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ABSTRACT

We report synthesis, thermal, dielectric, Raman, IR and luminescence studies of chromium-
doped multiferroic MOF, [(CH3).NH2][Mn(HCOO);] (DMMn). These studies reveal that doping
with chromium(l11) leads to lowering of the ferroelectric phase transition temperature T.. The
doping also changes the character of the phase transition from strongly first-order for undoped
sample to partially diffused one for 3.1% of chromium doping. This behavior resembles behavior
of inorganic ABO; perovskite ferroelectrics where doping often leads to decrease of T. and
diffuse character of a phase transition. We also show that the chromium-doped sample exhibits
efficient luminescence. Additional studies demonstrated that [(CHs).NH,][M"(HCOO)s] formates

(M"=Mg, Mn, Co) may also be doped with other trivalent cations such as Al3*, In®*, Eu®* or Ers".
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Doping with these ions also leads to decrease of T. and diffuse character of the phase transition.
Additional optical studies show that europium-doped DMMn sample also exhibit luminescent
properties. Thus our discovery opens up a new and simple route for synthesis of various
multifunctional amine-templated metal formate frameworks with tunable multiferroic and

lumi nescent properties by doping these frameworks with wide range of trivalent cations.

I ntroduction

Ferroel ectric materials have found many technological applications and ABO; oxides
crystallizing in perovskite architecture constitute one of the most important family of
ferroelectrics.! Properties of these oxides may be tailored by doping at A- and/or B-sites by both
isovalent and aliovalent cations.™2 In particular, doping generally leads to shift of the phase
transition temperature and the phase transition may become diffuse.2 When doping is
sufficiently large, a microscopic phase transition may no longer be observed and the material
may exhibit strong dielectric relaxation attributed to presence of polar nanoregions.»? Relaxor
ferroelectrics have received alot of attention due to their excellent electro-mechanical properties,
among others.* Although ferroelectrics are widely used in various technological applications,
there is growing demand for discovery of novel materials possessing two or more useful
properties in one phase. Multiferroics constitute one of such group of multifunctional materials.
Most interesting are those, which exhibit coexistence of both electric and magnetic orders since
such materials are promising for application in data storage media, electromagnetic sensors,
telecommunication systems etc. One of the most extensively studied multiferroic material
crystallizing in a perovskite architecture is BiFeO; and its properties may be strongly modified by

doping.®
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In recent years, synthesis of metal-organic frameworks (MOFs) was shown to be novel and
very promising way for obtaining multiferroic materials.* Multiferroic properties were confirmed
for [cat][M"(HCOQ);], where cat= dimethylammonium (DMA*) or NH,4* cation, and M=Mn, Co,
Ni or Fe.*¢ It was also suggested that coexistence of electric and magnetic order existsin
imidazolium manganese formate [C3N2Hs] [Mn(HCOO);], hydrazinium metal formates
[NH2NH;][M"(HCOO);] with M=Mn, Co, guanidinium copper formate [C(NH)s][ Cu(HCOO)4]
and ethylammonium metal formates [CH;CH,NH;][M(HCOO);] with M=Mg, Mn.” It isworth
noting that recent report showed that magnetoel ectric coupling in DMMn may be observed
already in the paramagnetic phase.® Since discovery of these multiferroics, numerous attempts
were undertaken to synthesize other perovskite multiferroics by using different organic cations
such as azetidinium, hydroxylammonium and formamidinium.®22 Although many new compound
have been discovered, which posses interesting magnetic and dielectric properties, ferroelectric
properties were not confirmed in any of these compounds.®*? A second possible way for
obtaining novel organic multiferroicsis preparation of compounds containing frameworks built
up of different metal cations. This route was successfully employed for synthesis of [(CH3).NH]
[FE'"M"(HCOO)e] compounds (M"=Fe, Mn, Co, Mg, Ni, Zn, Cu) that crystallize in niccolite
architecture,316 and [(CH3)NH;][NagsM"' os(HCOO);] frameworks (M"'=Cr, Fe) crystallizing in
the perovskite structure.r”18 In this family of heterometallic compounds, coexistence of electric

and magnetic order was observed only in the mixed-valence [(CHs).NH,][Fe"Fe'(HCOO)¢].141>

Herein, we explore a third possibility for tailoring properties of amine-templated metal
formates, i.e., doping with trivalent cations. This novel approach has not been yet explored in
multiferroic MOFs but it is clear that doping opens the opportunity to play with the framework

flexibility, which in turn should modify properties of the doped materials. We will show that the
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doping with trivalent cations modifies properties and phase transition mechanism of the three
studied here MOFs. It is also worth adding that doping may allow obtaining novel luminescent
materials by selecting appropriate MOFs and lanthanide or other cations. We will show in the
present report that doping adds new functionality to the studied here multiferroic MOFs, i.e.,
these compounds may be doped with chromium or lanthanide ions that make them promising

[uminescent materias.

