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Cryogenic temperature detection plays an irreplaceable role in the exploring of the nature. Developing high 

sensitivity, accurate, observable and convenient measurements of cryogenic temperature is not only a 

challenge but also an opportunity for the thermometer field. The small molecule 9-(9,9-dimethyl-9H-fluoren-

3yl)-14-phenyl-9,14-dihydrodibenzo[a,c]phenazine (FIPAC) in 2-methyl-tetrahydrofuran  (MeTHF) solution is 

utilized for the detection of cryogenic temperature with a wide range from 138 K to 343 K. This system 

possesses significantly high sensitivity at low temperature, which reaches as high as 19.4 % per K at 138 K. 

The temperature-dependent  ratio of the dual emission intensity can be fitted as a single-exponential curve 

as the function of temperature. This single-exponential curve can be explained by the mechanism that the 

dual emission feature of FIPAC results from the excited-state configuration transformations upon heating or 

cooling, which is far more different from the previously reported mechanisms. Here, our work gives an 

overall interpretation for this mechanism. Therefore, application of FIPAC as cryogenic thermometer is 

experimental and theoretical feasible. 

Introduction 

Temperature is probably one of the most frequently measured 

physics parameters in the exploring of the nature. Among the range 

of techniques for the measurement of temperature, luminescent 

temperature sensors have been the observable of choice due to the 

advantages of noninvasive, observability, high sensitivity and large-

scale imaging.
1-8

 To date, small organic molecules, metal-ligand 

complexes, lanthanide complexes, polymers and nanoparticles have 

been operated both in the liquid or solid phase on the temperature-

dependent optical signals including wavelength, lifetime, intensity 

and anisotropy.
9-17

 In addition, soluble luminescence-dependent 

systems applied in temperature sensor make the detection of 

temperature spatially resolved, which gives a more precise 

temperature data.
18

 Recently, dual emission systems receive 

considerable interest.
1, 5, 13, 18-25

 Different systems have various 

mechanisms for the feature of dual emission, such as charge-

transfer state, 
19, 20

 excimer of molecules,
21

 hybridize quantum 

dots,
22 

tautomer excited state intramolecular proton transfer ,
24

 and 

clusters interactions.
25

 For the temperature-dependent ratio of the 

dual emission intensity, many dual emission systems are applied in 

thermometer field. 
13, 18, 24, 25

 The range in the ratio of the dual 

emission intensity demonstrates a temperature-dependent PL color 

map, which can be taken as a parameter for the detection of 

temperature.  

On the other hand, with the developing of space exploration, 

material research and dipolar adventure, cryogenic temperature 

detection will undoubtedly play an irreplaceable role in the 

thermometer filed.
26

 Therefore, high sensitivity, accurate, 

observable, and convenient measurement of cryogenic 

temperature is an impending task that must be addressed. For the 

special features that demanded for cryogenic thermometer, such as 

non-contact, spatially resolved and high sensitivity at cryogenic 

temperature, soluble luminescence-dependent temperature sensor 

is a perfect candidate for cryogenic temperature detection.
1,18,26

 

Herein we report on a new approach to ratiometrically monitor 

cryogenic temperature based on dual emission from a small 

molecule 9-(9, 9-dimethyl-9H-fluoren-3yl)-14-phenyl-9, 14-

dihydrodibenzo [a, c] phenazine (FIPAC, Fig. 1a) in 2-methyl-

tetrahydrofuran (MeTHF) solution. Attributed to the temperature-

dependent PL color rang from orange via magenta to blue upon 

cooling, the FIPAC system  can be applied in visually detecting 

temperature. In addition, this temperature sensor system can also 

be used in high-resolution for the soluble character. Unlike the 

other previously reported dual emission molecules, dual emission 

of FIPAC is suggested to be attributed to the configuration 

transformation of two excited-states. This excited-state related 

character is temperature sensitive and leads to the temperature-

dependent photoluminescence spectra, which sets the foundation 

for the application in ratiometric thermometer. This system can be 

applied in a wide temperature range from 138 K to 343 K with high 

sensitivity at low temperature, which is a candidate for cryogenic 

thermometer. We demonstrate that this FIPAC in MeTHF solution 
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cryogenic temperature sensor system with temperature-dependent 

dual emission from two excited-states is stable and reproducible. 

