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1  Introduction

Plastic-bonded explosives (PBXs) are heterogeneous mate-
rials consisting of energetic organic molecular crystals (e.g. 
RDX, PETN, and TNT) embedded in a polymer matrix, 
with possible additional additives being plasticizers, anti-
oxidants, taggants/markers, and friction-generating grit. 
These energetic organic molecular crystals can be initi-
ated by a variety of stimuli, including thermal, mechani-
cal or electrical. In the case of non-thermal initiation, it is 
believed that these stimuli first heat the energetic material, 
which then causes thermally induced chemical decomposi-
tion to occur.

For mechanical shock initiation, this heating is due to the 
shock-induced formation of hotspots within the material. 
Much research has been devoted to understanding shock-
induced hotspot formation [1–14] with the main mecha-
nisms being pore collapse [14], plastic deformation [3, 12, 
13], micro-fractures, binder/crystal interface friction, and 
crystal/crystal interface friction. While these mechanisms 
have been identified to form hotspots in shocked hetero-
geneous materials, it is currently unknown which of these 
mechanisms are responsible for chemical energy release for 
a given material composition and loading condition [12].

Determining this dependence requires performing simul-
taneous time-resolved microstructural and thermal imaging 
of heterogeneous sample under shock compression. Per-
formance of these measurements is difficult, as shock-com-
pression events typically occur on the ns-μs time scales and 
microstructural imaging typically utilizes synchrotron X-Ray 
phase contrast imaging [15–19]. One approach to perform-
ing in situ microstructural imaging is the recently inaugurated 
NNSA-sponsored Dynamic Compression Sector (DCS) at 
the Advanced Photon Source (Argonne National Laboratory) 
[20, 21]. The DCS provides the opportunity to perform time 
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resolved X-ray phase contrast imaging of shock-compressed 
heterogeneous materials, which provides the first of the two 
required measurements.

The second required measurement is rapid thermal 
imaging with ns-μs resolution. To this end, we are devel-
oping temperature sensors based on two-color thermom-
etry (TCT) phosphors, which can be used in heterogeneous 
materials to provide spatially resolved thermal imaging. 
Previously, TCT phosphors based on inorganic crystals 
have been used to perform temperature imaging in a wide 
variety of contexts [22, 23, 23–34], but for our applica-
tion—inert PBX analogues—we desire to have organic 
TCT phosphors that have similar mechanical properties to 
the energetic materials.

The first step, toward this goal, is to develop appropriate 
organic molecular crystals that can be used for two-color 
thermometry. To achieve this goal, we choose to use Dy3+
-doped yttrium ternary complexes that can be grown into 
molecular crystals with the first such material being [Y1−x

Dy
x
(acetylacetonate)3(1,10-phenanthroline)] ([Y1−xDy

x

(acac)3(phen)]). In this study, we report on the optical prop-
erties of [Y1−xDy

x
(acac)3(phen)] at different temperatures 

and concentrations.

2 � Background

2.1 � Two‑color thermometry

Dy3+ is a well-known lanthanide ion used for a wide variety 
of optical applications [22, 23, 23–30, 34–42], with a com-
mon application being two-color thermometry (TCT) [22, 
23, 23–30, 34]. TCT using Dy relies on two closely spaced 
Dy energy levels (4I15∕2 and 4F9∕2) to act as a probe of tem-
perature. When a Dy-doped material is optically pumped 
(with an appropriate wavelength), the ions are excited into 
the 4F9∕2 energy level, from which they can also populate 
the 4I15∕2 energy level due to thermal effects. The ratio of 
the populations in the 4I15∕2 energy level n2, and the popula-
tion in the 4F9∕2 energy level n1, is determined by the Boltz-
mann distribution, such that their ratio is:

where ΔE is the energy difference between the 4I15∕2 and 
4
F9∕2 energy levels (approximately 0.115 eV for aqua 

ions [43–46]), k
B
 is Boltzmann’s constant, and T is the 

temperature.
This ratio between the 4I15∕2 and 4F9∕2 energy levels can 

be determined using emission spectroscopy; as the ratio of 
the 4I15∕2 → 6

H15∕2 and 4F9∕2 →
6
H15∕2 transition is pro-

portional to the ratio of populations:

(1)
n2

n1

= e−ΔE∕kBT ,

where A is a proportionality constant.

2.2 � Ligand enhanced luminescence

While Dy3+ has advantageous optical properties for TCT, 
on its own Dy3+ (and the other lanthanide ions) has a 
small molar absorption coefficient, making it an ineffi-
cient phosphor. To overcome this limitation, much work 
has been done on embedding different lanthanide ions in 
ligands such that the ligands (which have large absorp-
tion coefficients) absorb the pump light and subsequently 
transfer the absorbed energy to the lanthanide ion [45, 
47–61]. This energy transfer is typically radiationless 
and can occur via several possible mechanisms: elec-
tron exchange [48, 53], dipole–dipole interactions (both 
allowed [62–65] and unallowed transitions [48, 66]), 
dipole–quadrapole interactions [48], and excitons [67, 
68].