Experimental

Synthesis

All reagents (analytically grade) used for synthesis are commercially available and used without

further purification. All crystals were prepared under solvothermal conditions at 140 °C. In order
to synthesize chromium-doped DMMn, a mixture of MNnSO4-H,0 (1.96 mmol), Cr(NOs)3-9H,0O
(0.04 mmol), DMF (30 mL) and H,O (30 mL) was heated in a Teflon-lined microwave autoclave
for 24 hours. Block light green crystals were obtained by evaporating the solution at room
temperature for 1 week. The crystals were filtered from the mother liquid and washed by ethanol.
The remaining crystals of Co and Mg analogues were prepared in the same way by using MgCl,
and CoCl, salts. We have aso synthesized some crystals containing smaller concentration of Cr3*
using the reaction mixture containing only 0.02 mmol of Cr(NOs)s-9H,0. For doping with Al3*,
Eu, Eret and In%*, AI(NO3)39H-0, EUu(NOs)s, ErCls-6H,0 and InCl; salts were used. The phase
purity of bulk samples was confirmed by a good match of their powder XRD patterns with the
simulated ones based on the single crystal structures of pure DMMn, DMCo and DMMg (Figure

S1, Supporting Information). The content of metal elements was determined by inductively
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coupled plasma method (ICP), which was performed on an ARL 3410 ICP instrument. The

concentrations of trivalent ionsis given in Table S1.

X-ray powder diffraction

Powder XRD patterns were obtained for al samples on an X’ Pert PRO X-ray diffraction system
equipped with aPIXcel ultrafast line detector, focusing mirror, and Soller dlits for CuKoy

radiation (A=1.54056 A).

Heat Capacity

Heat capacity was measured using Mettler Toledo DSC-1 calorimeter with high resolution of 0.4

MW. Nitrogen was used as a purging gas. The heating and cooling rate was 5 K/min. The excess
heat capacity values associated with the phase transitions were evaluated by subtraction from the

data the baselines representing variations in the absence of the phase transitions.

Dielectric Properties

The dielectric measurements at ambient pressure were carried out using a Novocontrol Alpha
impedance analyzer (10mHz - 1MHz). Since the obtained single crystals were not big enough to
perform single crystal dielectric measurements, pellet made of well-dried DMMn: 3.1% Cr3*
sample was measured instead. The pellet was placed between two copper, flat electrodes of the
capacitor with a gap of 0.5 mm. The small signal of an amplitude 1V was applied across the
sample. The temperature was controlled by the Novo-Control Quattro system, with use of a
nitrogen gas cryostat. The measurements were taken every 1 deg over the temperature range from

130 to 250 K. Temperature stability of the samples was better than 0.1 K.
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Raman and IR studies

Temperature-dependent IR study was performed for the DMMn: 3.1% Cr3* sample using Biorad
575C FT-IR spectrometer and a helium-flow Oxford cryostat. KBr pellet was used for the range
of 3500-400 cm* and Apiezon N suspension for the range of 500-50 cm-*. The spectral
resolution was 2 cmr. Raman spectra were measured using a Bruker FT 100/S spectrometer with

YAG:Nd laser excitation (1064 nm) and a helium-flow Oxford cryostat.

