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ENHANCED FLUORESCENCE OF NAPHTHALENE ON Al,O; BY 1,0-DICHLOROALKANES
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Abstract
Physical vapor deposition of aromatic hydrocarbons on Al.O
transition when the temperature of the substrate is rampetf

form adsorbates that are initially amorphous but undergo disorder-to-order
dluring the temperature programmed desorption (TPD) experiment. In bilayers

where the overlayer is naphthalene, a fluorophore, the underlayer can be used to disrupt the morphology of the overlayer and this disrup-
tion can be observed by monitoring its fluorescence during the TPD. Homologous series of 1,w-dichlorohexane was found to enhance the

naphthalene fluorescence from both excimer and traps.
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Introduction

Due to dispersion forces, vapor deposited 1-chloroalkanes
on Al O, aggregated to form adsorption sites if the length of the
alkyl moiety was sufficient to accommodate the fluorophore laid
on top." This finding motivated an ancillary question: by careful
choice of the underlayer, can the fluorophore be made to form a
specific type of fluorescence emitter, namely trap or excimer, as
the underlayer percolated through the fluorophore on its way to
desorption?' Any effect on excimer or trap fluorescence should be
manifested by changes in these sources of emission. 1,6-Dichlo-
rohexane was an example of an underlayer that promoted the for-
mation of traps after the disorder-to-order transition of biphenyl."?
Hence any effect on excimer or trap fluorescence should be mani-
fested by changes in these sources of emission.

In a recent study, biphenyl was used to characterize the change
in surface morphology that was caused by a homolgous series of
1,w-dichloroalkanes.” The change caused by the dichloroalkanes
was significantly larger than the corresponding unsubstituted al-
kanes and tentatively attributed to the m-Cl interaction that can
occur between the dichloralkane and biphenyl.®* The n-Cl inter-
action has been attributed to the electrostatic interaction between
the positive o-hole on the chlorine and the negative electronic den-
sity of the aromatic rings.®® Another observation was that as the
1,w-dichloroalkane moved through the biphenyl adlayer, the Cl-x
interaction caused the biphenyl that was in the ordered state to
fracture in its wake, thereby increasing the density of defect sites
from which radiative relaxation can occur.” Thus this interaction
caused the fluorophoric intensity to increase.’

During the TPD experiment, vapor deposited hydrocarbons
on a surface underwent disorder-to-order transitions. For example,
vapor deposited biphenyl on Al O, is initially in the twisted con-
former, which is consistent with its conformer in the vapor phase.
114 When it undergoes the disorder-to-order transition about mid-
way through the TPD, it becomes nearly planar.'®!* Vapor deposit-
ed naphthalene on Al,O,, on the other hand, formed energetically
stable excimer that did not undergo the usual disorder-to-order
transition until just a few degrees before desorption.'*

The aim of this study was to determine if the 7-Cl interaction
due to 1,m-dichloroalkanes in the biphenyl study, could effectively
overcome the stability of the naphthalene excimer and cause the

excimer-to-order transition as the underlayer percolated through
the naphthalene overlayer as it underwent desorption.

Experimental

Naphthalene, 1,w-dichloroalkanes and 1,4-dibromobutane
of the highest purity (> 99%) were purchased from commercial
sources (Sigma-Aldrich, St. Louis, MO; TCI, Portland, OR). They
were placed in a sample holder attached to one end of a precision
leak valve for vapor deposition. The ultra-high vacuum chamber
had a background hydrogen base pressure of 1 x 10 Torr. A sin-
gle crystal of ALO, (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 Al,O, with a sapphire spacer for
both electrical and some degree of thermal isolation from the cryo-
stat. Resistive heating of the Al,O, 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, Nor-
walk, CT) that was also in thermal contact with the Al,O, moni-
tored the temperature. Process control during the TPD experiment
was accomplished by a program written in LabVIEW (National
Instruments, Austin, TX) that incorporated a PID (proportional-in-
tegral-derivative) feedback algorithm that linearly incremented the
temperature of the AL O, crystal at 1.98 + 0.01 K s (roughly 2 K

sh).