This energy transfer has been empirically found to be 
most efficient if the ligand’s lowest triplet energy level is 
between 0.23 and 0.62  eV greater than the lanthanide’s 
primary luminescent state, as energy back-transfer is 
more likely to occur for energy differences of 0.23  eV 
[51, 69]. One such material, satisfying this criterion, is 
[Dy(acetylacetonate)3(1,10-phenanthroline)] ([Dy(acac)3
(phen)]) [52, 70–73], which is the subject material of 
this study. To demonstrate the energy level spacing of 
the ligands and Dy ion, we provide a simplified energy 
level diagram in Figure  1 where the energy levels are 

(2)

I2

I1

∝
n2

n1

= Ae−ΔE∕kBT ,

Fig. 1   Energy level schematic of [Dy(acac)
3
(phen)] displaying 

energy transfer from the ligands’ triplet state to Dy3+’s lowest excited 
state
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taken from the literature [45, 47, 52, 74, 75]. Note that in 
general there are many more energy levels for the ligands 
and Dy than displayed in Fig. 1, but we simplify the dia-
gram to highlight the relevant transitions.

From a review of the literature [45, 47, 52, 74, 75], 
we find that the acac ligand has an S0 → S1 transition 
corresponding to ≈3.596  eV (345  nm), phen has an 
S0 → S1 transition corresponding to ≈3.263 eV (380 nm), 
and Dy3+’s primary luminescent state (4F9∕2) is at ≈
2.583  eV (480  nm). In our study, we use a frequency-
tripled Nd:YAG laser with a wavelength of 355  nm for 
our excitation source, which places the excitation wave-
length nearly resonant with acac’s S0 → S1 transition. 
This means that during excitation the primary absorption 
is due to the acac ligand, which can then nonradiatively 
transition to the lowest triplet state T1 (energy ≈3.134 eV) 
via intersystem crossing. Once in the triplet state, the 
energy can be transferred from the ligand to the Dy3+ ion 
with the approximate energy difference between acac’s T1 
state and the 4F9∕2 state of Dy3+ being 0.554  eV. Since 
this energy difference is greater than 0.23 eV, backwards 
energy transfer will be minimal.

3 � Method

3.1 � Materials

The primary component of our two-color thermosensors is 
[Dy(acetylacetonate)3(1,10-phenanthroline)] ([Dy(acac)3
(phen)]). [Dy(acac)3(phen)] has previously been inves-
tigated for use as a single molecule magnet [70, 71], a 
phosphor for white OLEDs [72, 73], and an NIR optical 
phosphor for use in telecommunications [52]. In these pre-
vious studies, the authors prepared the material with a Dy 
concentration of 100  mol%, while in our study we dilute 
[Dy(acac)3(phen)] with [Y(acac)3(phen)]. We perform 
this dilution to characterize the influence of Dy concen-
tration on the material’s optical properties. This combina-
tion of [Dy(acac)3(phen)] and [Y(acac)3(phen)] results in a 
hybrid molecular crystal, which we denote [Y1−xDy

x
(acac)3

(phen)].
To prepare [Y1−xDy

x
(acac)3(phen)], we use the follow-

ing procedure [71]: First, we prepare a solution of acety-
lacetone (0.06 M) and 1,10-phenanthroline (0.02  M) in 
a DMF/methanol mixture (1:1 vol./vol. ratio). To this 
solution, we add an aqueous solution of potassium tert-
butoxide (KOtBu) (0.06  M) at an equal volume ratio. 
Once mixed, we add another equal volume aqueous solu-
tion containing Dy(NO3)3.5H2O and Y(NO3)3.6H2O in 
different Dy/Y mole ratios such that the total concentra-
tion is 0.02 M. For this study, we make [Y1−xDy

x
(acac)3

(phen)] with Dy concentrations of 1, 5, 10, and 15 mol%. 

Gradually white precipitates appear and the suspension 
is allowed to age under stirring at room temperature for 
4–6  h. The precipitates are isolated via centrifugation 
(6000 rpm for 3 min) and finally dried in vacuum at 80 ◦

C for ≈12  h. The resulting powder consists of [Y1−xDy
x

(acac)3(phen)] molecular crystals (MCs).
To characterize the structure of the [Y1−xDy

x
(acac)3

(phen)] MCs, we use X-ray diffraction (XRD) with a 
Cu-K� radiation source (�=1.5418 Å) operated at 40 kV 
and 40 mA. The X-ray beam is monochromated using an 
X’Celerator monochromator (PANalytical B.V.) and col-
limated using a fixed divergence slit with 0.04 radian Sol-
ler slits, 0.5◦ divergence slit and 10 mm mask. The dif-
fracted X-rays are detected using a PIXcel3D detector 
(PANalytical B.V.) with the resulting diffraction patterns 
being analyzed using X’Pert HighScore Plus, Version 3.0 
(PANalytical B.V.). Additional characterization is per-
formed by optical microscopy of the MC powder.

Figure  2 shows a representative XRD pattern for 
[Dy(acac)3(phen)], with the pattern displaying sharp 
peaks consistent with a polycrystalline structure. This 
structure is also confirmed by optical microscopy, with 
the inset of Fig.  2 being an optical image displaying 
multiple crystals of varying shapes and sizes. To deter-
mine the crystal parameters (structure, space group, lat-
tice size, etc.) of the material, we analyze the XRD pat-
tern for each Dy concentration and find that the crystal 
parameters are within uncertainty of each other for all Dy 
concentrations. We therefore average the parameters and 
tabulate their average value in Table 1. These parameters 
are found to be consistent with previous XRD measure-
ments of [Dy(acac)3(phen)] MCs [71].

