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Methods 

Materials 
Experiments were carried out on triphenyl phosphite TPP using the dyes coumarin 153 (C153) and perylene (FIG. 1), which 
were purchased from Sigma Aldrich and used as supplied. For the fluorescence microscopy experiments, the concentration 
of all solutions was ~10-5 M. At concentrations up to 10-4 M, we can experimentally rule out aggregation of the dye molecules 
used in TPP. For all microscopy experiments, a sample thickness of 11.58 ± 0.19 µm was used controlled by glass monodis-
perse particle standards (Whitehouse Scientific). Temperature was controlled to ± 0.1 K using a Linkam THMS600 micro-
scope stage and T95 controller. In the experiments, the samples were quenched and held at a selected temperature. 

Some of the experiments required the formation of the thermodynamically stable crystalline state (crystal 1). Crystal 1 
was prepared by rapid supercooling of liquid 1 to about 230 K following by slow heating to about 280 K. The temperature was 
then lowered to a desired value and measurements performed. 

       
FIG. 1. The structure of Coumarin 153 (C153, left), perylene (center), and triphenyl phosphite (right). 

Microscopy 
Microscopy experiments were performed using a Zeiss LSM710 laser-scanning confocal microscope equipped with a 20× 
objective lens (NA = 0.4) providing a spatial resolution of 0.4 µm. Areas of ~212.1 × 212.1 µm2 were mapped with a total ac-
quisition time of ~30 s per frame. This system could be used for differential interference contrast (DIC), phase-contrast, and 
fluorescence microscopy using a number of CW laser sources ranging from 405 nm to 633 nm. For FLIM measurements, the 
system used a 405-nm laser pulsed at 20 MHz and a Becker & Hickl Simple-Tau detection system for time-correlated single 
photon counting (TCSPC). 

Data acquisition 
FLIM images comprising 256 × 256 pixels were obtained at an approximate average photon flux of ~1 × 106 photons s-1, and 
data were accumulated such that the total photon count was sufficient for fitting purposes (at approximately 3,500 photons 
per pixel followed by 9-pixel binning, which is applied as a sliding average). Fluorescence decay curves were collected to a 
total delay time of ~50 ns to ensure a good fit (χ2 ~1) and an accurate determination of the background noise level in order 
to avoid underestimating the lifetime. 

Data analysis 
Data analysis was performed using SPCImage software (Becker & Hickl). To obtain the fluorescence lifetime distributions, 
the accumulated fluorescence decay curves in each pixel of the scanned area were fitted with an appropriate model; in all of 
our measurements this model was a single exponential decay yielding a lifetime for each pixel in the image. As the measured 
fluorescence lifetimes were much longer than the instrument response function (IRF) of the FLIM system, tail fitting was 
applied to all decay curves. To check the accuracy of the tail-fitting method, a number of full fits (starting from the rise of the 
decay curve and including an experimentally obtained IRF) were performed and yielded the same lifetime values within the 
signal-to-noise ratio. For the data shown here, tail fits were carried out from 2 ns after the peak of the fluorescence decay 
curve (where the IRF has fallen to 1/1000th of its peak value) to about 30 ns where the fluorescence had decayed to the noise 
level. The fluorescence lifetime distributions so obtained where fitted to one or two Gaussians (see FIG. 2). It was verified 
that the 9-pixel binning procedure did not affect the lifetime distributions apart from a reduction in width by a factor of  9 . 
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FIG. 2. The fluorescence lifetime distributions and corresponding gaussian fits of perylene in TPP at 220 K. (A) The lifetime distri-
bution of liquid 1 (right/black) and liquid 2 (left/purple) and the corresponding single gaussian fits (dashed lines). (B) The lifetime 
distribution obtained at the stage when the sample in the scan area contained liquid 1 and liquid 2 in about 1:1 ratio. This distribu-
tion was fitted with two gaussian profiles. 