Experimental 

FIPAC was synthesized by a mean of copper-promoted coupling 

with N, N-diphenylphenanthrene-9, 10-diamine and 2-iodo-9, 9-

dimethylfluorene as the starting materials.
27

 For the high boiling 

point (353 K) and low melting point (137 K), the chemically stable 

liquid MeTHF was chosen as the medium for FIPAC to perform the 

temperature-dependent experiment.
28 

The absorption spectra were 

recorded on SHIMADZU UV-3600. The room-temperature PL 

spectra were collected on Horiba Fluoromax-4NIR. The 

temperature-dependent PL spectra were collected on Edinburgh-

FLSP920 and the temperature of sample was controlled by a cooling 

stage (HCS) from INSTEC. The emission spectra for every 

temperature range hadn’t been collected until the temperature 

keep stable more than 5 minutes and the error for the 

measurement of the experiment temperature is not more than 0.3 

K. The time-resolved photoluminescence (PL) decay transient 

spectra were executed by a streak camera system with a Ti: 

sapphire femtosecond laser system generating the pump pulses 

(370nm, 130 fs, 1 kHz). This system was also used to provide the 

pump pulses and the probe pulses for the femtosecond ultrafast 

transient absorption system.  

The femtosecond ultrafast transient absorption system is based 

on the two probe beams system passing through two different 

parts of sample with one part of the sample is excited by the pump 

beam. Thus, we can calculate the absorbance difference for these 

two probe beams to obtain the absorption spectra of the excited-

state. The laser pulses both for the pump and probe beams are 

generated by a Ti: sapphire femtosecond laser system. Detail for 

this system have been punished previously and only a brief 

description is given here.
29

 The pump beams and probe beams are 

origin from the same laser pulse at 800 nm (120 fs, 1kHz) by using a 

9:1 beam splitter. Then, the major component was sent to the 

optical parametric amplifier system to generate the pump beams 

while the remaining is focused into a 3-mm sapphire plate to 

generate the probe beams. Time delay between the pump beams 

and the probe beams is controlled by computer. 

All theoretical work was executed by the Gaussian 09 program.
30

 

The ground state of FIPAC was calculated by the density functional 

theory (DFT) method and the excited states were calculated by the 

time-dependent density functional theory (TD-DFT) method. For all 

atoms, the geometries of molecule were optimized at the B3LYP/6-

31
+
G* level in gas. 

Results and discussion 

Fig. 1a shows the absorption (black line) and PL spectra (blue line) 

of FIPAC in solution (MeTHF) at room temperature. The absorption 

maximum of FIPAC is located at ~360 nm. However, at a closer look 

of these room-temperature PL spectra, FIPAC exhibits unimaginable 

dual emission with an obviously abnormal Stokes-shifted emission 

band at ~595 nm and a weaker normal Stokes-shifted emission 

band at ~442 nm. The energy gap of ~0.72 eV between the two 

emission bands exceeds the span (~0.15 eV) of vibrational energy 

level, which indicates that these two emission bands come from 

two kinds of emission species. Meanwhile, 
1
H NMR of FIPAC at 

room temperature demonstrates there existing only one ground 

state (Fig. S1 top). In addition, the temperature-dependent 
1
H NMR 

spectra for the aromatic part of FIPAC (range from 203 K to 303 K 

for every 20 K) (Fig. S1 bottom) and the temperature-dependent 

absorption spectra of FIPAC (vide infra) also preclude the possibility 

that the two emission species come from different ground states.  

 

Fig. 1 (a) Absorption (298 K, black line), photoluminescence (PL) 298 

K (red line) of FIPAC in MeTHF. The molecular structure of FIPAC is 

also presented. (b) Time-resolved PL decay transient of FIPAC in 

442nm. (c) Time-resolved PL decay transient of FIPAC in 595nm. 

These points are data and the black solid line is the fitting line. 

In order to investigate the dual emission mechanism of FIPAC, 

time-resolved PL decay transient of FIPAC was conducted with a 

streak camera system. Fig. 1b and 1c show the decay PL spectra 

located at the short-wavelength emission band (~442 nm) and the 

long-wavelength emission band (~595 nm), which indicates the 

intrinsic difference between these two emission bands. The short-

wavelength emission follows a very fast decay with τ442 nm = 0.05 ns. 