Optical studies

For measurements of Cr3* emission Varian Model 2300 Spectrophotometer along with Oxford
Model CF 1204 continuous flow liquid helium cryostat equipped with temperature controller
were used. Sample was excited with 450 nm RN-N Blue laser model. For measurements of
excitation spectrum of the chromium-doped DMMn at 77 K, Xe lamp and McPherson optical
measurement system with Hamamatsu R928 photomultiplier as a detector were used.
Temperature of 77 K was obtained using liquid nitrogen and a Dewar flask. To measure decay
profiles Continuum OPO Surelite | pumped with Nd:YAG laser as the excitation source and
digital oscilloscope Tektronix model TDS 3052 were used. Electron reflectance spectra of
europium and erbium-doped DMMn were measured using a Cary 5E spectrophotometer with the
Praying Mantis diffuse reflectance accessory. Emission spectrum of europium-doped DMMn
sample was measured using Hamamatsu photonic multichannel analyzer PMA-12 equipped with
BT-CCD linear image sensor and Nd:YAG laser with Ti-sapphire converter as the excitation

source.

Results and discussion
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Thermal Properties

The DSC measurements of DMMn, DM Co and DMMg show sharp heat anomalies characteristic
for first-order phase transitions at 190, 159 and 265 K upon warming and 182, 149 and 259 K
upon cooling, respectively (Figures S2-S5). The transition temperatures are in good agreement

with those reported in literature.’*2 The changes in heat capacity and entropy related to the
phase transitions are presented in Figures 1 and S3-S5. The calculated changes in enthalpy AH

and entropy AS of the studied compounds are listed in Table S1. The AS values obtained for
DMMn (4.7 Jmol-*K-t) and DMMg (5.9 Jmol-1K-1) are close to the 4.6 Jmol-*K- value reported for
DMMg.# The change in entropy for DMCo is smaller (3.4 Jmol-*K-1) when compared to DMMg
and DMMn (Table S1). Figures 1, S2, S5 and S6 show that doping with Cr3* has significant

impact on the phase transitions in DMMn and DM Co. Firstly, doping leads to pronounced

lowering of T, (Table S1 and Figure S6). Secondly, the DSC and AC, peaks become much
broader and strongly asymmetric. Thirdly, changes in the transition entropies become less steep
and smaller. It is worth noting that shift of T., broadening and asymmetry of thermal anomalies,
and decrease of the transition entropy increase with increasing concentration of Cr3* ions. Very
similar features were reported for many inorganic perovskites, for which shift of T,, broadening
of thermal anomalies and decrease of the entropy also increased with increasing concentration of
doping ions (diffuseness of the phase transition)."*** Thus the observed features of the thermal
anomaliesfor the chromium-doped DMMn and DM Co prove that Cr3* isincorporated into their
frameworks, and doping changes the character of the phase transition from strongly first-order to
diffused one. Chromium-doped DMMg samples show weaker effect, with T, shift of about 10 K
for 2.2 % Cr3* doping, compared to 13 K shift for DMMn: 2.1 % Cr3* (see Table S1). Moreover,

this compound does not show any significant change in the transition entropy upon doping. We
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suppose that this behavior can be attributed to different stability and stiffness of the magnesium
formate framework when compared to the Mn and Co analogues. Indeed, previous studies

showed that Mg compound exhibits unusually high T. among the DMM compounds.?*

In order to check if doping with other trivalent cationsis also possible, we have performed
synthesis of DMMn in the presence of Al3*, In3*, Eu®*and Er3*. Our data show that effect of Al3*
and In3* doping on T, is comparable to the effect of Cr3* doping (see Figure 1). Effect of Er3*
doping is also strong, even stronger than Cr3+ doping (Figure S6). Eus* ions may also be
incorporated into the DMMn matrix but in this case we were not able to obtain sample with only
one thermal anomaly. Double DSC peak for this sample indicates that the grown DMMn: Eus*

sample is non-equilibrium material .5

Figure 1. (&) The change in heat capacity and (b) entropy related to the phase transition in
DMMn, DMMn: 2.1 % Cr3, DMMn: 3.1% Cr3*, DMMn: 2.0 % Al* and DMMn: 3.5 % In3*

measured in heating modes.

Dielectric Properties
Since DSC studies revealed that doping with aliovalent cations has significant impact on

character of the phase transitions in the studied MOFs, we decided to perform detailed studies for
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DMMn: 3.1% Cr3* as arepresentative sample. Figure 2 shows the real and imaginary components
of the dielectric permittivity as a function of temperature for DMMn: 3.1% Cr3* for heating
process. The results show an increase of temperature corresponding to the maximum value of the
real part of dielectric permittivity Tmax With increasing frequencies. Nevertheless, the real part of
the permittivity €' is largely independent of frequency above Trex. Such a behavior implies the
relaxor character of the investigated material. At the same time, the imaginary part of dielectric
permittivity exhibits a broad frequency dependent peak. At first glance, both the imaginary and
real part of dielectric permittivity graphs show a diffuse phase transition with no distinct

anomalies owing to structural phase transitions. However, more detailed analysis reveaed

characteristic temperature of about 164 K, where the amplitude of the €”(T) broad peak starts to

decrease with decreasing frequency.

