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OBSERVATION OF ENHANCED FLUORESCENCE IN VAPOR DEPOSITED FLUO-
RENE ON ALUMINUM OXIDE SUBSTRATE BY ELECTRONIC ENERGY TRANSFER 
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Abstract
 

Fluorene was vapor deposited on Al2O3 and optically pumped with 250 nm light. A blue fluorescence with λmax ~ 342 nm was observed as the adlayer 
of fluorene relaxed to the ground state. This fluorescence was found to be dramatically enhanced if an adlayer of p-xylene was also vapor deposited 
as an underlayer to fluorene. Enhancement due to electronic energy transfer occurred as p-xylene percolated through the fluorene overlayer. Subse-
quent to the complete desorption of p-xylene, the fluorescence from fluorene remained high by about 10-fold when compared to neat fluorene. This 
fluorescence enhancement has been postulated to be due to surface modification in the form of surface roughening that can allow significantly greater 
surface area of the adlayer to be exposed and hence larger number of fluorene molecules that can be excited. 
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Introduction

 Biphenyl and its derivatives are of photophysical interest be-
cause of the various dihedral angles that the molecules can have. 
Due to their high fluorescence quantum efficiency, fluorene, that 
belong to this class of compounds and its derivatives have had 
wide interest because of their application to blue LEDs and solar 
cells.1-3 Crystal structure of fluorene was first published by Brown 
and Bortner and others have confirmed that fluorene is planar4-6 

and due to its planarity, fluorene forms excited state dimers or ex-
cimers.7

 Vacuum deposition of aromatic molecules onto cooled surfac-
es results in amorphous, rather than crystalline multilayers.8-11 The 
average intermolecular distance of amorphous adlayers is typically 
less than the critical distance of 3.0 Å that is necessary to form 
excimers.7 If the surface is heated in a temperature programmed 
desorption (TPD) experiment, the adlayer molecules will undergo 
a disorder-to-order transition, whereupon the intermolecular dis-
tance becomes larger than the critical distance for excimer forma-
tion, and molecular fluorescence similar to that observed in solu-
tion is observed7. Hence, during a TPD experiment, the spectra 
can serve as a probe to indirectly observe changes in the surface 
morphology, so that a model of the surface dynamics can be postu-
lated.8-10  

 Previously, we reported that fluorescence from biphenyl was 
enhanced by the introduction of p-xylene due to electronic energy 
transfer.12-13 In this paper, attempt is made to differentiate the rel-
ative contribution to the fluorescence enhancement by electronic 
energy transfer from that which occurs because of surface rough-
ening that increases the area and hence the number of fluorophores 
that can be excited.

Experimental

 Fluorene, all three isomers of xylene and trans-1,4-dimeth-
ylcyclohexane were purchased from commercial sources (Sig-

ma-Aldrich, St. Louis, MO) and their purity was checked by flu-
orescence. The samples were placed in stainless steel ampoules 
connected to the ultra high vacuum (UHV) chamber and outgassed  
by freeze-pump-thaw cycles. Then by means of leak valves, the 
adsorbates vapors were vacuum deposited from the vapor onto 
a surface of cryogenically cooled single crystal surface of Al2O3 
(0001). Diagrammatic details and a camera view of the experimen-
tal set-up were given in previous papers8-10 and are summarized 
here. 

Wavelength-resolved TPD was accomplished using a high 
pressure Hg arc lamp excitation source in series with a ¼ mono-
chromator that was set at 250 nm. The fluorescence was gathered 
via a compact diode array spectrometer (Ocean Optics, Dunedin, 
FL) set at right angle to the excitation source. Experimental hard-
ware integration and control for the TPD, residual gas analyzer, 
oscilloscope and spectrometer were managed with a system-de-
sign software, LabVIEW (Austin, TX). The data acquisition that 
result from the spectrometer involves a relatively large array of 
data that exceeds the capacity of spreadsheet software. Thus MAT-
LAB (Natick, MA) was used to generate the wavelength-resolved 
TPD figures presented in this article. 

 For the TPD experiment, the temperature was linearly ramped 
at 2 K/s. A chromel-alumel thermocouple that was in thermal con-
tact with the Al2O3 alumina crystal surface sent a voltage to an 
analog-to-digital converter that in turn was connected to a com-
puter that controlled a power supply. This power supply fed cur-
rent through a tantalum foil that was in thermal contact with the 
alumina, and resistively heated the Al2O3. The crystal temperature 
was continuously monitored while sufficient current was sent to 
the tantalum foil to keep heating the crystal. A PID (proportional 
integral derivative) control subroutine module in the LabVIEW 
program was used to insure a constant temperature ramp rate.