Fig. 2   XRD pattern for [Dy(acac)
3
(phen)] with multiple sharp peaks 

visible. Inset: Optical microscope image of crystals
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3.2 � Spectroscopy

To measure the luminescence spectra of [Y1−xDy
x
(acac)3

(phen)] at different temperatures, we use a custom fluo-
rescence spectroscopy system and powder heater. The 
spectroscopy system consists of a frequency-tripled 
Nd:YAG laser (Continuum Powerlite II 8000, 355  nm, 
8  ns), focusing and collection optics, and two different 
spectrometers (one for temporally gated spectral meas-
urements and the other for ungated measurements). The 
spectrometer for ungated measurements consists of an 
Acton SpectraPro 2750i monochromator, attached current 
PMT, and a Spectrahub interface, while the spectrometer 
for gated measurements consists of a Princeton Instru-
ments PI-Max 3 ICCD connected to an Acton SpectraPro 
2500i spectrometer. In addition to spectral measurements, 
the ungated system is also used to measure florescence 
lifetimes with the PMT output connected to a Tektronix 

DPO 4104 oscilloscope. Figure  3 shows a schematic of 
the spectroscopy system.

To evenly heat our [Y1−xDy
x
(acac)3(phen)] molecular 

crystal powder, we use a custom powder heater. The heater 
consists of a block of Aluminum (2” D × 1” H) containing 
a 1 cm diameter indentation in which the powder is placed. 
This configuration allows for heating the powder from both 
the bottom and sides. For heating, we use a 120 W canister 
heater which is controlled by an Omega CN32PT-220 PID 
controller with a K-type thermocouple providing tempera-
ture feedback.

4 � Results and discussion

4.1 � Ungated spectra

We begin our study of [Dy(acac)3(phen)] by considering 
its ungated emission spectra at different Dy concentra-
tions as shown in Fig. 4. Note that the intensity in Fig. 4 
is scaled such that the intensity at 520 nm is normalized. 
From Fig.  4, we find that the emission spectra consist of 
four broad peaks corresponding to emission from Dy with 
the peak centers being 453 nm (4I15∕2 → 6

H15∕2), 482 nm 
(4F9∕2 →

6
H15∕2), 577  nm (4F9∕2 →

6
H13∕2), and 660  nm 

(4F9∕2 →
6
H11∕2 ).

In addition to the four Dy peaks in Fig.  4, we also 
observe a broad background emission centered at 520 nm 
(which is found to originate from the organic ligand) and 
a peak at 532  nm (corresponding to residual second har-
monic in the pump). The ligand emission is isolated from 

Table 1   Average crystal 
parameters for [Y

1−xDyx(acac)
3

(phen)] determined from XRD. 
These parameters are found to 
be invariant with Dy concen-
tration (within experimental 
uncertainty)

Parameter Value

Crystal system Monoclinic
Space group P2

1
/c

a (Å) 16.1
b (Å) 21
c (Å) 9.4
� 90◦

� 116◦

� 90◦

V (Å3) 2841.82

Fig. 3   Schematic of experimen-
tal setup with both the gated (1) 
and ungated (2) spectrometers. 
F1 355 nm Laser line filter, F2 
long-pass filter (400 nm cut-on), 
L1, L2, L3 Lenses, M1 mirror, 
Hub Acton Spectra Hub



Two‑color thermosensors based on…

1 3

Page 5 of 15  62

the Dy emission by measuring a pure [Y(acac)3(phen)] 
sample, as shown in Fig. 5.

4.2 � Gated spectra

Given the proposed application of [Y1−xDy
x
(acac)3

(phen)] as a TCT phosphor it is necessary to remove 
the ligand’s emission from the measured spectrum. 
This removal allows for an accurate probe of the Dy 

populations in the 4I15∕2 and 4F9∕2 energy levels. While 
the ligand’s emission can easily be subtracted using 
multi-peak fitting when performing spectral measure-
ments, this technique is not an option when performing 
time-resolved TCT imaging. Instead, for time-resolved 
TCT imaging, we rely on the different luminescence life-
times of the Dy3+ ions and the ligand.

To demonstrate the different lifetimes, we plot the 
normalized emission intensity (for a 1  mol% sample) 
at 482  nm (primarily due to Dy) and 520  nm (due to 
ligand) as a function of time in Fig. 6. From Fig. 6, we 
find that the 520 nm intensity follows a single exponen-
tial—with lifetime 0.6 μs—while the 482 nm intensity is 
bi-exponential—with lifetimes of 16 μs and 0.6 μs. Given 
the value of the short lifetime (for the 482 nm intensity) 
and the observation that [Y(acac)3(phen)] has emission 
at 482  nm, we conclude that the fast component of the 
bi-exponential is due to the ligand, while the long life-
time component is due Dy’s 4F9∕2 →

6
H15∕2 transition. 

The order of magnitude difference in emission lifetime 
between the ligands and the Dy ion means that we can 
remove the ligands’ emission using gated measurements 
with a delay greater than the emission lifetime of the 
ligands.

