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This paper reports the synthesis and characterization of Cr3+-doped alumina by the sol-gel 
non-hydrolytic methodology. The resulting sample was treated at different temperatures. X-ray 
diffraction revealed that the ruby phase emerged in the sample treated at 1100 oC, which was 
later confirmed by absorption bands correspondent to Cr3+ ions allowed transitions at 4A2 → 4T1, 
4T2, and forbidden at 4A2 → 2T1, 2E, observed by diffuse reflectance UV-Vis. The luminescence 
spectroscopy showed the intensity band at 694 nm in red region, characterized of the Cr3+ ion. 
The peaks at 702 and 705 nm correspond to N1 and N2 lines, respectively, which arose from the 
second and fourth nearest-neighbor exchange-coupled pairs of chromium(III) ion, respectively, 
ascribed to high chromium(III) concentration. The Cr3+ cluster formation was observed in electron 
paramagnetic resonance signal as discussed in this work. Nuclear magnetic resonance evidenced 
that the 27Al symmetry changed in the samples treated between 900 and 1100 oC.
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Introduction

Several matrices can be used as hosts for chromium(III) 
ions, e.g., Be3Al2(SiO3)6:Cr3+,1,2 LiCaAlF6:Cr3+,3 
LiSrAlF6:Cr3+,4,5 MgGa2O4:Cr3+,6 and MgAl2O4:Cr3+,7 
for further application as solid state lasers. Emission 
wavelength and emission efficiency depend on the host.1-7 
Ruby is a mineral species consisting of chromium(III) 
ions supported on α-alumina. This system presents several 
important technological applications, such as laser hosts, 
sensors of the pressure and temperature, and others.8,9 The 
literature demonstrated the laser action of the ruby for 
the first time, performed the basic research that led to the 
invention of laser and maser devices.10

The particular sensitivity of the luminescence R lines 
to changes in pressure and temperature is important for 
sensor design.11-13 Chromium(III) spectroscopy has been 
interpreted by ligand field theory. This ion has strong 
visible absorption bands due to electronic excitation from 

the ground state 4A2 to states 4T1 and 4T2. Non-radiative 
transition from these states to state 2E rapidly takes place, 
and electron fall back from 2E to the ground state is followed 
by the characteristic luminescence at 695 nm.14,15

The processes used for preparation of mixed metal oxide 
systems need high temperature, pressure, several kinds 
of reagent, and severe synthesis conditions. The Verneuil 
process has been used to produce synthetic ruby since 1902. 
This process consists of flame fusion.16 Other processes 
such as hydrothermal synthesis and fusion have also been 
employed.17,18 More recently, the sol-gel methodology has 
been used to dope alumina with chromium(III) ions.19,20 
The advantage of the non-hydrolytic sol-gel process is 
due to using basic reagent (salts), and the reaction may be 
carried out in a sealed tube at temperatures around 110 oC 
using inert atmosphere.

The sol-gel non-hydrolytic methodology has been 
successfully employed to prepare doped matrices for several 
applications. Examples of such matrices include yttrium 
aluminum garnet (YAG),21-23 GdCaAl3O7,24,25 YVO4,26-30 
SrWO4:Eu3+,31,32 Nb2O5:La3+Eu3+,33 GdNbO4:Eu3+,34 indium 
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tin oxide (ITO),35 Nb-aluminum oxide,36 iron-aluminum,37 
glass ionomer,38,39 aluminum doped with cobalt,40 
Eu3+‑doped alumina matrix,41 and porphyrin-doped alumina 
matrix.42 This methodology is based on the condensation 
between a metallic halide (M–X) and a metallic alkoxide 
(M’–OR), to yield an oxide (M–O–M’).43

In this work, we prepared alumina doped with 
chromium(III) ions by the sol-gel non-hydrolytic 
methodology to obtain the ruby phase. We investigated 
the influence of the thermal treatment temperature 
on the prepared material by photoluminescence (PL), 
X-ray diffraction (XRD), nuclear magnetic resonance 
(NMR), and electron paramagnetic resonance (EPR) 
measurements.

