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Abstract
The disorder-to-order transition in vapor deposited biphenyl and naphthalene were correlated to nucleation-crystallization kinetics. A curve 
fitting program was used to extract the parameters that describe both the rate and dimensionality of the process. In addition, the effects an 
impurity such as methanol that percolates the chromophoric adlayer has on the nucleation-crystallization kinetics was investigated. The 
results were that both biphenyl and naphthalene’s dimensionality of the process was about half. However, the rates with the impurity was 
20% slower for biphenyl, but for naphthalene, the rate was an order of magnitude faster with the impurity.
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Introduction	

For many years, the disorder-to-order transition in both bi-
phenyl and naphthalene that had been vapor deposited on Al2O3 
have been routinely observed.1-4 These studies involved not only 
the neat adsorbates, but also the molecular interactions that oc-
cur with other molecules as an underlayer.1-4 Recently, these dis-
order-to-order transitions in biphenyl and naphthalene were pos-
tulated to be correlated to nucleation-crystallization kinetics.5-7 In 
this study, a more focused attempt has been made to determine if 
nucleation-crystallization kinetics models fit the disorder-to-order 
transitions in these two systems. In addition, the effect of an im-
purity, methanol, was used to observe the change in the kinetics of 
nucleation-crystallization.

 
Experimental

	 Biphenyl, naphthalene, were of the  highest purity (> 99%) 
that could be purchased from commercial sources (Sigma-Aldrich, 
St. Louis, MO). The details of the experimental set-up were dis-
cribed in detail in the previous papers1-7 and are summaried here. 
These compounds were placed in a sample holder attached to one 
end of a precision leak valve for vapor deposition that led into the 
main ultra-high vacuum chamber. The substrate was a single crys-
tal of Al2O3 (0001) that was suspended on the lower end of a liquid 
nitrogen cryostat. 

The fluorophores were optically pumped with a high pres-
sure mercury lamp. A 0.25 m monochromator was used to select 
a 250 nm wavelength. Resistive heating of the Al2O3 was done by 
sending current through a thin tantalum foil that was in thermal 
contact with the substrate. A process controlling code was written 
in LabVIEW that monitored the surface temperature via a  thermo-
couple attached to the  Al2O3. A feedback program controlled the 
current which allowed the temperature ramp for the experiment 
to be linear with a certainty of 1.98 ± 0.01 K s-1. This level of lin-
earity allows temperature to be equated to time, as will be noted 
later.  During the temperature programmed desorption, TPD, the 
program also took the fluorescence spectra every 300 ms usingus-
ing a spectrometer with input connected to a fiber-optic cable that 
fed into the chamber. A lens was mounted on the end to collect the 
fluorescence. The spectra were processed via a MatLab code and 
used to create the wavelength-resolved TPD figures shown below.

To ensure a clean surface after each experiment, the Al2O3 was 
heated to 300 K. Temperature ramps to higher temperatures did not 
indicate any other adsorbates.1-7

	 The activation energy for desorption, Ea, was calculated by 
Redhead analysis using the mass spectral peak desorption teme-
perature, Tp.

8-10 As described by King, first-order desorption kinet-
ics was assumed.8-10 The uncertainties in the desorption tempera-
tures lead to a propagated error in the activation energies of ± 2%, 
unless otherwise stated below.
	

For surface coverages in the multilayer regime, multi-
dimensional nucleation and crystal growth is expected at the 
disorder-to-order transition. In order to model the disorder-to-
order transition in biphenyl as a nucleation-crystallization process, 
the the Johnson-Mehl-Avrami-Kolmogorov, JMAK, or simply, 
Avrami model was used.11-13 In the simplest form, the Avrami 
equation describes a sigmoidal curve and is given by:11-13

                          
   I(t) = 1 - e-ktn                                              (1)                     

where I(t) is the time dependent fluorescence intensity at the dis- 
order-to-order transition that is converted to fraction of the dis- 
ordered state at the transition, k is related to the rate with which 
nucleation and growth by crystallization occurs and is in part, a 
function of the density of nucleation sites, t is time in s and n is the 
dimensionless Avrami exponent that yields the dimensionality of 
the nucleation-crystallization process.11-13 The n is also a function 
of whether nucleation is instantaneous (nN = 0) or sporadic (nN = 
1), where n = nG + nN, and nG is the dimensionality of growth.11-13 

Growth may be spheres for nG = 3, plates for nG = 2 and needles 
for nG = 1.11-13 The unit for k is the inverse of time raised to the nth 

power. This expression was made to fit the wavelength- resolved 
TPD data at the disorder-to-order transition using algorithms 
provided by SciPy (an open-source Python library) and automated 
with Python (an open-source programming language, Python 
Software Foundation) in which the parameters were controlled by 
user interface.

The Python curve fitting program was tested according to the 
procedure given in the Supporting Information with simulated sig-
moidal functions in which the n and k values were varied. These 
values were then returned by the curve fitting program with good 
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reproducibility. Additionally, for biphenyl and naphthalene multi-
layers, spreadsheet plots of equation 2 in the Supporting Inform-
tion section were used to determine n and k values from the trend-
line equation. These were consistent with the the results obtained 
by the curve fitting program. Having validated the program, it was 
then used to determine the n and k values of multiple runs of each 
system. Results were within ±20 and ±50 % for n and k values, 
respectively and these errors were then used in this report.