The adlayer coverages were determined by using a diode la-
ser that was directed at the surface during deposition.11 The inte-
grated mass spectral peaks were calibrated against the resulting 
optical interference experiment and the coverages (Q) are report-
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ed in monolayers (ML) with an error of ± 30% . The activation 
energy for desorption, Ea, was calculated by Redhead analysis by 
assuming a first-order desorption kinetics as described by King. It 
is based on the mass spectral peak desorption temperature, Tp

13-15. 
The uncertainties in the desorption temperatures and the propagat-
ed error in the activation energies are ± 1%. 

In order to distinguish electronic energy transfer and surface 
roughening, an annealing experiment was performed. A layer of 
p-xylene was deposited on the cold alumina crystal followed by 
the deposition of a fluorene layer. Subsequent to vapor deposition, 
the temperature of the adlayer was ramped at the same 2K/s to a 
predetermined annealing temperature of 210 K and held at that 
temperature within ± 1 K for 20 s. At this annealing temperature, 
the underlayer of p-xylene was determined with the residual gas 
analyzer to have completely desorbed.  The substrate was allowed 
to cryogenically cool down to 135 K and then a TPD experiment 
performed. In the post-annealing TPD experiment, the residual gas 
analyzer data showed only fluorene and no additional p-xylene 
was desorbed. 

Results and Discussion

Neat fluorene:

The wavelength resolved TPD of fluorene is shown in Figure 
1. Tp is 244 K with Ea ~ 63.4 kJ/mol. The main feature was that the 
emission from the excimeric amorphous fluorene with a lmax~342 
nm increased in intensity until a maximum was reached at about 
200 K. An accompanying shoulder that was blue shifted by about 
5 nm also increased in intensity with a maximum at about 200 K, 
the disorder-to-order transition. 

 Shown in Figure 2 are the results of the annealing experiment 
as explained in the experimental section above. The top left plot 
shows the fluorescence intensity as a function of temperature and 
the bottom left shows the corresponding wavelength spectrum ver-
sus temperature. Both the top left and bottom left plots share the 
same temperature axis. Plots stop at the annealing temperature of 
210 K when annealing was allowed to occur for 20 s. In the TPD 
experiment of the annealed fluorene, the fluorescence intensity as 
a function of temperature is plotted on the top right quadrant. The 
lower plot on the right shows the corresponding wavelength versus 
temperature plot. The bottom left spectrum shows the aforemen-
tioned small but distinct blue shift at about 200K which is where 
the disorder-to-order transition. On the bottom right, the blue-shift-
ed spectrum persists through the entire TPD. The conclusion is 
that once the adlayer underwent the disorder-to-order transition, 
the ordered form of the fluorene persisted because it was thermally 
more stable. The intensity plot of the annealed fluorene shows that 
the blue-shifted species remained but at half the intensity at the 
beginning of the TPD (blue arrow, top right) compared to the un-
annealed fluorene (black arrow, top left). The maximum intensity 
of the annealed fluorene at 200 K (green arrow, top right) is about 
60% of the maximum intensity of the unannealed fluorene (red 
arrow, top left).

 It should be noted that the intensity of the fluorescence of fluo-
rene increased with temperature up to 200 K. Since this maximum 
was observed in neat fluorene and in bilayers (see below), this is 

	
	
	

	

Figure 1. Wavelength resolved TPD of neat fluorene. Qfluorene ~ 24 ML. Inset: 
wavelength as a function of temperature

Figure 2. Annealing plots of neat fluorene. Qfluorene ~ 24 ML. During the anneal on 
the left and after the anneal on the right. Arrows indicate locations on the TPD that 
were noted in the text.

Figure 3.  Wavelength resolved TPD of p-xylene/fluorene bilayer. Qp-xylene ~ 103 
ML and Qfluorene ~ 20 ML. Inset: top view (wavelength as a function of temperature). 
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an intrinsic molecular property. Since this property was thermally 
reversible and independent of cycling of the surface temperature, a 
relaxation route must be present in solid fluorene that is Arrhenius 
in form. One possibility is that at 200 K, CH vibration mode might 
be coupling to the electronic state responsible for the radiative re-
laxation process.  

p-xylene/fluorene bilayer:

 Figure 3 shows the effect of the p-xylene underlayer upon the 
fluorene. Tp of p-xylene is 179 K and Ea is 46 kJ/mol. As expect-
ed, the fluorescence intensity increased as the adlayer temperature 
reached the desorption temperature of p-xylene (179 K) and p-xy-
lene began to percolate through the upper layer of fluorene. 
 