Experimental

The desired material was synthesized by means of the 
non-hydrolytic sol-gel method described by Acosta et al.44 
and modified by us.41 The Cr3+-doped alumina sols were 
prepared by reflux of 2.0 g (0.015 mol) of aluminum 
chloride (AlCl3) and 25.0 mL (0.18 mol) of di-isopropyl 
ether (i-Pr2O) in 40.0 mL of dry dichloromethane (DCM) 
and 20.0 mL of absolute ethanol at 110 oC, under argon 
atmosphere. Chromium(III) chloride was added to obtain 
doping at 2.0% molar ratio (Cr3+:Al3+). The condenser was 
connected to a thermostatic bath at –5 oC. The mixture 
was kept under reflux for 270 min. The obtained gel was 
cooled and aged at room temperature for 20 h. Next, the 
sol was concentrated under vacuum. The powder structure 
was investigated after thermal treatment at 900 and  
1100 oC.

Samples were characterized by XRD on a Siemens 
D 5000 diffractometer operating with Cu radiation 
(0.05o s-1). PL spectra of powder samples were recorded on 
a SPEX‑fluorog fluorometer model F212I equipped with 
double monochromators for excitation and emission and 
a 450 W xenon lamp. For powder samples, the aluminum 
site was analyzed by 27Al NMR on a Bruker Avance III 
400WB  HD spectrometer with Larmor frequency of 
59.5 MHz for 27Al. EPR measurements of the chromium(III) 
ion in the powder samples subjected to thermal treatment 
were performed on a Bruker ESP 300E spectrometer at the 
X-band (ca 9.5 GHz), at 293 or 77 K; liquid N2 was used. 
The powder samples were analyzed by diffuse reflectance 

UV-Vis spectroscopy on a CARY spectrophotometer 
(5000 UV-VIS-NIR) in the 200‑800 nm range.

Results and Discussion

Chromium(III) insertion into alumina matrices, like ruby, 
was achieved by a sol-gel non-hydrolytic methodology. This 
method is based on aluminum halide condensation with 
ether: O–R bonds are cleaved, and alkyl halides emerge. 
Alumina gelation originates from alkoxide-halide non-
hydrolytic condensation, and an alkyl halide is released.

The non-hydrolytic sol-gel route is based on condensation 
reaction between alkoxide (M–OR) and halide (M–X), the 
alkoxide is obtained in situ by reaction between an oxygen 
donor such as ether (R–O–R) with halide (Scheme 1). The 
probable mechanism for the formation of Al2O3 matrix 
doped with Cr3+ can be represented by Scheme 1.

The mechanism for the formation of Al2O3 matrix doped 
with Cr3+ can be represented by the Scheme 2, and can occur 
by three different routes. The ligand can be substituted 
by nucleophilic bimolecular SN2 (route 1), SN2 combined 
(route 2), and through the nucleophilic unimolecular SN1 
(route 3).46-48

The non-hydrolytic alumina remained amorphous 
up to 900 oC, but samples treated at 1100 oC displayed a 
crystalline phase, as evidenced by the XRD pattern, which 
revealed corundum aluminum oxide formation (Al2O3 
powder diffraction file (PDF) No. 43-1484). Figures 1a 
and 1b depict the XRD patterns of the samples treated at 
900 and 1100 oC, respectively.

The XRD patterns evidenced formation of ruby phases 
at 1100 oC, as indicated by the peaks at 2θ = 35.07, 43.14, 
and 57.39o. These peaks corresponded to PDF No. 43‑1484, 
which can be indexed to the rhombohedral form of space 
group R32/c (No. 167). The crystallinity degree of the 
samples can be evaluated by XRD; the low value at full 
width half maximum (FWHM) of the peak is an indicative 
of high crystallinity. Ribeiro and Prado49 observed values 
ranging from 0.10 to 0.14, very close to those observed for 
monocrystals of silicon and crystalline quartz. The FWHM 
of some of the diffraction peaks of the ruby synthesized in 
this work were between 0.16 and 0.34o and can be attributed 
to a high crystallinity degree. Table 1 lists the normalized 
intensities of the crystalline plane with the respective Miller 
indices as well as the interplanar distance.

Scheme 1. Mechanism of the alkoxide formation.
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Comparison between the experimental and literature50 
data showed very similar results, which indicated that the 
sol-gel non-hydrolytic methodology afforded synthetic 
ruby (α-Al2O3). This result will be later confirmed by 
other techniques.

