, the blue band in 

mission of 1 - 2 disappears. 

For Zn(II) compounds 3 and 4 , the effect of halide ion is more 

ignificant: chloride ( 4 ) gives blue PL with a rather narrow band 

FWHM = 44 nm) centered at 445 nm and weak shoulder in the 
4 
ong-wavelength region of the spectrum (50 0–60 0 nm), while bro- 

ide ( 3 ) gives a broader band (FWHM = 84 nm) with the peak at

10 nm corresponding to the strong green PL and small shoulder 

round 445 nm. Moreover, the shape of the PL spectrum for Zn(II) 

ompounds does not depend on the excitation wavelength, that is, 

he contribution of the blue and green bands remains constant, in 

ontrast to Mn(II) compounds 1 and 2 , where the shoulder at 445 

m disappears at λexc > 450 nm. 

In emission blue and green bands measured at 445 and 520 

m the photoluminescence excitation spectra were obtained and 

resented in Fig. 4 ; PLE parameters are given in Table 2 . The PLE

pectrum of Pef has the broad bands with peaks around 340 and 

60 nm. Similar broad bands of Pef are observed in the PLE spectra 

f all compounds containing metals 1 - 4 . The band at about 420 nm

eveals the different intensities for compounds 1 - 4 , while Pef does 

ot have this band. PLE spectra of 1 and 2 is characterized by the 

ppearance of additional intensive broad band and weak shoulder 

ear 450 nm respectively ( Fig. 4 ). PLE spectra of 3 and 4 contain

nly a band at about 420 nm of varying intensity. 

The PLE spectra of Mn(II) complexes 1-2 could consist of the 

ifferent overlapping bands from the MnX 4 
2 − and PefH 2 

2 + ions, 

herefore their correct assignment is difficult [38] . From Ref. [16] , 

he PLE spectra in the blue and near-ultraviolet region of Mn(II) 

omplexes exhibit several bands, formally corresponding to two 

roups of transitions: 6 A 1 → 

4 G and 

6 A 1 → 

4 D. 

.3.2. Origin of photoluminescence and PLQY 

For powders 1 - 4 , the photoluminescence band at around 445 

m could be attributed to the Pef emission, which has the max- 

mum at 402 nm ( Fig. 3 ) in the solid state, and the green

and – to manganese or MLCT/LMCT excited states of metals 

 6 , 14 , 39–42 ]. Unlike powder, the emission spectrum of Pef in aque-

us solution is pH dependent and changes upon different excita- 

ion wavelengths. At 300 nm excitation, PL spectra of pefloxacin 

n aqueous solution exhibit two emission bands with maxima 

round 450 and 500 nm [24] , which can also be traced for the PL

pectra of solid compounds 1 - 4 . With acidity increase, the long- 

avelength maximum at 500 nm is redshifted [24] . Hence, we 

ould attribute the green luminescence of 1 and 2 at 521 nm 

ainly to single exciton emission of PefH 2 
2 + cations, since the op- 

ical properties of self-assembled metal halides are similar to pure 

efloxacin in aqueous solution. This assumption is supported by 

he PL of hybrid metal halides with another fluoroquinolone [30] , 

nrofloxacin, which has a similar composition and structure to pe- 
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Fig. 4. PLE spectra of powders 1 - 4 measured at (a) blue (445 nm) and (b) green (520 nm) bands of PL spectra. For comparison, the PLE spectrum for Pef powder is shown. 

fl

c

a

t

T

A  

h

o

P

t  

n

c

o

m

p

o

c

l  

f

i

a

t

m  

c

i

t

s

f

c

s  

6

o

s

i

t

[  

e

s

Fig. 5. The PLQY measured at different excitation wavelengths. 
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3

oxacin (Fig. S6). The density functional theory calculations indi- 

ated that the emission of enrofloxacindi-ium p -metal (Pb 2 + , Bi 3 + 

nd Sn 

4 + ) chlorides originates from organic cations [43] . The pho- 

oluminescence maximum of these compounds is at 443–465 nm. 

he intensity of PL spectra is affected by the nature of the metal. 

mong the isostructural compounds 1 - 4 , only PefH 2 [ZnCl 4 ] ( 4 ) ex-

ibits the same blue luminescence at 445 nm. The weak shoulder 

f this band is also observed in the short-wavelength region of the 

L spectrum for 1 - 3 ( Fig. 3 ). 