At the same time, lifetime of the long-wavelength emission reaches 

as long as 8.92 ns. The exceeding fast attenuation of the short-

wavelength emission band presents an excited-state transformation 

mechanism from the excited-state corresponding to it.  

To further verify the photogeneration and population of the 

involved excited states, we explored the ultrafast transient 

absorption spectra of FIPAC in MeTHF solution as shown in Fig. 2. 

Upon photoexcitation, FIPAC solution shows a decay on very short 

timescale absorption band at ~425 nm and ~500 nm. These 

absorption bands are attributed to one of the two excited-states 

absorption which is consistent with the 0.05 ns apparent from fig. 

1b.
31

 By 181ps, however, the FIPAC solution is dominated by 

another excited-state absorption feature with a new peak at ~ 440 

nm accompanied by a weaker peak at ~ 500 nm. The decay time of 

6.92 ns for 440nm band and 6.73 ns for 500 nm band is similar to 

the long life time scale demonstrated in fig. 1c. Thus, the 

mechanism that one of these excited-states is rapidly formed upon 

photoexcitation and then fleetly decays in tens of picoseconds is 

confirmed. The decay of this excited-state either gives the short- 

wavelength emission or transforms to another excited-state, both 

of which result in the ultrafast decay of the excited-state which is 

corresponding to the short-wavelength emission. Because of the 

energy barrier existing in the excited-state configuration 
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transformations, controlling the ratio of these two excited-states 

through modulating temperature is operational feasibility. 

 

 Fig. 2 (a) The femtosecond ultrafast transient absorption spectra of 

FIPAC in MeTHF solution. (b) The kinetics traces (colored points) 

and fitting lines (black solid line) taken from the short-wavelength 

emission excited-state (~ 425 nm and ~ 500 nm) and the long-

wavelength emission excited-state (~ 440 nm and ~ 500 nm) 

absorption features with major overlap with each other for FIPAC in 

MeTHF. 

According to the recently  reported work,
27,32

 FIPAC exhibits a 

saddle-like structure in the ground state, which distorted at the two 

N atoms line of the dihydrodibenzo[a,c]phenazine subject for the 

steric effect of the two N,N’-disubstitutes and the phenanthrene 

ring. Computational study at B3LYP/6-31
+
G* level gives the 

structures of these two excited-states, which exhibit completely 

different configurations (Scheme 1): the saddle-like excited-state is 

referred as the S* state and the planner-like excited-state is 

referred as the P* state. Meanwhile, the initial frank-condon 

excited-state is short as the F* state. According to the calculated 

optical features as shown in Table 1, the S* state should be 

corresponding to the short-wavelength emission and the P* state 

should be corresponding to the long-wavelength emission. Thus, an 

outline of the excited-state configuration transformations 

mechanism for the dual-emission of FIPAC is developed. Upon 

photoexcitation, the S* state is rapidly formed and then quickly 

decays in two routes. The first is to give the short-wavelength 

emission and the second is to transform to the P* state after 

overcoming some energy barriers (referred as ∆E) accompanied by 

the excited-state configuration changed. Then, the P* state gives 

the long-wavelength emission. The calculated relative energy as 

shown in Table 1 shows that the P* state is 0.1168 eV more stable 

than the S* state, which gives enough driving force for the 

configuration transformation. Importantly, this excited-state 

configuration transformations process is energy controlled, which 

can be regulated by temperature. Therefore, with more or fewer 

excited-states transformation upon heating or cooling, ratio of the 

dual emission intensity differs at different temperature, which can 

be used as a parameter to describe temperature. In addition, for 

the much stronger luminescence intensity at cryogenic temperature 

(Fig. S2 and Table S1), the FIPAC system will undoubtedly exhibits a 

good performance for the cryogenic temperature detection. 

 

Scheme 1 Excited states configuration transform with temperature 

ranges. Atom color: C in gray, N in blue. 