Optical pumping of the fluorophore was accomplished with a
high pressure Hg lamp whose output was focussed through a 0.25
m monochrometer and A was set at 250 nm. Fluorescence emis-
sion from the adlayer on the ALLO, was captured via a quartz lens
and light pipe assembly was attached to the vacuum feedthrough
that terminated at the spectromer. During the TPD, the LabVIEW
program took the fluorescence spectra every 300 ms in real time
from an Ocean Optics USB4000 spectrometer (Ocean Optics,
Dunedin, FL) that was sensitive in the ultra-violet. Manipulation
of the array of spectra as a function of temperature by a MATLAB
(Mathworks, Natick, MA) template yielded the WRTPD (wave-
length-resolved TPD) that are shown in the figures. To ensure a
clean surface, the Al,O, was heated to 300 K after each run. Tem-
perature ramps to higher temperatures did not indicate any other
adsorbates.'*!

The activation energy for desorption, E , was calculated by
Redhead analysis in which a first-order desorption kinetics as de-



scribed by King was assumed and is based on the mass spectral
peak desorption temperature, Tp.”'17 The uncertainties in the de-
sorption temperatures lead to a propagated error in the activation
energies of + 2%.

The LabVIEW program received data from a residual gas an-
alyzer so that both the deposition and the desorption of naphtha-
lene could be monitored. The surface coverages, ®, in monolayers
(ML) were calculated by calibrating the integrated mass spectral
peaks in an optical interference experiment. The interference ex-
periment yielded accurate rate of deposition with coverage error of
+ 30%, and is described in detail elsewhere .14

Transmittance of the excitation light was detected with a
photomultiplier whose output was sent to a computer interfaced
high resolution analog-to-digital converter that the same
LabVIEW program controlled. A UV shortpass optical filter had
been placed in front of the photomultiplier (PMT) detector so
that only the 250 nm excitation light was being monitored. The
voltages from the photomultiplier at 0% and 100% transmittances
were determined by blocking the excitation light and using the
same optical configuration with a clean surface, respectively. In
this way, the transmittance correlated linearly with the voltages
from the photomultiplier. Sources of error are the fluctuation in
the excitation light and PMT that gave low frequency and high
frequency noise, respectively, and resulted in + 3% error in the %
transmittance.

For surface coverages in the multilayer regime, multidi-
mensional nucleation and crystal growth are expected at the
disorder-to-order transition. In order to model the disorder-to-
order transition as a nucleation-crystallization process, the Avrami
model was used."”® The Avrami equation is given by:

I(t) = e*”

where I(t) is the time dependent fluorescence intensity at the
disorder-to-order transition that is converted to fraction of the
disordered state at the transition, & is related to the rate with which
crystallization occurs and is in part, a function of the density of
nucleation sites, t is time in s and 7 is the dimensionless Avrami
exponent that yields the dimensionality of the nucleation-
crystallization process.'® The unit for £ is the inverse of time raised
to the n™ 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.

A 10 Hz pulsed quadrupled Nd:YAG laser with output at 266
nm was the excitation source for the laser-induced fluorescence,
LIF, measurements. The fluorescence was focused with short focal
length lens onto a 0.25 m monochromator equipped with a pho-
tomultiplier and A was set at 398 nm, the peak of the naphthalene
excimer fluorescence. The signal from the photomultiplier was
amplified and sent to a very fast digitizing oscilloscope, averaged
over 4 LIF decay scans and the waveform was exported to the
controlling computer that was running the LabVIEW program. The
LIF was assumed to decay by first-order kinetics. A least square
curve-fitting program was used to determine the slope, i.e. the rate
constant, and intercept of this line during the TPD experiment.
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The intercepts are the initial intensities of the LIF decay. About
2 replicates of TPD runs yielded LIF decay rate constants with a
precision of about + 10%.