Figure 2 presents the 27Al NMR spectrum of the powder 
samples treated at 900 and 1100 oC. When Al atoms are 
in tetrahedral coordination (AlIV), their chemical shifts 
vary from 55 to 80 ppm, whereas chemical shifts ranging 
from –10 to 10 ppm correspond to octahedral coordination 
(AlVI).39,44,46,51-56 The resonance spectra showed that the 
27Al symmetry site changed depending on temperature. 
Cr3+‑doped alumina treated at 900 oC displayed signals at 
6.8 and 65.8 ppm, which corresponded to hexacoordinated 
(AlVI) and tetracoordinated (AlIV) coordination, respectively. 

Scheme 2. The non-hydrolytic sol-gel methodology mechanism (adapted from reference 45).

Figure 1. XRD patterns of Cr3+-doped alumina powder samples treated 
at (a) 900 and (b) 1100 oC.
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The sample treated at 1100 oC presented only a signal at 
11.9 ppm, which indicated that 27Al occupied an octahedral 
symmetry site. The ruby structure only contains aluminum 
octahedral symmetry sites, so the 27Al NMR spectra 
confirmed the ruby phase in the sample treated at 1100 oC.

The EPR study helped to characterize the electronic 
environment of chromium(III) ions in Cr3+-doped alumina 
prepared by sol-gel non-hydrolytic methodology. Figure 3 
contains the EPR spectra recorded for the samples treated 
at 900 and 1100 oC. The EPR spectrum of the sample 
treated at 900 oC presented a signal with giso = 1.97 and 
a broad line with g = 2.65, characteristic of Cr3+-doped 
γ-alumina and chromium(III) ions in phases β and δ, 
respectively. The chromium ions are randomly distributed 
into the matrix, the distance between Cr3+-Cr3+ decreases 
with increasing concentration, leading to formation of Cr3+ 
clusters. Confirmation of the clusters formation can be 
made through EPR measurements. Patra et al.50 observed 
the EPR at g = 1.99 for ca. 3400 G ascribed to Cr3+ clusters. 

In this work, the EPR signal appears at g  =  1.97 for 
3451 G, confirming the Cr3+ clusters formation. This signal 
disappeared in the EPR spectrum of the sample treated at 
1100 oC, which confirmed octahedral symmetry. The EPR 
spectra showed a signal with g ca. 3.45, which suggested 
the presence of chromium(III) ions in distorted octahedral 
symmetry. This is the case of the ruby structure, where 
small Al3+ ions were replaced with larger Cr3+ ions, and the 
size difference distorted the corundum lattice.

Figure 4 shows the diffuse reflectance UV-Vis spectra of 
the powder sample treated at 1100 oC, with absorption bands 
due to two spin-allowed transitions, 4A2 → 4T1 (405 nm) and 
4A2 → 4T2 (562 nm), and spin-forbidden bands between 650 
and 710 nm. In that case, the transitions from excited levels 
2T1 and 2E to ground state 4A2 were shown by a group of 
narrowed bands in the spectrum, and it were resulted from 
the spin-orbit interaction and trigonal crystal-field distortion 
effects on these levels. Finally, the spectrum showed the R 
and N lines at high and low energy, respectively. And the 
intensity ratio of N line to R line was consequence of the 

Table 1. 2θ angles, interplanar distance, Miller indices, and relative intensity obtained from the XRD patterns of the prepared Cr3+-doped alumina powder 
samples as compared to literature data

2θ / degree 2θlit / degree d / Å dlit / Å hkl I / I0 (I / I0)lit

25.57 25.43 3.479 3.499 0 1 2 47 60

35.07 34.94 2.556 2.565 1 0 4 90 92

37.68 37.55 2.384 2.393 1 1 0 40 46

43.14 43.09 2.094 2.097 1 1 3 96 88

52.40 52.22 1.744 1.749 0 2 4 47 50

57.39 57.14 1.604 1.610 1 1 6 100 100

66.41 66.08 1.406 1.412 2 1 4 41 42

68.07 67.75 1.375 1.382 3 0 0 48 30

d: interplanar distance; hkl: Miller index; I / I0: relative intensity. The subscript lit refers to literature data (PDF 43-1484).

