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Abstract
The spectral signature of biphenyl is sensitive to the molecular environment. In addition, the disorder-to-order transition that biphenyl 
undergoes when vapor deposited on Al2O3 can vary with the environment. This study compares the effect that benzene and cyclohexane, 
two molecules of similar molecular masses but different structurally, have on biphenyl. With these to molecules as underlayers in a bilayer 
system, the enhanced fluorescence intensities is attributed to the molecular volume that caused the formation of defect sites in the biphenyl 
adlayer. Hence for cyclohexane under biphenyl, the density of defect sites manifest in a higher fluorescence intensity than for benzene.
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a PID (proportional-integral-derivative) feedback algorithm that 
linearly increments the temperature of the Al2O3 crystal.1-3

During the TPD, the program also took the fluorescence spec-
tra from an Ocean Optics USB4000 spectrometer (Ocean Optics, 
Dunedin, FL) in real time every 300 ms. Finally, the program 
scanned the residual gas analyzer for the masses of the compounds 
that were deposited onto the Al2O3. Manipulation of the array of 
spectra as a function of temperature by a MATLAB (Mathworks, 
Natick, MA) template yielded the wavelength resolved TPD that 
are shown in the figures. To ensure a clean surface, the Al2O3 was 
heated to 300 K after each run. Temperature ramps to higher tem-
peratures did not indicate any other adsorbates.

The activation energy for desorption, Ea, was calculated by 
Redhead analysis in which a first-order desorption kinetics as de-
scribed by King was assumed. The analysis was based on the mass 
spectral peak desorption temperature, TP. 

4-6 The uncertainties in 
the desorption temperatures and the propagated error in the activa-
tion energies were ± 2%. 

The surface coverages, Θ, in monolayers (ML) were calcu-
lated by calibrating the integrated mass spectral peaks using an 
optical interference experiment. The interference experiment as-
described in detail elsewhere7 yielded accurate rate of deposition 
with coverage error of ± 30%.

Results and Discussion

The peak desorption temperature, TP, of neat biphenyl at low 
coverages (~ 20 ML) was 227 K. First-order desorption was as-
sumed and the activation energy for desorption, Ea, was calculated 
to be 58.9 kJ/mol.4-6 Upon deposition, excitation of neat biphe-
nyl on the Al2O3 surface with a high-pressure Hg lamp caused the 
amorphous biphenyl to fluoresce with a lmax  of 320 nm. As can 
be seen from Figure 1, when the surface temperature was linear-
ly ramped in a TPD experiment, the adlayer underwent a disor-
der-to-order transition at 157 K as evidenced by the red shift of the  
lmax to 340 nm and the overall intensity decreased due to the emer-
gence of nonradiative pathways that are available for relaxation 
(Inset to Figure 1). The reduction in intensity arose partly from the 
ordered molecules that became energy carriers for the trap sites 

Introduction

In previous studies of the fluorescence of biphenyl on Al2O3, 
the density of defects sites were found to be created in the biphenyl 
adlayer when an underlayer substrate with a lower desorption tem-
perature was made to percolate through the fluorescent overlayer 
of biphenyl.1-3 Percolation is achieved by choosing an underlayer 
that has a lower desorption temperature.1-3 Increase in the density 
of defect sites was manifested by an increase in the fluorescence 
intensity due to the trapping of the excitation in the ordering tran-
sition that occur in biphenyl crystals.1-3 The optical pumping of the 
adlayer would be expected to excite most of the molecules in the 
adlayer, limited only by the penetration depth of light. Since va-
por deposition prepares the adlayer in an amorphous arrangement, 
the highest fluorescence intensity is expected to to be observed at 
deposition. Vapor deposited biphenyl on Al2O3 is known to under-
go disorder-to-order transition at 157 K.1-3 In this paper, the result 
of two molecules, cyclohexane and benzene, which have similar 
footprint sizes but differing in molecular volume are used as un-
derlayers to see which would would cause the greater disruption in 
the ordering in vapor deposited biphenyl.