Results and Discussion

Physical vapor deposition of naphthalene resulted in an phy-
sisorbed, amorphous arrangement of adsorbate molecules in the
adlayer as evidenced by spectral signature of an excimer fluores-
cence.' During the TPD, the adsorbate transitioned from the amor-
phous morphology to a more ordered state.'®!'* In a bilayer, if the
underlayer has a lower desorption temperature than the overlayer,
the underlayer molecules will percolate through the overlayer be-
fore desorbing during the TPD procedure."'*!* Desorption teme-
pratures and activation energies for desorption are summarized in
Table 1."'7 The interaction with the underlayer molecules during
percolation typically will have an effect on the morphology of the
fluorophoric adlayer. By judicious choice of the underlayer, the
morphology of the overlayer could be manipulated in such a way
that ordering in the orderlayer can be forced to occur. This might
occur by causing nucleation sites or if the overlayer is ordered
when the underlayer comes through, it can be fractured, thereby
increasing the density of defect sites from which radiative relax-
ation can occur. The result is enhanced monomeric fluorescence.?
A third way with which the underlayer can affect the overlayer
is by increasing the distance between the fluorophoric molecules.
Aggregation quenching is reduced and the fluorescence quantum
yield would be enhanced."

Multilayer naphthalene

Shown in Figure 1 is the wavelength-resolved TPD of naph-
thalene. The adlayer that forms when naphthalene is vapor depos-
ited on AlL,O, is amorphous. Optical pumping of the singlet elec-

Figure 1. Wavelength-resolved TPD of naphthalene neat with coverage of 97 ML.
The excimer has a A__ =398 nm. The excimer-to-order transition occurs at 200
K during the TPD, but the trap emission from the ordered state is barely visible.
Left inset: % transmittance vs. T during the TPD. Right inset: LIF rate constant vs
T during the TPD.
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tronic state gave rise to excimer fluorescence with =398 nm
that has been so categorized because of the observed broad and
featureless spectrum.” As the temperature of the Al,O, substrate
was increased in a TPD experiment, naphthalene underwent a
disorder-to-order transition at about 200 K, at which temperature
the spectrum changed to that observed for the monomer with two
peaks at 325 and 334 nm. The doublet was due to the strong vi-
brational progression that has been attributed to a C-H bending
vibration."

The left inset in Figure 1 shows that the measured transmit-
tance does not fall below about 4% with a signal-to-noise ratio of
of 1:1. The fluorescence intensity is relatively high even with very
low absorption of the excitation light. This would be indicative of
very high quantum yield for the naphthalene excimer.

The right inset in Figure 1 shows the fluorescence rate con-
stant to increase monotonically from about 7.8x10° to 9.4x10°s".
The increase is attributed to thermally induced quenching, as can
be seen from decreasing intensity of the excimer fluorescence.
The lifetimes, the inverse of the rate constants, are consistent with
those previously reported."

Dichloromethane/naphthalene

Shown in Figure 2 is the wavelength-resolved TPD of naph-
thalene with an underlayer of dichloromethane. Upon deposition
and prior to the temperature ramp, the intensity of the excimer was
noticeably higher due to the presence of the underlayer (Cf. Figure
1). In effect, the dichloromethane’s surface upon which naphtha-
lene was deposited separated the amorphous molecules so that the
intermolecular interactions were less, which in turn lowered aggre-
gation-caused quenching.

Figure 2. Wavelength-resolved TPD of naphthalene with © ..., = 87 ML that

had been deposited at 117 K with an underlayer of dichloromethane with ©

dichloro-
. = 102 ML that was not annealed. Left inset: % transmittance vs. T during the
TBES: Right inset: LIF rate constant vs T during the TPD.

The left inset in Figure 2 shows that the transmittance was
considerably lower than when the underlayer was absent (Cf. left
inset of Figure 1). At the start of the TPD, the transmittance was
about 80%. When the dichloromethane desorbed, the transmit-
tance dipped due to scattering of the excitation light, with the con-
comitant increase in the excimer intensity. Some excimer-to-trap
ordering was evidenced at that temperature as indicated by the
blue-shifted fluorescence. Notice that the scattering did not affect
the fluorescence intensity; this has been observed in all of the bi-
layer systems (Vide infra). From the right inset, the fluorescence
rate constant was observed to be 30% lower due to a decrease in
aggregation-caused quenching as noted above. Due to thermally
induced quenching, the fluorescence rate constant shown in the
right inset began at about 6x10° s and increased monotonically
to about 8.5x10° s. When the dichloromethane desorbed, the rate
constant dipped by about 17% due to the separation on the excimer
molecules. The postulate is that separation of fluorophore lowers
quenching due to molecular aggregation.