 Similar to the placements of the plots in Figure 2, Figure 4 
shows fluorescence intensity of the p-xylene/fluorene bilayer prior 
to and after the anneal. What is immediately apparent is the almost 
6 fold increase in the fluorescence intensity (red arrow, top left) at 
200 K compared to the initial intensity (black arrow). Subsequent 
to annealing the fluorene adlayer and after all of the p-xylene had 
desorbed, the initial fluorescence intensity of fluorene (blue arrow, 

top right) was almost 3-fold higher than prior to the anneal (black 
arrow top left). Since p-xylene has completely desorbed and little 
to none of the fluorene has been lost, this increase in intensity must 
be due to the surface roughening that resulted during the passage 
of p-xylene through the fluorene adlayer. 

 In order to determine the optimum coverage ratio of p-xylene 
to fluorene responsible for the fluorescence enhancement shown in 
Figure 3 and the left half of Figure 4, a plot was prepared. Figure 5 
shows the intensity of fluorene fluorescence at 200 K as a function 
of p-xylene to fluorene coverage ratio. More specifically, the plot 
shows the ratio of the maximum intensity of the fluorescence at 
200 K (red arrow in Figure 4) to the initial intensity (black arrow 

	

	

	
	
	

Figure 4. Annealing plots of p-xylene/fluorene bilayer. Qp-xylene ~ 106 ML and 
Qfluorene ~ 26 ML. During the anneal on the left and after the anneal on the right. 
Arrows indicate locations on the TPD that were noted in the text..

Figure 5. Top: bilayers of p-xylene/fluorene, Ipeak/Iinitial, ratio of the peak intensity 
(red arrow, Fig. 4) to the initial intensity (black arrow, Fig. 4) as a function of 
the relative coverages of p-xylene to fluorene, Qp-xylene (ML)/Qfluorene (ML). Bottom: 
bilayers of m-xylene/fluorene, Ipeak/Iinitial, ratio of the peak intensity to the initial in-
tensity as a function of the relative coverages of m-xylene to fluorene, Qm-xylene 
(ML)/Qfluorene (ML).

Figure 6.  Summary of data for neat fluorene and bilayers of m-xylene, o-xylene, 1,4-dimethylcyclohexane, p-xylene with fluorene. 1st bar =  initial TPD intensity prior to 
anneal (black arrows in Figs. 2 and 4), 2nd bar = maximum intensity prior to anneal (red arrows in Figs. 2 and 4), 3rd bar = initial TPD intensity after anneal (blue arrows 
in Figs. 2 and 4) and 4th bar = maximum intensity after anneal (green arrows in Figs. 2 and 4).
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in Figure 4) or Ipeak/Iinitial as a function of the coverage ratio: Θp-xylene 
(ML)/Θfluorene (ML). The leveling of the plot occurred where the 
intensity ratio of about 5 intersects the coverage ratio of  ~ 5 ± 2. 
In Figure 3 and 4, the coverage ratios (Θp-xylene (ML)/Θfluorene (ML)) 
were 5.2 and  4.1, respectively and therefore, just about where the 
relative intensity Ipeak/Iinitial has leveled.

 The fluorescence enhancement that is shown in Figure 3 and 
the left side of Figure 4 was due to a combination of electron-
ic energy transfer and surface roughening. In order to determine 
the relative contribution of each, benchmark measurements were 
made of the following: a) initial intensity (black arrow in Figure 4) 
since this is related to the number of amorphously prepared fluo-
rene molecules that were present in the adlayer, b) the peak inten-
sity prior to the anneal (red arrow in Figure 4) since this is due to 
fluorescence from both resonance energy transfer from p-xylene 
donor to fluorene acceptor and increased fluorescence due to the 
surface roughening, c) the initial fluorescence intensity after the 
anneal (blue arrow Fig. 4) since this is due to the surface rough-
ened bilayer and d) the intensity maximum after the anneal (green 
arrow, Fig. 4). The effect of surface roughening is the difference 
between the initial intensity after the anneal for the bilayer system 
(blue arrow in Figure 4) and the corresponding intensity of the neat 
annealed fluorene (blue arrow in Fig. 2). The peak intensity that is 
observed during the TPD experiment after the anneal (green arrow 
in Fig. 4) is due to the surface roughened and the intensity that is 
observed without the surface roughening (green arrow in Fig. 2). 
This gives another point of reference for the p-xylene’s effect on 
surface roughening. Since the coverages of fluorene were approx-
imately the same for both Figures 2 and 4, the order of magnitude 
higher intensities at both benchmark points (green and blue ar-
rows) were the degrees to which surface roughening enhanced the 
fluorescence.