As shown in Fig. 3 , PL spectrum of PefH 2 [ZnBr 4 ] isostructural 

o PefH 2 [MnBr 4 ] reveals two green bands at 510 nm and near 540

m, although it does not contain the manganese(II) ion. In zinc 

ompounds with π-conjugated organic PefH 2 
2 + cations, the energy 

f the metal orbitals is very high [40–42] , and the excitation is 

ost likely concentrated on PefH 2 
2 + . Alternatively, for Zn(II) com- 

lexes the luminescence could originate from the excited states 

f MLCT/LMCT, for example, for some of them the phosphores- 

ence has been reported due to LMCT mechanism involving the 

ow-lying empty s- and p-orbitals [ 6 , 7 , 44–46 ]. The observed dif-

erence in PL spectra of 3 and 4 is a consequence of the strong 

nfluence of the halide ion on the optical properties of PefH 2 
2 + 

nd/or LMCT excited states of Zn(II). On the contrary, the nature of 

he halide ion does not affect the position of photoluminescence 

aximum of compounds 1 and 2 ( Fig. 3 , Fig. S5), which is also

onsistent with a little effect of the Cl – ion by Br – replacement 

n hybrid manganese(II) tetrahalides [16] . The luminescent proper- 

ies of isostructural compounds 1 and 2 are very similar to the de- 

cribed tetrachloromanganese(II) compounds [ 12 , 16 , 18 ], which all 

ollow the well-known rule: for tetrahedrally coordinated Mn(II) 

ompounds, the emission is observed at around 520 nm. This as- 

umes that the Mn 

2 + ions can emit green light due to the 4 T 1 (G) →
 A 1 transition [12] which is added to the green luminescence of 

rganic PefH 2 
2 + ions. 

In our synthesized compounds, we rule out the possibility of 

elf-trapped exciton (STE) formation which was generally observed 

n low dimensional hybrid metal halides. In the case of STEs forma- 

ion, FWHM is very broad ( > 100 nm) for a single emission peak 

15] . The FWHM values for 1 - 4 are 44-84 nm ( Table 2 ). The differ-

nce between two hybrid manganese(II) halides lies in the inten- 

ity of green emission. 
5 
For powders 1, 3 and 4 measured PLQY is not dependent on 

xcitation wavelength ( Fig. 5 ) and equal to 43 ± 2%, 16 ± 2%, 19 

2% respectively. For 2 PLQY increase from 19 to 30% with ex- 

itation wavelength from 365 to 450 nm. It could be suggested 

hat this difference in PLQY is associated with the redistribution 

f the blue and green bands in the PL spectrum ( Fig. 3 ). At 365

m excitation, both PefH 2 
2 + cations and Mn 

2 + ions emit, therefore 

he average PLQY is low due to the contribution of weak fluores- 

ent PefH 2 
2 + cations. At 450 nm excitation, only Mn 

2 + ions are ex- 

ited, which explains the higher PLQY of compounds 1 and 2 . The 

LQY of Mn(II) compounds decreases from bromide ( 1 ) to chloride 

 2 ). 

.3.3. Photoluminescence lifetimes 

The nanosecond time-resolved PL decays of Pef and powders 1, 

 were measured with the help of Horiba Scientific module Flu- 

roHub A and spectrofluorometer Fluorolog 3-22 at excitation of 

73 nm from NanoLED. The lifetimes obtained by deconvolution in 
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he DAS software are given in Table S8. The lifetime of Pef pow- 

er is 0.83 ns, which corresponds to the range of fluorescence life- 

imes. For other fluoroquinolone, enrofloxacin, the powder lifetime 

s 2.77 ns [43] . For compounds with metals 1 and 3 , the lifetimes

ramatically decrease to 0.02-0.05 ns. This could indicate that the 

ntroduction of metal enhances the nonradiative relaxation of the 

uorescent excited state of Pef either to the triplet state or to the 

xcited states of manganese and zinc metal ions. 