Using a gate delay of 1 μs, we re-perform the spectral 
measurements on the different [Y1−xDy

x
(acac)3(phen)] 

samples (scaled spectra are shown in Fig.  7) and obtain 

Fig. 4   Scaled emission spectra of [Y
1−xDyx(acac)

3
(phen)] MCs for 

different Dy concentrations. The spectra consist of four broad peaks 
from the Dy ions superimposed on a broad background emission 
from the organic ligand. The small peak at 532 nm is residual second 
harmonic from the pump laser

Fig. 5   Normalized emission spectrum from a [Y(acac)
3
(phen)] 

sample with 355 nm excitation. The emission is broad and spans the 
whole spectral region of interest

Fig. 6   Normalized 482 and 520 nm emission intensity from a [Y
0.99

Dy
0.01

(acac)
3
(phen)] sample as a function of time. The emission at 

482 nm is found to be bi-exponential with lifetimes of 16 μs and 0.6 μ
s, while the 520 nm emission is found to follow a single exponential 
with a lifetime of 0.6 μs. The bi-exponential behavior of the 482 nm 
intensity is due to emission from both the lanthanide and ligands, 
while the 520 nm intensity follows a single exponential as it consists 
of emission from the ligands only
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improved contrast between the Dy and ligand emission 
as the ligand’s emission is mostly removed. From Fig. 7, 
we find that the contrast between the emission at 520 and 
482 nm is approximately 120, which is an order of mag-
nitude larger than for the ungated spectral measurements 
(Fig. 4). This increased contrast minimizes the influence 
of the ligand’s emission and allows for more accurate 
determination of the intensity ratios used in Eq. 2.

4.3 � Concentration dependence

From Fig. 7, we observe that while the relative intensity of 
the Dy emission increases as the concentration increases 

from 1 to 10  mol%, it begins to decrease as the concen-
tration is further increased. This behavior arises as the 
increase in concentration initially is beneficial (providing 
more ions for luminescence), but as the concentration is 
further increased quenching becomes to dominate and lim-
its the emission from the material. Figure  8 demonstrates 
this effect in the relative intensity at 482 nm as a function 
of concentration, with a fit to a lognormal function as a 
guide for the eye. From Fig. 8, we find that the 10 mol% 
sample provides the most emission intensity.

To further characterize concentration quenching in [Y1−x

Dy
x
(acac)3(phen)], we measure the luminescence intensity 

as a function of time after excitation to determine the lumi-
nescence lifetime at different Dy concentrations. Figure 9a, 
b shows the emission intensity as a function of time after 
excitation for the different concentrations. From Fig. 9a, b 
we find that the luminescence decays as a bi-exponential 
function with the fast decay occurring with a concentra-
tion-independent lifetime of ≈0.6 μs and the slower decay 
having a concentration-dependent lifetime, which decreases 
with increasing concentration. The observation of the long 
lifetime depending on the Dy concentration and the short 
lifetime being invariant with concentration is additional 
evidence that the short lifetime component is due to the 
ligands, while the long lifetime component is due to the Dy 
ion.

Using simple exponential fits to the data in Fig. 9a, b, we 
determine the lifetime as a function of Dy concentration, 
which is shown in Fig. 8. From Fig. 8, we find that as the 
concentration increases the lifetime becomes shorter, with 
the largest change occurring when going from 1 to 5 mol%.

The influence of concentration quenching on lantha-
nide luminescence lifetimes has been studied in depth [48, 
62–66, 76–80] with the two main mechanisms of concen-
tration quenching in solid-state materials being long-range 
Energy Transfer (LRET) [62–65, 80], and short-range Dex-
ter electron exchange [66]. These mechanisms result in dif-
ferent functional behavior of the lifetime as a function of 
concentration. Assuming that the ion has an unquenched 
lifetime of �0, the lifetime � (as a function of concentration 
C) is:

for LRET with CH being the half-quenching concentration 
and � being an exponent that depends on the energy trans-
fer mechanism (e.g., dipole–dipole interactions and quad-
rapole–dipole interactions). For Dexter electron exchange, 
the lifetime as a function of concentration is given by:

(3)
� =

�0

1 +
(

C

CH

)� ,

(4)� =
�0

1 + kDe
−(C∕C0)

−1∕3
,

Fig. 7   Scaled gated emission spectra of [Y
1−xDyx(acac)

3
(phen)] 

MCs for different Dy concentrations

Fig. 8   Relative intensity and lifetime of the emission at 482 nm as a 
function of Dy concentration. The relative intensity is fit to a lognor-
mal function and the lifetime is fit to Eq. 4.
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where c0 is the critical concentration [81] and kD is a mate-
rial dependent constant. From the functional forms of 
Eqs.  3 and 4, we note that LRET results in the lifetime 
asymptotically approaching zero, while the Dexter mecha-
nism has the lifetime asymptotically approaching a nonzero 
value. Given these differences in functionality of Eqs.  3 
and 4, and the observed behavior of the lifetime in Fig. 8, 
we conclude that the Dexter mechanism’s concentration 
dependence best matches the observed experimental data. 
Therefore, we fit the lifetime data in Fig.  8 to Eq.  4 and 
observe good agreement.

The result of the experimental lifetimes following Eq. 4 
is surprising, as typically the other quenching mechanisms 
are more dominant [80] as they are longer range interac-
tions than Dexter electron exchange. Typically Dexter elec-
tron exchange-based quenching doesn’t occur until the aver-
age spacing of ions is on the order of 10’s of angstroms, as 
the Dexter mechanism is proportional to the overlap of the 
acceptor and donor wavefunctions [66].