Figure 2. 27Al NMR spectra of the Cr3+-doped alumina powder samples 
treated at 900 oC (red solid line) and 1100 oC (black dashed line).

Figure 3. EPR spectra of the Cr3+-doped alumina powder samples treated 
at 900 oC (red solid line) and 1100 oC (black dashed line).
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chromium concentration, as shown by Powell.51 The noticed 
baseline change after 750 nm was not by matrix absorption, 
but it was a baseline artifact resulting from wavelength lamp 
exchange in the equipment.

Figure 5 shows the Tanabe-Sugano diagram57 of the 
d3 energy level configuration of octahedral symmetry and 
the absorption spectrum of the Cr3+-doped alumina powder 
sample treated at 1100 oC.

The narrow bands between 650 and 710 nm were 
ascribed to the spin-forbidden transitions 2T1 → 4A2 and 
2E → 4A2. The crystal field parameter (Dq) and Racah (B) 
parameters were calculated from the excitation bands. Dq 
and B were determined from the location of the bands 
corresponding to transitions 4A2 → 4T2 and 4A2 → 4T1, 
respectively.15 Dq was 1773 cm-1, B was 645 cm-1, and  
Dq / B was 2.75, which agreed with values obtained for 
other systems with octahedral chromium(III) ions.6,7,58,59

Excitation spectra were recorded by fixing the 
emission wavelength at 694 nm (Figure 6). The spectra 
of the Cr3+‑doped alumina samples treated at 1100  oC 
displayed broad bands at 405 and 562 nm, which 
corresponded to spin-allowed transitions from the ground 
state 4A2 to the excited states 4T2 and 4T1, respectively.19 
The excitation spectra indicated the octahedral symmetry 
of the chromium(III) ion replacing Al3+ in the alumina 
matrix.

The small band at 475 nm (Figure 6) can be ascribed to 
spin forbidden transition at 4A2 → 2T2. The low intense band 

Figure 4. (a) Diffuse reflectance UV-Vis spectrum of the Cr3+-doped 
alumina powder sample treated at 1100 oC; (b) magnification of selected 
area.

Figure 5. Tanabe-Sugano diagram of the d3 energy level configuration of octahedral symmetry and absorption spectrum of the Cr3+-doped alumina powder 
sample treated at 1100 oC.
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attributed at the 4A2 and 2T2 was a spin forbidden transition.
Figure 7 illustrates the emission spectra of Cr3+‑doped 

alumina powder sample treated at 1100 oC in two different 
excitation lines, 405 nm (Figure 7a), and 565 nm (Figure 7b). 
The emission spectra of the Cr3+-doped alumina powder were 
recorded at room temperature. The spectra contained the 
well-known sharp R lines at 694 nm, attributed to transition 
2E → 4A2 of single Cr3+ ions in ruby. The emission spectra 
indicated that chromium(III) ions occupied octahedral sites.19 
The peak around 670 nm in the spectrum of the powder 
sample referred to the lines of transition 2T1 → 4A2.47 Jamison 
and Imbusch53 ascribed the peaks at 702 and 705 nm to N1 and 
N2 lines, respectively, which arose from the second and fourth 
nearest-neighbor exchange-coupled pairs of chromium(III) 
ions, respectively, due to high chromium(III) concentration. 
The Cr3+ cluster formation was observed in EPR signal as 
discussed in this work.

The broad band above 705 nm, resulting from the 
location of Cr pairs, was also observed in literature.60,61 
The bands at 701 and 705 nm are ascribed to N2 and N1 
lines of the Cr3+, respectively, with some overlap with the 
vibronic line peaks at 707 and 714 nm.62,63 The vibronic 
band at 714 nm is more intense when excited at 405 nm; this 
fact explained the resolution and intensity of the emission 
spectra, the vibration mode acts to disable the excited state.

Conclusions

The sol-gel non-hydrolytic route is an important 
methodology to produce multifunctional materials. 
Cr3+-doped alumina powder treated at 1100 oC displayed 
the ruby phase. The XRD, PL, and diffuse reflectance 
UV-Vis analyses showed that the chromium(III) ion was 
incorporated into the alumina matrix and occupied a 

distorted octahedral symmetry site after it substituted Al3+ in 
the matrix. 27Al NMR and EPR characterization confirmed 
this substitution, which generated the ruby structure.
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