Experimental

Biphenyl, cyclohexane and benzene were of the highest pu-
rity that were commercially available, typically > 99% (Aldrich, 
St. Louis, MO). These compounds were placed in separate sample 
holders and vapor deposition was accomplished with adjustable 
precision leak valves. Details of the experimental set up have been 
published previously (10-13) and a brief summary is given here. 
The ultra-high vacuum chamber had a background hydrogen base 
pressure of 1 x 10-9 Torr. A single crystal of Al2O3 (0001) (Crystal 
Systems, Inc., Salem, MA) was suspended on the lower end of a 
liquid nitrogen cryostat via copper post on either side of the Al2O3 
with a sapphire spacer for electrical and thermal isolation. Resis-
tive heating of the Al2O3 was done by sending current through a 
thin tantalum foil that was in thermal contact with the substrate. 
A type-K (chromel/alumel) thermocouple (Omega, Norwalk, CT) 
that was also in thermal contact with the Al2O3 monitored the tem-
perature. Process control during the temperature programmed de-
sorption (TPD) experiment was accomplished by a program written 
in LabVIEW (National Instruments, Austin, TX) that incorporated 
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from which fluorescence occurred.1 

In a previous study, the dihedral angle of biphenyl was cor-
related to the fluorescence lmax.

3 If the trendline from that study is 
used, biphenyl’s dihedral angle is 44o at deposition and the dihe-
dral angle become more planar to 10o after the disorder-to-order 
transition.

The peak desorption temperatures of benzene and cyclohex-
ane are 137 and  151 K, respectively. If first order desorption ki-
netics are assumed, then the activation energies for desorption of 
benzene and cyclohexane can be calculated and were determined 
to be 34.9 and  38.6  kJ/mole, respectively.4-6 Note that the desorp-
tion temperatures for these two underlayers are lower than that 
of biphenyl. In this way, disruption in the biphenyl overlayer in 
the bilayer experiments would be evident as the temperature is in-
creased in the TPD dexperiment.

Bilayer: benzene underlayer with biphenyl overlayer
The wavelength resolved TPD for the bilayer with benzene 

as the underlayer and biphenyl as the overlayer is shown in Figure 
2. Notice the enhanced fluorescence intensity at about 210 K. The 
increase in intensity is tentatively postulated to occur as a result of  

an increase in the density of defect sites during the disorder-to-or-
der transition. Note that subsequent to the disorder-to-order tran-
sition, several peaks can be resolved: 331, 345 and 364 nm. The 
latter is attributed to an atomic Hg line from the excitation lamp. 
The other two wavelengths represent biphenyl in discrete molecu-
lar sites and correlate to dihedral angles of 22o and 6o, respectively.

In order to more quantitatively determine the effect that the 
underlayer has in causing an increase in the biphenyl’s density of 
defect sites as it is undergoing the disorder-to-order transition, a 
series of experiments was conducted. The results are reported in  
Figure 3. On the vertical axis is the intensity of the biphenyl fluo-
rescence at ~ 210 K and lmax at 345 nm where the maximum inten-
sity is observed. The biphenyl coverage was held constant at 110 ± 
37 ML when the underlayer was benzene. In order to account for 
the variation in  coverage, the intensity at 210 K was normalized 
using the fluorescence intensity at deposition. Note that the inten-
sity at 210 K increases until about 100 ML of benzene, and then 
the intensity levels off. The tentative explanation is that the for-
mation of defects within the biphenyl adlayer is efficiently accom-
plished by approximately one molecule of benzene to one of bi-
phenyl, and that this density of sites has a maximum value, so that 
additional benzene molecules that percolate through the biphenyl 
layer are not effective, once that maximum is reached. In addition, 
a variation of 20.3 ± 0.7 K in Tp for benzene was observed when 
it as deposited under biphenyl. These findings lend support to the 
hypothesis that scomplexation due to aromatic π-π interaction oc-
curred to some degree between benzene and biphenyl.  