1,2-Dichloroethane/naphthalene

Shown in Figure 3 is the wavelength-resolved TPD of a bi-
layer of 1,2-dichloroethane and naphthalene. The underlayer was
annealed at 130 K for 30 s. Annealing the underlayer is known to
increase the intensity of the naphthalene fluorescence. So that pro-
cedure was followed in this study, with the exception of dichloro-
methane and 1,3-dichloropropane underlayers. Notice again, that
the intensity of the excimer fluorescence was higher for the same
reason as in the dichloromethane/naphthalene system, i.e. separa-
tion effect. From the left inset, the transmittance which was 90%
initially, was considerably lower than that the 96% for multilayer
(Cf. Figure 1, left inset).

1,3-Dichloropropane/naphthalene

Figure 3. Wavelength-resolved TPD of naphthalene with Onaphthalenel =89 ML with
an underlayer of 1,2-dichloroethane with ©,, ;... ... = 253 ML that had been

annealed at 130 K for 30 s. Left inset: % transmittance vs. T during the TPD. Right
inset: LIF rate constant vs T during the TPD.



Shown in Figure 4 is the wavelength-resolved TPD of a bi-
layer of 1,3-dichloropropane and naphthalene. What is interesting
here is that this particular underlayer has very little effect on the
excimer fluorescence of naphthalene. This is tentatively attributed
to the even-odd effect of alkanes**?! that was reported for these

Figure 4. Wavelength-resolved TPD of naphthalene with ©__ . = 92 ML with
an underlayer of 1,3-dichloropropane with ©, , . = BOGRIL that was not
annealed. Left inset: % transmittance vs. T duiring the 1PD. Right inset: LIF rate

constant vs T during the TPD.

Figure 5. Wavelength-resolved TPD of naphthalene with © . =104 ML with
an underlayer of 1,4-dichlorobutane with ©,, . o = 739"l that had been

annealed at 130 K for 30 s. Left inset: % transmittance vs. T during the TPD. Right
inset: LIF rate constant vs T during the TPD.
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1, w-dichloroalkanes with biphenyl.” The transmittance and rate
constants as seen in the left and right insets, respectively were very
similar to the 1,2-dichloroethane.

1,4-Dichlorobutane/naphthalene

Shown in Figure 5 is the wavelength-resolved TPD of a bi-
layer of 1,4-dichlorobutane and naphthalene. The excimer intensi-
ty was enhanced as the 1,4-dichlorobutane percolated and passed
through the naphthalene. As it did so, the rate constant decreased
momentarily during the TPD experiment. This has been postulated
to be due to the separation of the fluorophoric molecules due to
the passage of the 1,4-dichlorobutane. Simultaneously the trans-
mittance decreased as has been observed in the previous bilayers.

1,5-Dichloropentane/naphthalene

Figure 6 is the wavelength-resolved TPD for the bilayer con-
sisting of 1,5-dichloropentane and naphthalene. The effect of the
underlayer qualitatively appears muted, compared to 1,4-dichloro-
butane, and has been tentatively attributed to the previously men-
tioned even-odd effect in alkanes.?%!

1,6-Dichlorohexane/naphthalene

Figure 7 shows the wavelength-resolved TPD of naphthalene
with an underlayer of 1,6-dichlorohexane . What was immediately
apparent was that the trap emission was significantly enhanced by
the desorption of 1,6-dichlorohexane at 212 K during the TPD. For
naphthalene, 1,6-dichlorohexane created sufficient nucleation sites
so that the excimer molecules were induced to crystallize out.

1,8-Dichlorooctane/naphthalene
Figure 8 shows the wavelength-resolved TPD of the bilayer
of 1,8-dichlorooctane and naphthalene. Here, the underlayer de-

Figure 6. Wavelength-resolved TPD of naphthalene with ©,_, . = 102 ML that
with an underiayer of 1,5-dichloropentane with ©, ..~ "'=308 ML that had
been annealed at 130 K for 30 s. Left inset: % tranSmitance vs. T during the TPD.
Right inset: LIF rate constant vs. T during the TPD
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sorbed after the naphthalene. Therefore its effect was minimal, as
can be seen from the figure.