Figure 2. () Real and (b) imaginary dielectric permittivity responses as a function of
temperature in DMMn: 3.1% Cr3*. The representative curves are plotted in frequency decades

between 0.1 Hz and 2 MHz. Dash line corresponds to the structural phase transition temperature.
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Figure 3. Complex dielectric permittivity spectraof DMMn: 3.1% Cr3* (rea part () imaginary

(b)) at ambient pressure in temperature ranges indicated in the figures.

In Figure 3 dielectric response of the studied DMMn: 3.1% Cr3* sample is presented. It
follows from the plot (Figure 3b) that for the investigated compound imaginary part of dielectric
permittivity exhibits two relaxation peaks characteristic for dipolar relaxation, shifted towards
lower frequencies with decreasing temperature. The first relaxation peak corresponds to the
structural relaxation above the phase transition temperature and its temperature dependent shape
may indicate that the effective relaxation response of the sample is contributed by more two
relaxation processes. Second peak appears below the phase transition temperature. The dielectric
loss spectra for the dominating peak deviate from the classical Debye behavior. The studied
material reveals the anomalous, two-power-law relaxation mechanism represented by low- and
high-frequency power-law dependence of the imaginary part of dielectric permittivity on
frequency, i.e.:

NS0 (S o) fOr [ S
NSV (S o)™ FOX S s
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where f,.. denotes the loss peak frequency and the power-law exponents fall in the range of

0< m,n< 1, Such arelaxation pattern was found to be characteristic aso for related MOFs. 1517
The temperature dependence of the power law exponents corresponding to the dominating
relaxation peak is presented on Figure 4. At phase transition temperature the character of changes

of both parameters can be noticed, which is attributed to the structural phase transition.

Figure 4. Temperature dependence of the power-law exponents in relaxation response of DMMn:

3.1% Crs*.

Vibrational Studies

In order to obtain further insight into structural changes and mechanism of the phase transition in
DMMn: 3.1% Cr3*, we employed Raman and IR methods since it is well known that vibrational
methods are very sensitive to local distortion, defects and order-disorder phenomena. 227
Temperature-dependent Raman and polycrystalline IR spectra of DMMn: 3.1% Cr3* are
presented in Figures S7-S9, Supporting Information, and Figures 5 and 6. The obtained results
show that vibrational spectraof DMMn: 3.1% Cr3* are very similar to those reported for pure
DMMn (Figures 5 and 6, and ref. 20). Upon cooling down to 160 K, the observed bands exhibit

weak narrowing and shifts. Significant changes in the spectra become, however, evident below
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160 K. Firstly, many bands exhibit significant narrowing. This behavior is especially pronounced
for the p(NH.) IR mode observed near 920 cm* (Figure 6(b)) and the lattice modes (Figure S7).
Secondly, new bands appear and some bands split. For instance, the v3(HCOO") IR mode near

795 cm* and the vs(HCOO') mode near 1370 cmr? split into doublets (Figure 6a and 6¢). Third,
some bands exhibit significant changesin intensity. This behavior is very clearly observed, for

instance, for the Raman bands in the range 2800-2900 cmt (Figure 5a).
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Figure 5. (a) Detall of the Raman spectra results corresponding to the spectral range 3100-2750
cm* for DMMn: 3.1% Cr3*. For the comparison sake, data for previously reported DMMn are
presented in (b).*® Arrows indicate the bands that exhibit pronounced increase in intensity below

the phase transition temperature.
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Figure 6. Detail of the IR spectra results for DMMn: 3.1% Cr3* ((a), (b) and (c)) and undoped

DMMn ((d), (€) and (f).