Bilayer: cyclohexane underlayer with biphenyl overlayer
Shown in Figure 4 is the wavelength-resolved TPD of cyclo-

hexane and biphenyl bilayer that had been vapor deposited as dis-
tinct layers. The coverages of the bilayer shown were similar to 
those shown in Figure 2 for benzene and biphenyl bilayer. What is 
immediately apparent is the larger enhanced fluorescence intensi-
ty. The postulated mechanism for the increase in fluorescence in-
tensity is the increase in the density of defect sites. It makes sense 
if the larger molecular volume cyclohexane compared to benzene 
is the cause of the enhanced fluorescence. It should be noted that 
the scatter in the data was due to the formation of defect sites that Figure 1.  Wavelength-resolved TPD of biphenyl neat sample. Qbiphenyl was 108 

ML. Inset: top view. Note the disorder-to-order transition at 157 K with an accom-
panying red-shift in lmax to 340 nm.

Figure 2. Wavelength-resolved TPD of biphenyl in which Qbenzene was 238 ML and 
Qbiphenyl was 140 ML. Inset is the top view. The two relevant wavelengths that are 
observed after the disorder-to-order transitions are 331 and 345 nm. These corre-
spond to distinct sites created by the benzene. Inset: top view.

Figure 3. Plot of the ratio of the fluorescence intensity at 210 K and at 115 K as a 
function of the coverages of underlayer, benzene (in blue ) and cyclohexane (in or-
ange), respectively. The coverages of biphenyl were kept constant at 120 ±40 ML.    
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is probabilisticly random. 

Shown also in Figure 3 is the normalized intensity of the en-
hanced fluorescence caused by the formation of defects by cyclo-
hexane underlayer. Here again, biphenyl coverage was held con-
stant at 120 ± 40 ML and the temperature at which the maximum 
was observed was about 190 K with lmax of 346 nm although some 
variation in the temperature of about ± 18 K was detected. The 
fluorescence spectra showed two peaks after the disorder-to-order 
transition, with lmax of 334 and 347 nm. These corresponded to 
dihedral angles of 18o and 5o, respectively. Here again, the flu-
orescence intensity rose rapidly with cyclohexane coverage and 
reached a maximum at about one molecule of cyclohexane to one 
of biphenyl. The intensity of the fluorescence when the underlayer 
is cyclohexane is much larger by about 2.5 times greater compared 
to benzene. This observation might be explained by noticing the 
larger molecular volume that cyclohexane occupies compared to 
benzene. Another possible cause for the enhancement in the fluo-
rescence intensities as indicated in Figure 3, the contrasting scat-
ter in the normlized intensities for cyclohexane-biphenyl versus 
benzene-biphenyl would suggest that aromatic π-π interaction be-
tween benzene-biphenyl might remove some of the randomness to 
the interaction.

One final observation is that the trap sites caused by the perco-
lation of cyclohexane through the biphenyl layer was irreversible. 
This was determined by ramping the temperature of the bilayer 
to  190 K, where the maximum in the fluorescence intensity is ob-
served. Then cooling the crystal back to 115 K, followed by a nor-
mal TPD experiment, that is, another ramp in temperature through 
the desorption temperature of biphenyl. The wavelength-resolved 
TPD of the final TPD experiment is shown in Figure 5. Note that 
once the traps are formed, the adlayer did not revert back to the 
amorphous molecular arrangement.
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Figure 5. Wavelength-resolved TPD of biphenyl in which Qcyclohexane was 31 ML and 
Qbiphenyl was 148 ML. The temperature of the Al2O3 on which the bilayer had been 
deposited was ramped to 190 K to desorb the cyclohexane and allowed to cool to 
the deposition temperature. Then this TPD experiment was done. Inset: top view. 

Figure 4. Wavelength-resolved TPD of biphenyl in which Qcyclohexane was 240 ML 
and Qbiphenyl was 98 ML. The two relevant wavelengths that are observed after the 
disorder-to-order transitions are 334 and 347 nm that are distinct sites of biphenyl 
with different dihedral angles that were created by the cyclohexane. Inset: top 
view. 