 Similar experiments were performed on m-xylene. For m-xy-
lene the leveling of the Ipeak/Iinitial occurred at a higher Θm-xylene (ML)/
Θfluorene (ML) coverage ratio, as shown in the lower plot in Figure 5. 
In that system, leveling occurred when the coverage ratio was ~ 20 
± 2. Although not shown here, similar experiments were also done 
with o-xylene. A comparative histograms plot of the 4 benchmark 
measurements can be seen in Figure 6. The plot summarize the 
results for neat fluorene, and bilayers of p-, m- and o-xylene with 

fluorene are shown in Figure 6 as histograms of the 4 benchmark 
measurements. From Figures 2 and 4, the intensity shown with 
black arrows is the first bar of each set, the intensity shown with 
red arrow is the next bar on the histogram, the intensity in blue is 
the next bar and finally, intensity in green is shown. Comparison 
of the 3rd histogram bars give the effect of surface roughening and 
these were 3-fold and 4-fold increases for bilayers with m-xylene 
and o-xylene, respectively. In addition, the initial intensity after 
the anneal (third histogram bar in each bilayer set in Figure 6) are 
higher than prior to the anneal (first histogram bar). This is due to 
the irreversibility and thermal stability of the roughened surface.  

 Since a saturated hydrocarbon is not electronically excited by 
the 250 nm excitation source, trans-1,4-dimethylcyclohexane was 
used as an underlayer to fluorene in order to factor out the effect 
due to electronic energy transfer. The fluorescence intensity as a 
function of temperature during the TPD after annealing all of the 
bilayers along with neat fluorene are shown in Figure 7. As can be 
seen from Figures 6 and 7, the effect of trans-1,4-dimethylcyclo-
hexane was very similar to o- and m-xylene within experimental 
error. This means that electronic energy transfer was absent in the 
TPD of o- and m-xylene/fluorene bilayer and the enhancement in 
the fluorene fluorescence in those bilayer systems must be due 
solely to surface roughening. 

 As asserted previously, during the TPD experiment, the en-
hancement in fluorescence that was observed for the p-xylene/flu-
orene bilayer system was due to both electronic energy transfer 
and surface roughening. To determine the contribution of electron-
ic energy transfer alone, the fluorescence intensity after annealing 
must be subtracted from the fluorescence before annealing, but 
at the same temperature at which percolation of the p-xylene oc-
curred. This meant that the intensity indicated by the green arrow 
in Figure 4 must be subtracted from the intensity shown by the red 
arrow. This difference is about 50% of the intensity shown with 
green arrow. In other words, about 33% (50/150) of the intensity 
indicated by the red arrow is due to electronic energy transfer, less 
than 10% is due to fluorescence from fluorene itself and the rest 
(~57%) is due to surface roughening.

 If a comparison is made of the initial intensities after the an-
neal which is shown on the 3rd bars for the sets of bilayers in Figure 
6, the efficiency of p-xylene to roughen the surface is about 3-fold 
greater than for the other underlayers which at first, seems exces-
sively high considering the structural similarities of the underlay-
ers. Perhaps the molecular and electronic similarities of p-xylene 
to fluorene might explain the degree to which p-xylene disrupts the 
ordered form of fluorene, but this idea needs further investigation.

 Finally, it should be noted that the initial intensities of the bi-
layers are significantly higher than in the neat fluorene (first bar of 
the 5 sets of histograms in Figure 6) even though, presumably the 
two layers were prepared distinct and intact. This could be due to 
roughening at the interface between the two layers. Although not 
shown here, a plot of the initial intensity as a function of p-xy-
lene to fluorene coverage showed an almost immediate (at ratios of 
coverage of p-xylene to fluorene less than 1) increase in intensity 
to the level of the bilayer shown in Figure 4 with the black arrow. 
Another evidence that supported this explanation was that the in-
crease in the difference (i.e. slopes) between the intensities of the 

Figure 7. Intensity of the blue-shifted fluorene fluorescence after the anneal for 
neat fluorene in blue, bilayers of trans-1,4-dimethylcyclohexane/fluorene in dark 
green, m-xylene/fluorene in light green, o-xylene/fluorene in orange, and p-xylene/
fluorene in purple. 
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bilayer compared to that for the neat fluorene during the TPD ex-
periment increased with temperature (See Figure 7). As the lower 
layer mixed into the upper layer, this interface increased in vol-
ume.  
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