Results and Discussion

Biphenyl Multilayer
Shown in Figure 1 is a representative fluorescence wave-

length-resolved TPD of a bipenyl multilayer (neat, single adsor-
bate). The arrangement of biphenyl molecules in the vapor depos-
ited adlayer is known to be amorphous, glassy and disordered with 
a λmax at 316 nm.1-7 At 160 K during the TPD, the adlayer under-
went a transition from disorder to a more ordered arrangement that 
is characterized by the λmax  red-shift to 338 nm. In this ordered 
arrangement, exciton resonant energy transfer pathways compete 
with the radiative relaxation and quenche the fluorescence to ~15 
% of the initial intensity. The peak desorption temperature, Tp, of 
neat biphenyl at low coverages was 229 K. First-order desorption 
was assumed and the activation energy for desorption, Ea, was cal-
culated to be 60 kJ mol-1.8-10	

The output from the curve fitting program is shown in Figure 
2. Here, n = 4.2 ± 0.8 and k = 0.28 ± 0.13. Again, k is a function of 
nucleation and crystal growth rate.11-13 It is related to the geometry 
of the nuclei, which in this case would be presumed to be spheri-
cal.11-13 The nG is a function of the dimensionality of growth, 3, and 
nucleation is sporadic with nN = 1.11-13

Methanol/biphenyl bilayer
Shown in Figure 3 is the wavelength-resolved TPD of 

a bilayer composed of methanol and biphenyl, in which the 
methanol functions as an impurity that impedes bipheny’s ordering 
process. The desorption temperature of methanol was 139 K and  

the activation energy for desorption was calculated to be 35.6 kJ 
mol-1.8-10 The effect on the disorder-to-order transition was quite 
dramatic, in that the curve fitting program yielded n of 1.8 ± 0.4 
and k = 0.058 ± 0.030 and is shown in Figure 4. Percolation of 
methanol was postulated to cause biphenyl molecules to become 

Figure 1. Wavelength-resolved TPD of biphenyl with a λmax at 316 nm. The disor-
der-to-order transition occurred at about 160 K and λmax  red-shifted to 338 nm, 
barely visible. Θbiphenyl ~154 ML. Inset: top view.

Figure 3. Wavelength-resolved TPD of methanol/biphenyl bilayer with biphenyl as 
the upper layer. Θmethanol ~ 26 ML and Θbiphenyl ~ 96 ML. Inset: top view.

Figure 2. Output from the curve fitting program for biphenyl multilayer, Θbiphenyl ~ 
100 ML. Wavelength = 316 nm, Temperature range = 159-165 K. Avrami n = 4.2 ± 
0.8 and k = 0.28 ± 0.13. Data in blue and best fit with the n and k values is in red.

Figure 4. Output from the curve fitting program for methanol/biphenyl bilayer.
Θmethanoll ~ 67 ML and Θbiphenyl ~ 97 ML. Wavelength = 316 nm, Temperature range = 
159-165 K. Avrami n of 1.8 ± 0.4 and k = 0.058 ± 0.030. Data in blue and best fit 
with the n and k values is in red.
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less mobile, thereby disrupt biphenyl’s cooperative domains that 
were required for ordering.14,15 Nucleation domains most likely 
became smaller and more isolated by methanol percolation.14,15 

Naphthalene multilayer
The wavelength-resolved TPD of naphthalene is shown 

in Figure 5. The adlayer that formed when naphthalene was 
vapor deposited on Al2O3 was amorphous and optical pumping 
exhibted excimer fluorescence.1-7  During the TPD, the adsorbate 
transitioned from the amorphous morphology to a more ordered 
state that occurred 200 K, just prior to desorption. The desorption 
temperature was 212 K and the calculated energy of desorption 
was 54.8 kJ mol-1.8-10

Shown in Figure 6 is the output from the curve fitting program 
that resulted in n = 2.3 ± 0.5 and k = 0.021 ± 0.011. The n is a 
function of the dimensionality of growth and whether nucleation 
is instantaneous (nN = 0) or sporadic (nN = 1),11-13 and is consistent 
with n value of 2 obtained for phenanthrene by previous research-
ers. 16. Since naphthalene grows by packing directed by van der 
Waals interaction direct the edge-to-π type packing of naphthalene 
that is thought to result in 2-dimensional plates or nG = 2.15 Since 
such bonding is non-directional, surface diffusion is important.15 
This would mean that nN =1 or sporadic nucleation would be ex-
pected.11-13

Methanol/naphthalene
Shown in Figure 7 is the wavelength-resolved TPD of a bilay-

er of methanol as the underlayer and biphenyl as the overlayer. The 
curve fitting result indicated that n = 1.1 ± 0.2 and k = 0.25 ± 0.13. 
If, the growth was one-dimensional due to the percolation of meth-
anol that impedes the mobility of naphthalene molecules, nN most 
likely must be = 0, or instantaneous nucleation.11-13