The time-resolved PL spectra of Pef and compounds 1 - 4 mea- 

ured under microsecond excitation reveal the maximum at around 

10-540 nm for all powders (Fig. S7). The PL lifetimes obtained 

y the single or double exponential fit of decays are shown in Ta- 

le S9. The lifetimes of about 4.2–4.9 ms detected at 520 nm for 

ef and Zn(II) compounds 3, 4 are similar. The significantly shorter 

ifetimes of 0.47 and 1.23 ms are determined for Mn(II) compounds 

 and 2 , which is consistent with the Mn 

2 + emission. Thus, the 

L lifetime of 0.35 ms is reported in [15] for the similar type of

ybrid manganese(II) bromides. It should be noted that both the 

uorescence and phosphorescence are observed for Pef and metal 

ompounds 1-4 (Table S8, S9). The fluorescence and phosphores- 

ence arise from PefH 2 
2 + centered molecular orbitals, while phos- 

horescence can also involves the LMCT mechanism as well as the 
 T 1 (G) → 

6 A 1 transition for Mn(II) compounds. 

For 1 and 2 , the effect of halide ion on lifetime is observed:

.6-fold decrease from Cl – to Br –. This could be the result of 

he enhancement of spin-orbit interaction upon the introduction 

f heavy atoms into the crystal structure. The spin-orbit cou- 

ling constant for halogens is 2460 cm 

−1 for Br, 587 cm 

−1 for 

l [47] and for metal ions is 300 cm 

−1 for Mn 

2 + , ∼10 0 0 cm 

−1 

or Zn 

2 + [48] . The influence of halide ion on the PL lifetime and

hus on emission centers suggests that in 1 and 2 , along with 

efH 2 
2 + ions, Mn 

2 + ions emit. For Zn(II) compounds 3 and 4 , the 

ifetime is independent of halide ion, which is consistent with the 

redominant emission of PefH 2 
2 + ions. However, as noted above, 

he contribution of other luminescence pathways, for example, in- 

luding an LMCT mechanism cannot be excluded, especially con- 

idering the broadness of the PL spectrum of PefH 2 [ZnBr 4 ] ( 3 ).

hus, the differences in the parameters of the PL spectra and de- 

ays as well as the effect of halide ion on the luminescence for 

he isostructural Mn(II) and Zn(II) compounds, are in good agree- 

ent with the assumption that the PL in 1 and 2 originates from 

anganese(II). 

. Conclusions 

Two lead-free zero-dimensional organic-inorganic hybrid com- 

ounds PefH 2 [MnBr 4 ] ( 1 ) and PefH 2 [MnCl 4 ] ( 2 ) with moderate

LQY and high thermal stability are synthesized and structurally 

haracterized. In crystal structure, the [MnX 4 ] 
2– anions interact 

ith the organic PefH 2 
2 + cations through the network of hydro- 

en bonding. The structures are additionally stabilized by head-to- 

ail π–π stacking interactions between pefloxacindi-ium ions. The 

hotoluminescence of 1 - 2 is attributed to the single exciton emis- 

ion of PefH 2 
2 + cations and to the emission from the 4 T 1 (G) → 

6 A 1 

ransition of Mn 

2 + ions. We also found that the maximum of green 

uminescence band of Mn(II) compounds is independent of the 

alide ion nature and the excitation wavelength, but only for 2 

LQY varies with the excitation wavelength. It is assumed that 

he compounds 3 and 4 contain excited states of PefH 2 
2 + -centred 

nd/or PefH 2 
2 + -to-Zn(II) charge transfer nature, the coexistence of 

hich can produce both short-lived and long-lived emissions. For 

n(II) compounds, the maximum of PL spectra strongly depends on 

he halide ion nature. Thus, the substitution methodology of halide 

nd metal ion in isostructural HMHs provides a strong synthetic 

andle to further tune the emission profile (and CIE coordinates) 

etaining moderate PLQY. 
6 
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The crystallographic data (excluding structure factors) for the 

tructural analysis have been deposited with Cambridge Crystallo- 
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