Given this spatial dependence, it is necessary to esti-
mate the ion spacing to determine if Dexter electron 
exchange is a valid hypothesis. To do so, we first estimate 
the particle density using the lattice volume (see Table 1), 
which gives a particle density of np = 3.52 × 1026  m−3. 
This density represents the number of molecular com-
plexes in a given volume, but not the density of Dy ions. 
To get the density of Dy ions, we need to scale the par-
ticle density by the doping percentage, which gives the 
ion density to be n

i
= cnp, where c is the doping percent-

age. While a precise calculation of the mean interion dis-
tance ⟨r⟩, from the concentration is difficult, we can get 
a rough estimate using the formula ⟨r⟩ ∼ 1∕n

1∕3

i
. Using 

this formula, we get an inter-ion distance of 65.7 Å for 
the 1 mol% sample and 26.7 Å for the 15 mol% sample. 

These spacings suggest that the Dexter mechanism is a 
valid hypothesis for our observed concentration depend-
ence. However, further study (using more concentrations 
and a calculation of the exchange radius) is required to 
verify this result.

4.4 � Temperature dependence

4.4.1 � Emission spectra

With the concentration dependence of the emission of 
[Y1−xDy

x
(acac)3(phen)] characterized, we now turn to 

Fig. 9   Normalized luminescence intensity as a function of time for 
different Dy concentrations at wavelengths of 482 nm (a) and 575 nm 
(b). Note that the fast decay seen at early times has a concentration-

independent lifetime of ≈ 0.6μs, which is consistent with emission 
from [Y(acac)

3
(phen)]

Fig. 10   Emission spectra of a [Y
1−xDyx(acac)

3
(phen)] (Dy concen-

tration of 10 mol%) at 14 different temperatures. The emission dis-
plays strong thermal quenching
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consider the influence of temperature on its emission. To 
do so, we use the gated spectroscopy system to measure 
the temperature-dependent emission of [Y1−xDy

x
(acac)3

(phen)] at 14 different temperatures ranging from 293 
to 423 K. Figure  10 shows an example set of emission 
spectra for the 10  mol% sample. From Fig.  10, we find 
that the emission spectra display strong thermal quench-
ing, which is seen in the emission from all concentrations 
tested.

We characterize the material’s thermal quenching by 
plotting the emission intensity at 482  nm as a function 
of temperature for all four concentrations in Fig. 11, with 
the intensity normalized such that the room temperature 
intensity is unity. From Fig. 11, we find that the intensity 
as a function of temperature decays exponentially with 
each concentration’s curve being within uncertainty of 
each other. Fitting each curve to a simple exponential and 
taking the weighted average of the decay constants over 
all four concentrations, we find that the average decay 
constant is 36.89 ± 0.84 K.

To consider what this temperature dependence means 
practically, we assume that we have a detection system 
capable of accurately measuring down to 1% of the room 
temperature signal. Using the decay constant determined 
above, this dynamic range gives a functional maximum 
temperature of approximately 463  K. However, for our 
current detection system, we find that for temperatures 
above 423 K the signal to noise ratio is unacceptably 
small (≈ 2 for the 455 nm peak and ≈ 16 for the 482 nm 
peak). Thus, our current maximum temperature limit is 
≈ 423 K.

4.4.2 � Luminescence lifetime

In addition to the thermal quenching affecting the emission 
intensity, we also find that it affects emission lifetime, which 
is consistent with previous measurements of other lanthanide-
doped complexes [77, 81–83]. We characterize the influence 
of thermal quenching on the lifetime of [Y1−xDy

x
(acac)3

(phen)] by measuring the lifetime of the emission at 482 and 
575 nm for the 10 mol% sample, as shown in Fig. 12. From 
Fig. 12, we find that thermal quenching in [Y0.9Dy0.1(acac)3
(phen)] results in the lifetime decreasing with increasing 
temperature.

This decrease in lifetime with increasing temperature is 
typically modeled as a barrier process with the rate of energy 
loss from the excited state k, being

where k0 is the excited state’s natural decay rate, 
kNR(T) = k1e

−ΔET∕kT is the rate of nonradiative energy 
transfer as a function of temperature T, with ΔET being the 
energy transfer barrier and k1 being a rate related to non-
radiative energy transfer from the excited state. Recalling 
that the lifetime of the excited state is given by � = 1∕k, we 
use Eq. 5 to give the lifetime as a function of temperature:

(5)
k = k0 + kNR(T),

= k0 + k1e
−ΔET∕kT ,

(6)

� =
1

k0 + k1e
−ΔET∕kT

,

=
�0

1 +
�0

�1
e−ΔET∕kT

,

Fig. 11   Normalized emission intensity at 482  nm as a function of 
temperature for different Dy concentrations, with the intensity nor-
malized to the room temperature value. The emission shows strong 
thermal quenching

Fig. 12   Lifetimes of the luminescence emission at 482 and 575 nm 
as a function of temperature for [Y

0.9
Dy

0.1
(acac)

3
(phen)]. As the tem-

perature increases, the lifetimes decrease due to thermal quenching
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where �
i
= 1∕k

i
.

Fitting the lifetime data in Fig. 12 to Eq. 6, we determine 
the different parameters for both the 482 and 575 nm peaks 
with the results tabulated in Table 2. From Table 2, we find 
that the parameters for both the 482 and 575 nm peak are 
within uncertainty of each other. This is expected as both 
peaks correspond to transitions from the 4F9∕2 energy level.