Solvation 
The dye molecule Coumarin 153 (C153) is commonly used to measure time-dependent solvation by use of the dynamic fluo-
rescence Stokes shift measurement technique.1-5 However, TPP in the range of temperatures studied here is extremely vis-
cous (from 3.74×106 cP at 220 K to 8.57×106 cP at 213 K6) and the solvent relaxation time is therefore much longer than the 
excited-state lifetime of the dye. Hence, fluorescence will take place from an excited state in which the solvent has not re-
laxed, that is, where the solvent has not adjusted to the new excited-state dipole moment of C153 (FIG. 3). A certain degree 
of intramolecular vibrational relaxation can still take place, giving rise to a small (and fixed on the fluoresce timescale) Stokes 
shift. 

 
FIG. 3. Relaxation of the dye molecule C153 after excitation in the first electronically excited state. The permanent electric dipole 
moment of C153 is different in the ground and first electronically excited state. Normally, the solvent would relax around the di-
pole of the excited state. However, the extremely long solvent relaxation times in supercooled TPP prevent solvent relaxation 
within the excited-state lifetime. Thus, internal conversion will take place from the unrelaxed excited state. 

The samples are prepared above the melting temperature of TPP, where solvent relaxation is fast (sub-picosecond). Thus, 
the solvent will adjust to the ground-state dipole moment of the C153 molecules before the samples are cooled and the LLT 
takes place on a typical transformation timescale of hours. Changes in the static dielectric constant (changes in the polarity) 
will affect the electronic energy gap in C153 through solvation. The absorption energy in the Franck-Condon region is then 
given by:7-8 

 
  
ΔGFC = ΔU 0 + 1

2 BS µg
2 −µe

2( )+ 1
2 Bor µg −µe( )2

,  (1) 

where   ΔU 0  is the Franck-Condon absorption energy in vacuum, 
 
µg   is the permanent dipole moment of the dye molecule 

in the ground state,  µe  that in the excited state, and in the Onsager cavity description:7-9 
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B∞ =

2
4πε0r 3

ε∞ −1
2ε∞ +1

,BS =
2

4πε0r 3

ε s −1
2ε s +1

,Bor = BS −B∞ ,  (2) 

where  ε0  is the permittivity of vacuum,  εS  the static dielectric constant, ε∞  the infinite frequency dielectric constant, and r 
the radius of the Onsager cavity. For C153, 

 
µg = 6.6 D,  µe ≈ 11 D,10 and the Onsager cavity radius is estimated at r = 3.2 Å. For 

the infinite frequency dielectric constant one can either use the value of 3.4 measured previously11 or use the visible light re-
fractive index (1.59)2 = 2.5, with very little difference in the final outcome. The static dielectric constant measured previously11 
in liquid 1 of TPP is 

  
εS ,liquid1 = 4.73. However, the static dielectric constant reported for liquid 2 is unreliable because of the 

extremely long (~100 s) relaxation times. Therefore, it is assumed that the value for liquid 2 is relatively close to that of liquid 
1. FIG. 4 shows the calculated change in the absorption energy in the Franck-Condon region in C153. 

The radiative lifetime of C153 is 5.3 ns12 but the observed lifetime is the inverse of the sum of the radiative rate and the rate 
of internal conversion. The rate of internal conversion is given approximately by the Jortner-Bixon expression8, 13 

 
   
kJB =

2πV 2

! 4πλSkBT
e−S Sn
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/ 4λSkBT( ){ }
n=0

∞
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where V is the internal-conversion coupling constant, λS is the solvent reorganization energy, ΔG0 is the energy gap, ω is the 
angular frequency of a high-frequency accepting mode, S is the Huang-Rhys factor, and the sum runs over n quanta of this 
high frequency mode.  

In previous temperature-dependent fluorescence-lifetime experiments on C153,14-15 it had to be taken into account that the 
fluorescence transition-dipole moment was changing with temperature. This is on account of the spectral shift in the fluores-
cence spectrum, which causes the transition dipole moment to change in proportion to 

 
  

∫ I(ν)dν
∫ I(ν)ν −3dν

 . (4) 

In the temperature range used here, solvent relaxation in TPP is negligible on the fluorescence timescale and hence the 
Stokes shift is negligible. Therefore this effect does not have to be taken into account. 