Effect of underlayer on the kinetics of the excimer-to-ordered tran-
sition due to the nucleation-crystallization in naphthalene
The average values of k and n are summarized in Figure 9 for

Figure 7. Wavelength-resolved TPD of naphthalene with ©_ =112 ML that
with an underlayer of 1,6-dichlorohexane with ©, ...~ = YL that was an-
nealed at 160 K for 30 s. Left inset: % transmittance Vs. x‘T“durlng the TPD. Right
inset: LIF rate constant vs. T during the TPD.

Figure 8. Wavelength-resolved TPD of naphthalene with Onapmh = 88 ML that
with an underlayer of 1,8-dichlorohexane with ©, ... 4% ML that had
been annealed at 200 K for 30's. Left inset: % transmiftance vs. T during the TPD.
Right inset: LIF rate constant vs T during the TPD

the 1,w-dihaloalkanes. The dimensionality of the nucleation ap-
pears relatively constant (2 < n < 3.5) while the k value vary. Both
the n- and k-values and their errors are shown in Table 1. Trend
appears lacking, however.

Summary

The general strength of Cl-x interaction has been reported to
be about 8.4 kJ mol.#® The thermal energy available for the exci-
mer when it undergoes the excimer-to-order transition is about 2
kJ mol'. It would appear that the transition barrier decreased with
temperature such that for 1,6-dichlorohexane which has the high-
est T in this series of 1,w-dichloroalkanes, the Cl-m interaction
was sufficient to not only induce the transition, but increase the
density of defect sites. This is manifest by the increase in the trap
emission (Cf. Figure 7).

Based on the observed enhanced naphthalene fluorescence
upon the passage of the 1,w-dichloroalkanes and the difficulty with
which the excimer-to-order transition was induced, if at all, the
naphthalene excimer can be concluded to be energetically stable. It
is possible that the mutual repulsion of the chlorines on the termi-
nal ends of the alkyl moiety does not allow an efficient Cl-rt inter-
action. When comparing naphthalene with biphenyl, it is possible
that the differences can be attributed to the fact that the two st-rings

Figure 9: Average Avrami k and n values for the crystallization kinetics of naph-
thalene with the 1,w-dihaloalkanes that were studied. The n values remained
relatively constant between 2 < n < 3.5, whereas the k values are widely varied.
Avrami n-values and errors in n along with k-values and errors in k are shown in
Table 1.

Table 1: Summary of peak desorption temperatures, Tp (K) and energy of acti-
vation of desorption, E, (kd/mol) for the adsorbates in this study. Avrami n- and
k- values are also shown.



are adjacent in naphthalene, where in biphenyl, the two m-rings are
separated by a C-C bond. Also, the initial biphenyl conformation
is twisted which will allow a small twist in the two terminal chlo-
rines, which would be more energetically favorable conformation
for the 1,m-dichloroalkanes. This conformation would allow both
chlorines on the 1,m-dichloroalkane to interact with the biphenyl's
ni-bonded rings.

For naphthalene, some Cl-m interaction is possible with one of
the chlorines on the terminal end. This would serve to stablize the
excimer, and is evidenced by the higher excimer fluorescence in-
tensity before the chloroalkane desorbs. 1,6-Dichlorohexane is an
exception only because its desorption temperature is the same as
naphthalene. (Cf Table 1). The simultaneous desorption facilitates
the excimer-to-trap transitionl, fracture any ordered naphthalene
and the emission from traps is increased.
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Supplemental

Is Cl-mu interaction important during the TPD of 1,w-dichloroal-
kane with naphthalene?