In order to better observe the temperature-dependent changes in the spectra, we show
temperature evolution of afew selected vibrational frequencies and full widths at half maximum
(FWHM) values for different molecular subunits of the studied compound (Figures 7, 8 and
S10). These figures show very clear changes in frequency near the structural phase transition
temperature. Since the observed frequency shifts are observed both for the DMA* and formate
modes, the phase transition is related to distortion of both organic cation and manganese formate

framework. Figure 8b also shows that the most significant changes in FWHM values are

observed for the p(NH,) mode and this behavior proves that the phase transition in DMMn: 3.1%

Cr3* s associated with ordering of DMA* cations.
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Figure 7. Temperature evolution of (a) vas(CNC) and (b) vs(CNC) mode IR frequencies for
DMMn: 3.1% Cr3 (circles) and DMMn (triangles). (¢) FWHM of the vas(CNC) bands for

DMMn: 3.1% Cr3* (circles) and DMMn (triangles). Solid lines are to guide the eye.

Figure 8. Temperature evolution of (a) p(NH,) IR mode frequencies and (b) FWHM values for

DMMn: 3.1% Crs3*+ (circles) and DMMn (triangles). Solid lines are to guide the eye.

The presented data show that changes in the Raman and IR spectra of DMMn: 3.1% Cr3* are
similar to those observed for undoped DMMn. This behavior proves that similar as in DMMn,
the structural changesin DMMn: 3.1% Cr3* can be attributed to ordering of DMA* cations, which

is accompanied by distortion of the metal formate framework. However, closer inspection of the



Journal of Materials Chemistry C

data shows also some significant differences. Firstly, the observed changesin DMMn: 3.1% Cr3*
are not so sharp as in DMMn but they are smeared over 100-160 K range. This behavior is
consistent with shift of the phase transition temperature to lower value and its diffuse character.
Secondly, the observed frequency shifts of the vas(CNC) and vs(CNC) modes when going from
room-temperature to 5 K are smaller for DMMn: 3.1% Cr3 compared to DMMn. Furthermore,
Figures 5 and 6 show that bands of DMMn: 3.1% Cr3+ are broader and splitting smaller when
compared to DMMn. This behavior points to weaker distortion of the framework and smaller

changesin the C-N bond lengths at T. upon doping this MOF with chromium ions.

Optical Studiesof DMMn: 3.1% Crs3*

Emission measured at 250 K is broad, centered at 12909 cm-* (787.6 nm) and its FWHM is equal
2841 cm* (Figure 9). This broad band can be assigned to the “T,;=> “A,y transition of Cr3+.
Additional small peak at 14553 cm (686.5 nm) is due to the 2E;>*A, spin forbidden transition
commonly known as R line. Other humps at 14138 cm* (707.9 nm) and 14286 cm* (700 nm) can
be assigned to vibronic transitions associated with the R line. The broad band is symmetrical,

which indicates that the chromium ions are located at one site in the structure.
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Figure 9. Emission spectra of DMMn: 3.1% Cr3* recorded at 5 - 250 K under 450 nm laser diode

excitation.

With decreasing temperature the “To; > “Ay transition becomes less visible. At 100 K it is no
longer observed, only the peaks associated with the ?E; > “A, transition are present in the
gpectrum. This behavior is common for Cr3 ions in the intermediate crystal field.?2
Measurement at 5 K helped to explain the nature of narrow peaks that appear at longer
wavelengths. Energies and tentative assignment of these peaks are collected in Table S2. The R
lines have their maximum values at 14635.9 cm* (683.2 nm) and 14593.9 cm (685.2 nm). The
separation between R; and R; lines is 42 cm?, which is close to the 48.8 cm® value found in
[(CH3).NH;][NaysCros(HCOO)4].28 This result indicates that symmetry of Cr3* ions surrounding
in DMMn: 3.1 % Cr3 is similar to that in [(CH3):NH2][NaysCros(HCOO)3]. This result is
consistent with octahedral coordination of Cr3* ions due to formation of Cr-O bonds with oxygen
atoms of the formate groups. Since the lifetimes of all lines are the same, we conclude, that the
Cr3* pair lines are not present in the spectrum. Hence, al of the other lines besides R lines must
be assigned to vibronic transitions. The intensity ratio of emission lines changes significantly
with decreasing temperature. Lines assigned to vibronic Stokes transitions have significantly
lower intensity at low temperature.