4.4.3 � Intensity ratios

At this point, we have characterized the emission properties 
of [Y1−xDy

x
(acac)3(phen)] for different temperatures and 

concentrations. The next step toward using [Y1−xDy
x
(acac)3

(phen)] as a TCT phosphor is to characterize the excited 
state ratios between the 4I15∕2 and 4F9∕2 states as a function 
of temperature. This ratio is probed by measuring the ratio 
between the emission peak at 455 nm (4I15∕2 → 6

H15∕2) and 
482 nm (4F9∕2 →

6
H15∕2). In our study—to improve the 

signal to noise ratio—we use the spectrally integrated peak 
intensities to calculate the peak ratios with the 455 nm peak 
having an integration range of 450–460 nm and the 482 
peak having an integration range of 465–500 nm.

Using the gated spectra measured at different tempera-
tures for each concentration, we integrate the spectral peaks 
and calculate their ratios. The ratios of the integrated peaks 
are shown in Fig. 13 as a function of inverse temperature. 
Note that for the 1:99 sample, the intensity at temperatures 
above 383 K becomes so weak as to make the ratios unreli-
able. These ratios are therefore not used when performing 
fitting.

From Fig. 13, we find that for all four concentrations the 
integrated ratio behaves as an exponential with inverse tem-
perature, which is consistent with Eq. 2. Fitting the ratios in 
Fig. 13 to Eq. 2, we determine both the amplitude param-
eter A and the energy barrier ΔE, which are tabulated in 
Table 3.

From Table 3, we find that the energy differences are 
all within uncertainty of each other and have a weighted 
mean of 100.2(±3.2) × 10−3  eV. This energy difference 
is significantly less than the expected energy difference 
of ≈ 0.15  eV (energy difference between photons with 
wavelengths of 482 and 455  nm). While the measured 

difference is less than the difference expected due to 
the peak wavelengths, it is actually consistent with the 
energy difference determined for Dy3+ in a water solu-
tion: ΔE ≈ 0.1147 eV (energy difference between photons 
with wavelengths of 475 and 455 nm) [43–46].

To understand why the energy difference measured 
in this study (and seen in the literature [24, 28, 43–46, 
84]) differs from the the value determined using the peak 
wavelengths, we note that the peak spacing (455 vs. 
482 nm) does not directly represent the spacing between 
the 4I15∕2 and 4F9∕2 energy levels. In reality, each broad 
spectral peak consists of multiple overlapping smaller 
peaks that arise due to transitions from the excited state 
into the Stark-split 6H15∕2 ground state [45, 85].

Therefore, to accurately determine the spacing 
between the 4

I15∕2 and 4
F9∕2 energy levels using peak 

positions, we need to use transitions from the excited 
states into the same 6H15∕2 sub-level. This, however, is 
difficult to accomplish when the transitions to the dif-
ferent sub levels are overlapping from thermal and/or 
inhomogeneous broadening. This broadening can be 

Table 2   Fit parameters determined from lifetimes as a function of 
temperature

The parameters for the lifetime at 482 and 575  nm are found to be 
within uncertainty of each other

Parameter 482 nm 575 nm

�
0
 (μs) 11.6 ± 4.5 13.8 ± 3.9

�
1
 (ns) 4.2 ± 2.5 5.3 ± 1.7

ΔE
T
 (10−3 eV) 200 ± 28 193 ± 13

Fig. 13   Integrated peak ratio (455 nm/482 nm) as a function of tem-
perature for four different Dy concentrations

Table 3   Exponential fit parameters determined from Fig. 13 for dif-
ferent Dy concentrations

Dy concentration (mol%) A ΔE (10−3 eV)

1 2.30 ± 0.87 114 ± 14
5 1.06 ± 0.31 100.1 ± 9.4
10 1.08 ± 0.20 98.4 ± 6.2
15 0.98 ± 0.13 99.7 ± 4.3
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minimized either using low temperatures [85] or a host 
material with a strong crystal field [45]. Alternatively, by 
integrating over the full peak (as we do in this study), we 
can account for all transitions from the 4I15∕2 and 4F9∕2 
energy levels into the 6H15∕2 state and obtain an accurate 
energy difference.

Having determined the temperature response of the inten-
sity ratio, we can now calculate the sensitivity of [Y1−xDy

x

(acac)3(phen)] and the temperature resolution of our TCT 
technique. The sensitivity S of a TCT phosphor is given by 
[86]

where r is the intensity ratio and the sensitivity is given in 
units of % K−1. To calculate the sensitivity, we first take the 
derivative of the intensity ratio function (Eq. 2) and substi-
tute in the average amplitude and energy difference from 
Table  1. We then divide the calculated derivative by the 
experimentally obtained ratio (for the 10  mol% samples) 
and compute Eq.  7 with Fig.  14 showing the computed 
sensitivity. From Fig. 14, we find that the sensitivity has a 
maximum value of 1.5% K−1, which is comparable to many 
other temperature-sensing phosphors [86].

In addition to calculating the sensitivity of our phosphor, 
we also consider the temperature resolution ΔT, of our tech-
nique, which not only depends on the sensitivity of the phos-
phor, but also the experimental uncertainty of the optical 
detection system. The temperature resolution can be defined 
as the temperature change required to change the ratio by an 
amount equal to the experimental uncertainty. Mathemati-
cally this takes the form of

(7)S =
100

r

�r

�T
,

(8)ΔT = �
r

(
�r

�T

)−1

,

where �
r
 is the experimental uncertainty in the ratio.