Conclusion

	 In summary, curve fitting programs appear to be useful in 
classifying and describing the type of nucleation-crystallization ki-

netics that occur during the disorder-to-order transition in biphenyl 
and naphthalene that were vapor deposited on Al2O3. Nucleation 
and growth for glassy biphenyl was spherical with sporadic nucle-
ation. For naphthalene the growth was also sporadic but was more 
plate-like. The introduction of an impurity, methanol in this study, 

Figure 5. Wavelength-resolved TPD of naphthalene multilayer with a λmax at 396 
nm. The disorder-to-order transition occurred at about 200 K, as indicated by the 
precipitous decrease in intensity and concommitant emergent blue-shifted trap 
fluorescence that is barely visible. Θbiphenyl ~ 92 ML. Inset: top view.

Figure 6. Output from the curve fitting program for naphthalene multilayer. Θnaph-

thalene ~ 92 ML. Wavelength = 396 nm, Temperature range = 200-220 K. Avrami n 
= 4.2 ± 0.8 and k = 0.28 ± 0.13. Data in blue and best fit with the n and k values. 

Figure 7. Wavelength-resolved TPD of methanol/naphthalene bilayer with naph-
thalene on top. λmax at 396 nm. The disorder-to-order transition occurred at about 
200 K. Θmethanol ~ 29 ML and Θnaphthalene ~ 17 ML. Inset: top view.

Figure 8. Output from the curve fitting program for methanol/naphthalene bilayer. 
Θmethanol ~ 29 ML and Θnaphthalene ~ 17 ML. Wavelength = 396 nm, Temperature range 
= 150-165 K. Avrami n = 1.1 ± 0.2 and k = 0.25 ± 0.13. Data in blue and best fit 
with the n and k values is in red.
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caused the dimensionality to decrease dramatically, presumably 
due to the domains that were more isolated as methanol percolated 
through the chromophoric adlayers.
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Supporting Information

Validating the Python Curve Fitting Program
The Avrami equation describes a sigmoid function given by 

equation 1 in the Experimental section above, where k and n are 
the Avrami constants that describe the nucleation-crystallization 
kinetics.11-13 Here, the k value is a function of nucleation and 
growth rate and it is related to the geometry of the nuclei.11-13 
As mentioned previously, n is a function of the dimensionality 
of growth, and whether nucleation is instantaneous (nN = 0) or 
sporadic (nN = 1), where n = nG + nN.11-13 If the nucleation rate vary 
with time, nN will be > 1.12-14

Growth mechanism for disorder-to-order transitions is 
thought to be interface-controlled, and grow linearly in time and is 
classified as sporadic.11-13 In such cases, spherical growth result in 
n =4.  If n = 3, plate-like growth and needle-like growth will result 
in n = 3, and n = 2, respectively.11-13

Figure S1. Wavelength-resolved TPD of biphenyl with a λmax at 316 nm. The dis-
order-to-order transition occurred at about 160 K and λmax  red-shifted to 338 nm. 

Figure S2. Biphenyl fluorescence intensity versus time at 316 nm. The disor-
der-to-order transition occurred at 22 - 31 s.

Figure S3. Wavelength-resolved TPD of naphthalene with a λmax at 396 nm. The 
disorder-to-order transition occurred at about 200 K. 

Figure S4. Naphthalene fluorescence intensity versus time at 396 nm. The disor-
der-to-order transition occurred at 42 - 52 s.
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In order to thoroughly test the Python curve fitting routine, 
simulated Avrami equation with variable n and k values were cre-
ated.  Repeated runs yielded the n and k values within ±20 and 50 
%, respectively, and this error was used throughout this study.

By visual inspection, the range in time were adjusted so that 
the curve fitted well. This also allowed a more accurate tempera-
ture range during which the disorder-to-order transition occurred. 
In addition, the precision of the ramp rate through the TPD gave 
a good time conversion for Python to fit the data to the Avrami 
equation. It should be noted that the data along the x-axis were 
converted to time during the TPD because the ramp rate was fixed 
at 2.0 K s-1.

If the natural logarithm of the Avrami equation (1) is taken 
twice, a linear equation is derived:

			   ln[-ln{1-f(t)}] = n ln(t) + ln(k)  	      (2)

Linear fits of the slices of intensities versus temperature 
yielded the n and k values. Equation 2 was used to manually dou-
ble-check the Python curve fitted n and k values for both biphenyl 
(Shown in Figures S1 and S2) and naphthalene multilayer data that 
are shown in Figures S3 and S4. Spreadsheet software was used 
for this manual checking. This procedure gave confidence that the 
Python routine was yielding reasonable n and k values.

It should be noted that the n value should not exceed 4; other-
wise, assumptions of the Avrami model do not hold.11-13 Particular 
care had to be taken when analyzing the biphenyl multilayer data. 
The range in sigmoid that describe the fraction of the transition 
was narrowed to between 0.1 and 0.911-13 when necessary so as to 
not go against this resriction on the n value.