Excitation spectrum recorded at 77 K is also characteristic for Cr3* ions located at
intermediate ligand field (Figure S11). Two broad bands centered at 17300 and 24456 cm-* were
assigned according to O, notation to the transitions from the ground #A,4 to the “T2y and 4T 14(F)
levels, respectively. The bands are broadened and especially the latter one is split into two
components centered at 24440 and 26875 cmr?, which is due to the fact that the degeneracy of the

energy levelsis removed by lower than O, symmetry. The splitting is relatively large (2435 cm™?)
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when compared to the splitting of the T4 band in ZnAl,O,:Cr3+ (1860 cm?) or natural MgAIOs:
Cr3+ (1700 cm?) spinels. % |t is, however, comparable to the 2500 cm* value observed in the
synthetic MgAl, 0,2 and smaller than the 2914 cm?t splitting found in [(CHs3).NH;]
[NapsCros(HCOO)].28

We have used the excitation spectrum for calculation of the crystal field parameter Dq and
Racah parameters B and C. Value of the B parameter was found computing when the determinant

(where: Trisenergy of the 4T,(F) band) defined below is equal 0.

(1)

C parameter was calculated from:

)

The calculated values are Dg=1730 cm, B=722 cm1, C=3107 cm?, thus the ratio Dg/B=2.4 and
C/B=4.3. On the basis of Tanabe — Sugano description, which was discussed in our previous
paper on [(CH3).NH:][NaysCros(HCOO)],*® we confirm that the changes of emission spectrum
with temperature result from intermediate field of ligands surrounding chromium ions.

Measurements of the emission decay profiles shown in Figure S12 also confirm the
foregoing findings. The decay profiles of the R line measured in temperature range of 5 - 300 K
are single exponential. From 5 to 100 K emission lifetime is constant (1.81 ms). Emission
lifetime begins to decrease exponentially with temperature above 100 K, reaching 0.17 ps at 300

K. The shortening of the emission lifetime can be attributed to thermalization of the 2Eg level and
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energy transfer to the 4T,y level. This mechanism was covered in our paper on [(CH3).NH;]
[NaysCros(HCOO)s].2® However, the energy separation is greater in DMMn: 3.1 Cr3 when
compared to [(CHs).NH;][NaysCros(HCOO)s] because the chromium ions are located in a
dightly stronger ligand field. This result indicates that Cr-O bonds in DMMn: 3.1 Cr3* should be
dightly shorter when compared to Cr-O bonds in [(CH3).NH:][NaysCros(HCOO)3].

To establish the value of the 2E4 - “T,y Separation AE (see Figure S13), following procedure
was carried out. According to Grinberg et a. the probability of radiative transition in Cr3+ can be

expressed as:*

©)
where P and N are the transition probabilities and degeneracies of excited states, respectively. AE
and AE; are the energy separations between 2E - “T, and 2T, - 2E, respectively. Taking into

consideration only 2Eg and “T g, the formula simplifies to:

4)
The result of fitting the experimental data to Eq. (4) are shown in Figure 10. The value of the 2E,
- 4T, Separation is calculated to be 1442 + 49 cm . This value is comparable with results for Cr3+
in intermediate ligand field in spinels.? By comparison of the obtained AE with the values for
spinels and corresponding Dg/B values, we can see that for the AE = 1442 cm, the Dg/B value
should be between 2.3 - 2.4. This conclusion is in agreement with the value calculated from the

spectra.
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Figure 10. Emission lifetimes recorded at 5 — 300 K temperature range. Solid line represents
fitted curve (2) with parameters: 1, = 1.75+ 0.08 ms, .= 0 + 32ns, N, = 1, AE = 1442 + 49 cm’'.

Adj. R-Square for fitting is 0.99862.

Optical Studiesof DMMn: 1.4 % Eu®* and DMMn: 2.6 % Er3*

Figure S14 shows absorption spectra of europium- and erbium-doped DMMn. As can be seen,
the absorption bands characteristic for Ers* and Eu* are clearly observed, proving incorporation
of these ions into the manganese formate framework.