The strength of halogen-m interaction increases in the order:
F < Cl < Br <1 because of increasing polarizability and the size
of the o-hole.”** In order to substantiate the hypothesis that the
halogen-r interaction was involved in increasing the fluorescence
intensity of naphthalene during the TPD, a system with 1,4-dibro-
mobutane underlayer was investigated to determine if its effect on
naphthalene was more substantial than with 1,4-dichlorobutane
(Compare Figures 5 and 10). Desorption of 1,4-dibromobutane oc-
curred within 5 K of naphthalene (Cf. Table 1), and the effect was
difficult to observe. The thermally induced quenching appeared to

Figure 10. Wavelength resolved TPD of 1,4-dibromobutane/naphthalene bilayer
With ©, , soromonuiane = 73 MLANd © .= 97 ML. Left and right insets are the %

transmittance and the LIF rate constants as a function of temperature during the
TPD, respectively.
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be more pronounced than in the multilayer naphthalene. Initially,
the thought was that since Cl-m interaction appeared to be effec-
tive for biphenyl, why not with naphthalene? However, it may be
that the Cl-r interaction might not be as important for naphthalene
as originally thought. See the explanationin the summary section
above.

To further show that the Cl-mt interaction was not as important
as dispersion forces in the disruption of the naphthalene excimer
intensity, hexane was used in the underlayer and the result is show
in Figure 11. The observations were three-fold. The increase in
the excimer intensity was due to decrease in aggregation-caused
quenching. The excimer-to-order occurred to a greater extent, and
the density of traps was increased within the ordered naphthalene.
Note also that the transmittance was largely decreased and the LIF
rates were lower than in the multilayer. All these occurred to even
a greater extent, all in the absence of halogens in the terminal ends.

Figure 11. Wavelength resolved TPD of hexane/naphthalene bilayer with ©,__
=209MLand @, ... = 100 ML. Left and right insets are the % transmittance

and right the lifetimes as a function of temperature during the TPD, respectively.

Further insight into the effect of 1,w-dichloroalkanes on the k and
n values in the application of the Avrami model of crystallization
kinetics on the excimer-to-order transition in naphthalene

In Figure 12, the Avrami k-values are plotted as a function of
n-values for the 1,6-dichlorohexane/naphthalene bilayer. What was
discovered was that when & was high, » was low and vice versa,
and was an exponentially decaying relationship (k= 1.85+0.05¢10
Sgle 384005 "This mathematical relationship was closely obeyed
for all of the bilayers. In effect, the rate of crystal growth is expo-
nentially related to the inverse of the dimensionality of the growth.

As mentioned above, the Avrami model applies well to the
crystallization kinetics with 1,6-dichlorohexane underlayer to
naphthalene. In particular, when the £ is plotted as a function of n,
the functional form of the plotted points is an exponentially decay-

ing function of the form: k = a e, for which the a = 1.61 + 0.61
and b = 3.54 +0.20 for 1,2-dichloroethane, 1,4-dichlorobutane,
1,5-dichloropentane, 1,6-dichlorohexane and 1,8-dichlorooctane.

Dichloromethane with £ = 4.13 and n = 3.62 and 1,3-dichlo-
ropropane with k£ = 0.584 and n=1.43 are slightly outside the range.
Even so, when these are included, a=1.82 + 1.2 and b =3.2 +0.82.

In some of the TPD, as in Figures 2 to 6, two rates of crystal-
lization exist: before the underlayer desorbs, and after it desorbs,
the former changes more slowly with temperature than the latter.
These rates were analyzed separately, and are shown in Figure 13.
Noteably the larger k£ with the smaller n occurred before desorp-
tion and the smaller of the two &’s with the large n occured after
desorption.

Figure 12. Plot of the Avrami k vs. n values for 1,6-dichlorohexane/naphthalene
bilayers. The best fit line is an expoentially decaying function: k = 1.85+0.05¢10°
g384£00n g1 and has a R? = 0.96. This functional form of k vs. n fit the data for all
the systems. See the text regarding the slight variations.

Figure 13. Plot of the Avrami k vs. n values for some of the bilayers. Shown in
blue is the k and n for before desorption of the respective underlayer, and orange
are the k and n for after desorption. Note that large k with small n is associated
with shallow slope in the fluorescence intensity vs. T, whereas a small k with large
nis associated with a steeper slope.