To calculate a reasonable non-radiative decay rate, we have set the coupling constant to 30 cm-1, S = 0.85, and the frequen-
cy of the accepting mode to 2800 cm-1 corresponding to a typical CH-stretch vibrational mode. The solvent reorganization 
energy has been set to 3000 cm-1 and is considered to include the many (otherwise unaccounted for) lower frequency intra-
molecular modes as well as β relaxation of the solvent (TPP). The excited-state lifetime (accounting for radiative and non-
radiative decay) is shown in FIG. 4 as a function of the dielectric constant of the medium (and the energy gap calculated us-
ing Eq. (1)). It can be seen that the excited state lifetimes are in good agreement with the measured values for C153 in TPP 
for dielectric constants in the range 3 to 5. Although the precise results depend on the parameters used, it is safe to state that 
the excited state lifetime scales linearly with the solvent polarity as expressed by the dielectric constant for the experimental 
parameters relevant to our experiments. 

 
FIG. 4. Effect of solvent polarity on the energy gap and excited-state lifetime. Shown in blue is the calculated effect of solvation 
on the absorption and unrelaxed fluorescence energy gap in C153 based on Eq. (1) for a range of solvent dielectric constants. In 
red, the excited-state lifetime (accounting for radiative and non-radiative decay) predicted for C153 based on Eq. (3). 
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FLIM vs. TCSPC 
FLIM measurements can resolve small differences in decay times in an inhomogeneous sample that cannot be resolved by 
bulk measurements. To demonstrate this, we have simulated TCSPC data using an exponential decay function that incorpo-
rates Poisson noise (simulating the effect of laser noise) decaying to a Poisson noise floor (simulating the effect of detector 
noise). The simulated TCSPC data removes ambiguities due to pulse shape in the experimental data. 

FIG. 5 (top right) demonstrates that if two separate regions are measured with decay times of 4.0 and 4.3 ns, fitting the da-
ta can easily resolve these decays. When these two data sets are summed into a single set to simulate a bulk measurement, 
fitting the data with a single exponential (see FIG. 5 (bottom right)) gives an average decay time of 4.15 ns and a χ2 close to 1. 
Fitting to a double exponential does not improve the fit and does not allow the extraction of the two decay times. The same 
effect is seen in the actual data: we can easily discern the decay times in liquid 1 and liquid 2 using FLIM. However, when all 
the TCSPC data from an image is averaged into a single TCSPC decay curve, the decay appears single exponential with a 
decay time that is the average of that in liquid 1 and liquid 2. Thus, FLIM is the only method known to discern small inhomo-
geneities in lifetimes and is therefore critical to the study presented here. 

 
FIG. 5. FLIM measurements can resolve very similar decay times unresolvable by bulk measurements. (left) A typical FLIM image 
taken during NG-type transformation in TPP from liquid 1 to liquid 2. (top right) Two simulated exponential decays with decay 
times of 4.0 and 4.3 ns. (bottom right) The sum of the two traces shown above and a fit to a single exponential decay function. 
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Additional data 

 
FIG. 6. Representative images of typical patterns associated with the LLT in TPP. The images in the left hand side panels were 
obtained using phase-contrast microscopy while the images on the right were obtained using FLIM using the dye coumarin 153 
(C153). These images were obtained by quenching to 220 K for the indicated amount of time (nucleation and growth, FLIM scaling 
4.21 ns (red) to 4.46 ns (blue)). 

 

t = 135 min; 220 K

t = 165 min; 220 K
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t = 190 min; 220 K



 

 

 
FIG. 7. As FIG. 6. These images were obtained by quenching to 213K for the indicated amount of time (spinodal decomposition, 
FLIM scaling identical to FIG. 6). 

 
FIG. 8. Formation of a second crystalline phase in TPP quenched to 226 K. (a) DIC image halfway through the NG-type transfor-
mation from liquid 1 to liquid 2. Inside the liquid 2 droplets crystalline features appear. (b) As in (a) but at the end of the LLT trans-
formation. (c) FLIM map of the same area as in (b) using fluorescence from C153 (FLIM scaling 4.1 (red) to 4.3 ns (blue)). (d) Fluores-
cence intensity (scaling grey ~2,500/pixel, white ~3,300/pixel). 
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