Figure 11 shows emission spectrum of DMMn: Eu®* measured at 77 K. The 5D, > F;
electric dipole transition dominates the emission spectrum. The second strongest transition is the
D, = F4 one. Transitions to the 7F;, 7Fs, and ’Fs manifolds are much weaker. The °D, = F,
transition gains its strengths because of magnetic—dipole character and the D, 2 “F, oneis very
weak. It is well known that emission spectra may provide information on the symmetry of the
first coordination sphere of this ion since the number of crystal-field components for the °D, >
F; transitions as well as intensity of observed emission lines depend on the site symmetry of Eus*
ions.32 For instance, strong intensity of D, = 7Ftransition indicates that Eu®* ions are located at

low symmetry noncentrosymmetric sites with highly polarizable ligands.3? The presence of strong
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D, = "F, emission and splitting of the emission bands for DMMn: 1.4 % Eu®* samples is

characteristic for Eus* ions located at low symmetry site and coordination to carboxylate groups.

Figure 11. 1Emission spectrum of DMMn: 1.4 % Eu?* recorded at 77 K, Aexc= 396 nm.

The above examples show that both Eu3* and Er3* ions may be incorporated into DMMn host
matrix. Luminescent lanthanide-based MOFs with small concentration of lanthanide ions are still

scarce. One of a possible way for designing such MOFs is synthesis of heterometallic

frameworks.® One of the example is [ZnsEu(OH)(H.0)s(mip)s L(H20)], and its Tb analogue
(mip= 5-methylisophthalate dianion).** Another way for obtaining lanthanide-doped MOFs is

cation-exchange. This method was, for instance, employed for synthesis of lanthanide-doped

[NH4]-[ZnL][BH,0, where L=1,2,4,5-benzenetetracarboxylate.®® The third method is a direct
synthesis of lanthanide-doped MOFs.% In situ doping of low concentration of lanthanide ions is
especialy promising way for obtaining efficient luminescent materials due to avoiding
luminescent quenching and simultaneously maintaining the main properties of the host matrix.3
However, there are still very few reports on synthesis of lanthanide-doped MOFs using this in
situ method. Our results show new way for growing DMMn and related MOFs doped with

lanthanide ions.
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Conclusions

We have demonstrated that some amine-templated metal formates belonging to the large family
of multiferroic MOFs may be doped by various trivalent cations. This doping leads to shift of T,
to lower value. The doping aso changes the phase transition character from a strongly first-order
into diffused one due to compositional fluctuations within the sample. Detailed investigation of
DMMn: 3.1 % Cr3* sample shows, however, that the structural changes in the this sample are till
very similar to those observed for undoped DMMn. Thus the doped samples are still expected to
exhibit multiferroic properties, at least if the concentration of the dopant ions is within a few
percentage range. However, the doping should affect value of the spontaneous polarization as
well as the coupling strength between magnetic and electric orders. Our results also show that it
affects the dielectric relaxation processes.

Another interesting result of our study is manifestation of luminescence of Cr** and Eu’" ions
doped into DMMn host. This discovery shows that doping may add new functionality to this
family of multiferroic MOFs, i.e., chromium- and lanthanide-doped samples may exhibit
luminescent properties. Luminescent MOFs are of great interest for various technological
applications such as sensors and solid-state lightning devices, among others, and a number of
luminescent MOFs are already known. However, chromium-based MOFs are still very scarce.
There are also few examples of MOFs containing low concentration of lanthanide ions but such
materials are of great interest since low concentration of dopant ions helps to avoid luminescence
quenching. Furthermore, modification of the lanthanide ions concentration is one of very

important strategy for tuning luminescent properties in solids. For instance, Liu et al. showed that

changes of Eu*" concentration in Tb(1,3,5-BTc)(H,0);3H,0: Eu** allows tuning luminescent
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color from green to yellow, orange and red-orange.”” Thus our discovery showing that some
multiferroic MOFs may be doped with Cr3* and lanthanide ions opens up a fascinating
opportunity for synthesis of various multifunctional amine-templated metal formate frameworks
with tunable multiferroic and luminescent properties by doping trivalent cations into these
frameworks. We would like to emphasize that although perovskite-type organic-inorganic hybrid
ferroelectrics and luminescent ferroelectrics are known (examples are [CsHg-NH;][CdCI3] and
(pyrrolidiniumMnCl;),®%  discovery of the first luminescent multiferroic MOF
(pyrrolidiniumMnBrs) was reported just a few months ago.” Thus the synthesised here
chromium-doped multiferroic DMMn and DMCo as well as europium-doped DMMn constitute

the first luminescent multiferroic materias based on chromium and lanthanide ions.
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We show that doping of multiferroic formates with various trivalent cations is a new route for

synthesis of tunable luminescent multiferroics
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