Using the calculated derivative of the ratio and the ratio 
uncertainty for the 10 mol% sample, we calculate the tem-
perature resolution and show the results in Fig.  14. From 
Fig. 14, we find that at room temperature the temperature 
resolution is approximately 1.8 K and that it increases with 
temperature. This behavior is primarily due to the effects 
of thermal quenching, which is found to increase the rela-
tive uncertainty of the measured ratio as the temperature is 
increased.

4.5 � Photodegradation

In the previous section, we measured the 455 nm/482 nm 
intensity ratios of [Y1−xDy

x
(acac)3(phen)] at different tem-

peratures and determined the calibration parameters for 
the material’s temperature response. While this analysis is 
the main purpose of our study, we also observe significant 
yellowing of the [Y1−xDy

x
(acac)3(phen)] powder during 

extended UV exposure, which suggests that the material 
undergoes significant photodegradation.

Given that [Y1−xDy
x
(acac)3(phen)] consists of either a 

Dy or Y ion connected to organic ligands, photodegradation 
will occur solely due to the ligands, implying that the Dy 
spectral ratios should be unaffected (assuming the ligand 
stays transparent in the 450–500  nm range). However, 
while the ratios should be unaffected, the overall intensity 
will be decreased as the ligand acts as an “antenna” for the 
Dy ion [52] and damage to the ligand will decrease the effi-
ciency of energy transfer between the ligand and Dy ion.

To characterize this decrease in energy transfer effi-
ciency (and confirm that the ratios are unaffected), we 
measure the emission spectra between 450 and 500 nm for 
a 10  mol% sample as a function of time during constant 
UV illumination at two different temperatures (293 and 
393 K). For both degradation and excitation, we use the 
same 355 nm pulsed laser with the fluence per pulse being 
89  mJ/cm2 (average intensity of 0.891  W/cm2). Figure  15 
shows the scaled integrated intensity of the 482  nm peak 
(integration range 465–500 nm, smoothed for clarity) as a 
function of time for both 293 and 393 K, with the intensity 
scaled such that the initial intensity is 1.

From Fig. 15, we find that the scaled integrated intensity 
of the 482  nm peak decays exponentially with time, with 
the higher temperature being found to decay more quickly. 
Fitting the decay curves in Fig. 15 to a simple exponential 
function, we find decay rates of � = 1.40(±0.26) × 10−3 s−1 
for the 293 K curve and � = 3.29(±0.56) × 10−3 s−1 for the 
393 K curve.

Comparing the decay rates between the two temperatures, 
we find that by increasing the temperature by 100 K the 
ligand decays 2.35× more quickly than at room temperature. 
This temperature dependence suggests that photodegradation 

Fig. 14   Sensitivity and temperature resolution of our TCT method as 
a function of temperature
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is due to an energy barrier process. To estimate this energy 
barrier, we first assume that the decay rate depends on tem-
perature as an Arrhenius function:

where �0 is the asymptotic decay rate and ΔED is the pho-
todegradation energy barrier. With this assumption, we cal-
culate the ratio of decay rates to be,

where �1 is the decay rate at temperature T1 and �2 is the 
decay rate at temperature T2. Equation 10 can be rearranged 
to give the energy barrier to be

Substituting in our experimental values, we can estimate 
the energy barrier to be ΔED = 0.084 ± 0.011 eV. Note that 
a more accurate determination—using degradation at many 
different temperatures—of this energy barrier is beyond the 
scope of this current study.

In addition to determining the temperature dependence of 
(acac)3(phen)’s photodegradation, we also compare its pho-
tostability to other organic materials by computing the com-
monly used figure of merit for organic dyes [87]:

(9)� = �0e
−ΔED∕kT ,

(10)
�1

�2
= exp

[
−
ΔED

k

(
1

T1

−
1

T2

)]
,

(11)ΔED = −k
T1T2

T2 − T1

ln

(
�1

�2

)
.

(12)FoM =
B

�

where � is the undamaged absorbance cross section, B is 
the degradation’s inverse quantum efficiency, ⟨I⟩ is the aver-
age pump intensity, � is the decay rate, and ℏ� is the pho-
ton energy of the degradation source. Using Eq. 13 and the 
values from our room temperature (293  K) measurement, 
we determine a FoM of 1.13(±0.21) × 1021 cm−2, which is 
on the same order as a large number of organic materials, 
but almost two orders of magnitude below the most photo-
stable organic materials [87].

With the influence of (acac)3(phen)’s photodegrada-
tion on the emission intensity now determined, we turn to 
considering how (acac)3(phen)’s photodegradation affects 
the intensity ratio between the 455  nm peak and the  482 
nm peak. Using the same calculation method described 
in Sect.  4.4.3, we calculate the integrated peak ratio as a 
function of temperature for both temperatures as shown in 
Fig. 16. From Fig. 16, we find that for both 293 and 393 K 
the integrated ratio is invariant within uncertainty for the 
entire time frame of photodegradation. This result confirms 
our initial hypothesis that photodegradation won’t influence 
the intensity ratios.