In terms of cryogenic temperature and solid phase may prevent 

the excited-state configuration transforming, we performed the 

cryogenic PL at 77 K (red line in Fig. 3a) and solid PL spectra at room 

temperature (blue line in Fig. 3a). Cryogenic PL at 77 K reveals only 

one emission band at ~405 nm which is supposed to be the 

consequence of the slower vibration relaxation and the almost 

impossible excited-state configuration transformations by the lattic- 

 

Fig. 3 (a) PL at 77 K (red line) for FIPAC in MeTHF solution and solid 

PL for FIPAC at room temperature. (b) Time-resolved PL decay 

transient of FIPAC in MeTHF at 77 K (red cycles) and in solid phase 

at room temperature (blue cycles). The points are data and the 

black solid line is the fitting line.  
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Table 1. The experimental and calculated results of properties for FIPAC.
a
  

state 

Optical features Stokes shift 

τf(ns)
d
 

Calculated 

relative energy 

(eV)
e 

calculated 

dipole 

moment 

(Debye)  λexp (nm)
b
  λcal (nm)

b
 f 

c
 

Exp 

(cm
-1

) 

Cal 

(cm
-1

) 

ground /F* 361 408 0.1005 - - - 0.4928 1.7092 

S* 435 537.8 0.0445 4170 5920 0.046 0.1168 3.3535 

P* 595 728.6 0.0558 10890 10790 8.92 0 0.7975 

a
All experimental data were performed in MeTHF solution at room temperature. 

b
λ stands for the lowest-lying absorption or emission peak 

wavelength. 
c
f stands for the calculated oscillator strengths. 

d
τf stands for the population decay time. 

e
Calculated relative energy is the 

relative energy with the P* state as the referenced state. 

-e constraint. In comparison, solid FL of FIPAC also shows a single 

but red-shifted band at ~435 nm. This emission band, from the 

point of the above mechanism, should be ascribed to the 

immutable configuration accompanied with vibration relaxation in 

the solid phase, which is consistent with the short-wavelength 

emission in solution. As a result, the cryogenic temperature and 

solid phase strongly hinder the excited-state configuration transfor-

ming. Based on this, we performed the time-resolved PL decay 

transient of FIPAC in MeTHF at 77 K (red cycles) and in solid phase 

at room temperature (blue cycles). The fact that lifetime of the 

short-emission band at 77 K and in solid phase at room 

temperature extending to 3.79 ns and 5.03 ns confirms the above 

mechanism further. With little competition from configuration 

transforming to the P* state, decay of the S*state which is 

corresponding to the short-wavelength emission ranges from tens 

of picoseconds to serval nanoseconds. 

Table 2. HOMO and LUMO of the ground state and the relaxed 

structure in the F* state, S* state and P* state. 

 

In order to further confirm the above computation work, results 

of computation work were introduced to interpret the solvent 

effect experiment (Fig. S3). The absorption spectra demonstrate a 

non-solution sensitive feature without absorption band shift. In 

contrast to the neglectful shift in the long-wavelength emission 

band, the short-wavelength emission band reveals a not so small 

red-shift ranging from cyclohexane (CYH), MeTHF and acetonitrile 

(MeCN). We attribute this phenomenon to be the different charge 

transfer characters and dipole moments between the S* state and 

the P* state. Table 2 exhibits the frontier molecular orbitals for 

these three FIPAC states, which shows that the charge transfer 

character of the F* state and the S* state is more obvious than that 

of the P* state. In addition, computational work also gives a huge 

difference among the dipole moments of the ground state/F* state, 

S* state and P* state (1.7092 Debye, 3.3535 Debye and 0.7975 

Debye, respectively) (Table 1). The large dipole moment and 

obvious charge transfer character for the S* state results in the red-

shift of the short-wavelength emission in the solvent effect 

experiment. Therefore, the computational result is perfectly 

consistent with the experimental result, which demonstrates that 

our excited-state configuration mechanism for the dual-emission of 

FIPAC is logical. 