4.6 � Dynamic heating test

Having now determined the temperature dependence of the 
integrated ratio and shown that the ratio is invariant dur-
ing ligand photodegradation, we now demonstrate the use 
of [Y1−xDy

x
(acac)3(phen)] as a TCT phosphor. To do so, 

we heat a sample (10 mol%) and measure the luminescence 

(13)=
⟨I⟩
�ℏ�

,

Fig. 15   Scaled integrated intensity (465–500  nm) as a function of 
time during 355  nm exposure for two different temperatures. The 
material is found to photodegrade under 355  nm illumination with 
the decay rate increasing with temperature. Note that the data is 
smoothed using a binomial algorithm for clarity

Fig. 16   Integrated ratio (455 nm/482 nm) as a function of time dur-
ing photodegradation. The ratio is found to be invariant within exper-
imental uncertainty for the entire degradation time period
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spectrum and TC temperature as a function of time using 
the gated spectroscopy system.

After heating, we compute the integrated intensity ratio 
as a function of time and calculate the temperature using 
Eq. 1 and the calibration values. Figure 17 shows the cal-
culated temperature, TC value, and the peak intensity at 
482 nm as a function of time. From Fig. 17, we find that 
the calculated temperature is within uncertainty of the 
TC temperature for temperatures up to about 370  K after 
which point the calculated temperatures are more noisy. 
This noise in temperatures is due to the emission inten-
sity decreasing to the point where the SNR is too small to 
obtain accurate temperatures.

From Figs. 11 and 17, it should be noted that the maxi-
mum accurate temperature is lower in Fig.  17 than in 
Fig. 11. The reason for this difference is related to the dif-
ferent camera settings between the static calibration meas-
urements and the dynamic heating measurements. During 
the calibration measurements, the camera gain is adjusted 
for each temperature to account for the decrease in inten-
sity, while during dynamic heating the gain is fixed for the 
entire run. This leads to the intensity quickly falling below 
the accurate detection limit. We are currently working on 
developing new software which will dynamically adjust the 
camera gain allowing for a larger temperature range.

5 � Conclusions

We develop a TCT phosphor based on a [Y1−xDy
x
(acac)3

(phen)] molecular crystals. The emission (using an 

excitation wavelength of 355 nm) is found to contain four 
peaks originating from the Dy ion and a broad background 
peak arising from the ligand. The emission from the Dy 
ion at room temperature is found to have a lifetime ranging 
from 6 μs to 16 μs depending on Dy concentration, and the 
emission from the ligand at room temperature has a lifetime 
of approximately 600 ns. This difference in lifetime allows 
us to remove the ligand’s contribution from the emission 
spectra using time-gated spectroscopy.

Using this technique, we characterize the material’s 
emission for four different concentrations and 14 different 
temperatures. From these measurements, we find that the 
material displays both concentration and thermal quench-
ing, which results in decreased emission intensity and lumi-
nescence lifetimes at high concentrations and temperatures. 
With regards to concentration quenching, we find that the 
peak intensity occurs for a Dy concentration of ≈10 mol% 
and that the lifetime as a function of concentration appears 
to follow the functionality of Dexter electron exchange 
quenching. While the estimated ion spacing is found to 
be the correct order of magnitude for the Dexter exchange 
mechanism, a more in depth study of the concentration 
dependence is needed to verify this hypothesis.

We also find that the effect of thermal quenching on 
[Y1−xDy

x
(acac)3(phen)]’s emission is consistent with 

results seen in other lanthanide-doped complexes. We find 
that the emission intensity decays exponentially in the tem-
perature range tested (with the 1/e intensity decay tempera-
ture being 36.89 ± 0.84  K) and that the emission lifetime 
obeys Eq. 6 with a thermal quenching barrier of ≈ 0.2 eV. 
Due to this thermal quenching, we find that—for our cur-
rent spectroscopy system—we can accurately measure the 
emission to a temperature of ≈423 K.

Additionally, we find that the organic ligand photode-
grades under UV illumination resulting in a decrease of 
the Dy emission peaks as the ligand acts as an “antenna” 
for the Dy ion. Despite this decrease in luminescence effi-
ciency, due to photodegradation, we find that the ratio 
between the 455 and 482 nm peaks is unchanged.

With the emission of [Y1−xDy
x
(acac)3(phen)] character-

ized, we next demonstrate its use as a TCT phosphor by 
heating a 10 mol% sample dynamically and measuring the 
emission as a function of time using our time-gated spec-
troscopy system. Based on the emission spectra (and using 
the known calibration parameters) we compute the temper-
ature and compare the calculated value to that measured by 
a thermocouple with both temperatures found to be within 
uncertainty of each other up to a temperature of approxi-
mately 370 K, with the main limitation due to the current 
spectroscopy system’s software. To remove this limitation, 
we are currently developing improved software, which will 
allow for a higher temperature range with our initial target 
maximum temperature being 423 K.

Fig. 17   Temperature as a function of time as measured by a TC and 
calculated using TCT with [Y

0.9
Dy

0.1
(acac)

3
(phen)]. For comparison, 

we also include the intensity at 482 nm as a function of time. We find 
that as the phosphor intensity approaches zero, the calculated temper-
ature becomes more noisy, with the peak accurate temperature near 
370 K
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In summary, we find that [Y1−xDy
x
(acac)3(phen)] forms 

organic molecular crystals with appropriate spectroscopic 
properties for use as a TCT phosphor. Our next step—
toward using [Y1−xDy

x
(acac)3(phen)] as a TCT phosphor 

during shock compression of heterogeneous materials—is 
to perform fast laser heating of the phosphor to demon-
strate its ability to measure temperature during short time 
scales. At the same time, we are also testing other Dy3+-
doped Yttrium ternary complexes to determine how their 
thermal performance compares to [Y1−xDy

x
(acac)3(phen)].
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