  
Fig. 4 (a) Absorption of FIPAC in MeTHF between 138K and 343K. (b) 

The emission spectra of FIPAC in MeTHF between 138K and 343K 

(excitation wavelength 370nm). Every 20 K for spectra from 138 K 

to 268 K and after 268 K the three spectra are at 298 K, 328 K and 

343 K. 

Fig. 4 demonstrates the temperature-dependent absorption and 

emission spectra of FIPAC from 138 K to 343K. The non-
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temperature-sensitive of the absorption bands precludes the 

possibility of the ground state configuration changes with 

temperature range,
9
 which is further confirmed by the 

temperature-dependent 
1
H NMR spectra (from 203 K to 303 K for 

every 20 K) (Fig. S1). In contrast, PL of FIPAC expresses a completely 

distinct temperature-related property. At room temperature, the 

long-wavelength emission contributes the main emission band. 

Meanwhile, the short-wavelength emission becomes the 

dominated luminescence without any significant shifts for the long-

wavelength emission at low temperature. Thus, the temperature-

dependent PL emission is attributed to the variation of excited-state 

configuration at different temperature.
20

 Therefore, we can 

conclude that the dual emission of this soluble FIPAC system 

derived from two kinds of excited-states. The equilibrium between 

these two excited-states will be controlled by temperature and the 

PL spectrum will be a Boltzmann-weighted sum of contributions 

from these two excited-states. As a result, PL of this FIPAC system 

will reflect the environment temperature. On the other words, the 

temperature-dependent PL spectra raise the possibility to 

ratiometrically monitor temperature.  

The temperature-dependent PL spectra also reveal the 

quantitative relationship between the PL of FIPAC and temperature. 

Fig. 5a depicts the ratio of the integrated area of short-wavelength 

emission band to the integrated area of long-wavelength emission 

band (referred as As/Al), which as a function of temperature (from 

138 K to 343 K). This single-exponential relationship can be fitted as 

As/Al = 0.05149 + 1652.3173 exp (-T/23.40204) with correlation 

coefficient 0.9956, where T is the kelvin temperature. As illustrated 

above, this temperature-dependent feature for As/Al of FIPAC is 

ascribed to the temperature controlled excited-state configuration 

transformations, which gives different excited-states distributions 

with the range of temperature. To further illustrate this 

temperature-related process, relationship between the ratio As/Al 

and 1/T is shown in Fig. 5a inset. As expected, it can also be fitted as 

a single-exponential function with correlation coefficient 0.9910: 

As/Al = -0.0947 + 0.0044 exp (1/0.00104 T), where T is the kelvin 

temperature. Since the intensity of emission band is proportional to 

the number of the corresponding excited states, it is reasonable to 

apply As/Al in the following equation: 

 

 

Where As and Al are the integrated area of short-wavelength band 

emission and long-wavelength band emission; N, NS* and NP* are the 

number of all the excited states, the S* states and the P*states, 

respectively; αS, αP are the radiative transition efficiency for the S* 

state and the P* state, respectively; ∆E is the energy barrier of 

excited state configuration transformations from the S* state to the 

P* state.; T is the kelvin temperature and k is the Boltzmann 

constant.
33, 34

  

Hence, the energy barrier was calculated to be ∆E = 0.08279 eV 

(see electronic supplementary information). The calculated result ∆E 

= 0.08673 eV in He Tian and co-workers’ work is close to  our 

results.
27

 This low energy barrier lays the foundation of applying 

this system in cryogenic temperature detection field for which the 

excited-state configuration transformations could occur at very low 

temperature. As a consequence, we have given a consummate 

interpretation for the configuration transformation of excited states 

both from experiment and theory derivation, which strongly 

supports that the ratio As/Al for this system is a good parameter to 

describe temperature.
 

 

Fig. 5 (a) Plots of As/Al vs. temperature changes. inset: Plots of 

As/Al vs. 1/T changes. The points are data and the line is a 

polynomial fit. (b) Temperature dependence of the sensitivity 

according to the equation S(T)=|�(��/��)/��|. (c) CIE chromaticity 

diagram showing the luminescence colors of FIPAC in MeTHF at 

different temperature.  

More significantly, the sensitivity in the temperature range is also 

calculated according to the equation: S(T)=|�(��/��)/��| (Fig. 

5b).
1,26

 It can be inferred that FIPAC possess a higher sensitivity at 

lower temperature and the sensitivity reaches as high as 19.4 % per 

K at 138 K. This high sensitivity results from the low rate of excited-

state configuration transformations which is due to both the low 

energy level for the population of the S* state and the harder 

configuration changes at low temperature. In addition, the 

quantum yields of FIPAC reaches more than 17.7% compared with 

the value of 5.0% at room temperature (Table S1), which 
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demonstrates that the FIPAC system is a good candidate for the 

detection of cryogenic temperature. 

Although the thermosensitive ratio of dual emission intensity is 

adequately suitable for the detection of cryogenic temperature, 

there exists the difficulty in the separation of the two emission 

bands. For the more convenient application of this soluble 

cryogenic temperature sensor system, the temperature-dependent 

spectra were transformed to the Commission Internationale de 

L'Eclairage (CIE) 1931 coordinates in Fig. 5c. The color shifts from 

orange via magenta to blue upon cooling is easily observable both 

for naked-eye and camera. This temperature-dependent emission 

color ranging is due to the variation of the population of these two 

excited-states. The pure S* state gives a deep blue emission and the 

pure P* state exhibits an orange emission. As a consequence, 

different distributions for these two excited-state will demonstrate 

diverse emission color. Thus, color of the FIPAC’s emission can be 

taken as a method for the detection of temperature. This scope of 

temperature ranging from 138 K to 343 K is competent for the 

detection of temperature in expedition of the dipole, space 

exploration, material research and other filed that need accurate 

cryogenic temperature detection. 

    To further apply the FIPAC system in practical, we filled a quart 

tube with FIPAC in MeTHF solution to demonstrate the gradient PL 

of the FIPAC system at different temperature as shown in Fig. 6.  

The top of the quart tube was slight heated and the bottom was 

cooled.  Thus, a continuously color changed from orange via 

magenta to blue upon cooling is observable for naked-eye. We can 

also note that the PL color of this system changes sensitively at 

cryogenic temperature from 138 K to 218 K, which is consistent 

with the result of Fig. 5b. Therefore, temperature of environment 

can either be directly estimated from the PL color of the FIPAC 

system by naked-eye or be accurately measured by comparing the 

PL color with the temperature-dependent CIE chromaticity diagram 

as shown in Fig. 5c. This visible method for the measurement of 

temperature offers a convenient way to detect temperature 

distribution. 

 

Fig. 6 Photographs represent of PL color for the FIPAC system at 

different temperature and the gradient PL of the FIPAC system in a 

quart tube. 

Besides the application in temperature detection, the FIPAC 

system can be used in the detection of viscosity, too.
27

 High 

viscosity will prevent the excited-state configuration 

transformations, which will lead to the viscosity-dependent PL. Thus, 

the FIPAC system can be a good candidate as fluorescence dye in 

some cases such as industrial painting applications.
9
 However, in 

contrast to the energy control in temperature-dependent PL, 

influence of viscosity on PL is time-dependent. Given enough time, 

the S* state will transform to the P* state and the PL will be 

independent of viscosity but be temperature-dependent.
27

 

Therefore, further experiments are needed to apply this FIPAC 

system in the detection of viscosity. 

Conclusions 

In summary, we have demonstrated a soluble cryogenic 

temperature sensor system based on the small molecule FIPAC in 

MeTHF solution. This system is appropriate for broad temperature 

range from 138 K to 343 K with luminescence color varying from 

blue via magenta to orange. Unlike the other dual emission 

molecules, dual emission of FIPAC is suggested to be attributed to 

the configuration transformation of excited-states. Time-resolved 

PL transient of FIPAC shows that the lifetime of the two excited-

states differs at one order of magnitude and the transformation 

progress can be demonstrated in the femtosecond ultrafast 

transient absorption spectra. Lifetime of FIPAC in solid phase and at 

77K demonstrates that the excited-state configuration 

transformations contributes to the main decay of the S* state. 

Computational work and theory derivation also gives supports for 

the experimental data. As a result, excited-state configuration 

transformation triggered temperature-dependent PL spectra set the 

foundation for the application of this system in the thermometer 

filed. By using this temperature detection system, the ratio As/Al or 

the PL color can be correlated to the temperature values. This 

system also demonstrates extremely high sensitivity at low 

temperature with the value of 19.4 % per K at 138 K. Therefore, a 

high sensitivity, accurate, observable, and convenient cryogenic 

thermometer system as titled is built.   
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