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AGGREGATION-INDUCED EMISSION FROM 1- AND 2-ETHYLNAPHTHALENE-BIPHENYL EX-

CIPLEXES FROM SELF-ASSEMBLED VAN DER WAALS COMPLEXES BY VAPOR DEPOSITION
ON AL,0,

Samantha C. Rosenhagen*, Cassidy C. Tran* and A.M. Nishimura'

Department of Chemistry, Westmont College, Santa Barbara, CA 93108
Abstract

By vapor deposition on liquid nitrogen cooled crystal of Al,O,, bilayers of each of the isomers of ethylnaphthalene were formed with biphe-
nyl. Temperature programmed desorption (TPD) experiments were then performed. The self-assembly due to the van der Waals complex-
ation yielded fluorescence intensity with 2. = at 324 nm. The fluorescence that was observed during the TPD was compared to spectral
signatures of multilayer ethylnaphthalene and biphenyl and the fluorescence of the exciplex was determined to be that of the ethylnaphtha-
lene. During the TPD, the disorder-to-order transition of biphenyl caused a change in the fluorescence intensity of the exciplex. Plots of the
intensity of the exciplex as a function of the ratio of the coverages of biphenyl to 2- and 1-ethylnaphthalene showed the stoichiometry of the

exciplex was approximately 7+1:1 and 4+1:1, respectively. From mass specific TPD data, the van der Waals energies were determined to be

approximately 3.2+0.5 kJ mol for the two complexes.
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Introduction

Two decades ago, the term aggregation-induced emission
was used to describe enhanced emission from molecules that oth-
erwise exhibited quenching via non-radiative pathways due to
rotational or vibrational modes (1-5). Dimishing or eliminating
this quenching was accomplished by rigidly holding these groups
in place by steric hindrance, covalent/ionic bonding or van der
Waals interaction (1-5). To date, examples of aggregation-induced
emission are restricted to large molecules or biomolecules (1-5).
In order to model aggregation-induced emission at the simplest
level, biphenyl was chosen because it can exist in a planar of
twisted conformation depending on rotation about the C-C bond
and result in planar and twisted conformations. Furthermore van
der Waals interactions with substituted naphthalenes can be used
to impede the rotation about the single bond in biphenyl. Van der
Waals clusters of this type have been observed with substituted
naphthalenes (6)

The C-C rotational barrier of ethane is 2.029 kJ mol! (7-8)
due to steric repulsion in the eclipsed conformation (9-10) and the
hyperconjugation of the staggered conformation (11-12). Analo-
gous effects exist for biphenyl. In vapor deposited biphenyl, anal-
ysis of the fluorescence spectra of the condensed phase revealed
that the planar conformer was approximately 22 kJ mol! more
stable than the twisted conformer (13-15), and hence either con-
former is within the range of the van der Waals interaction that
would be possible with ethylnaphthalene.

The advantage of biphenyl as the choice of the simplest mod-
el for aggregation-induced emission is that the spectral profiles
of several substituted biphenyls in which the biphenyl framework
was in the planar and out-of-plane are known. This allowed for
the identification of the conformer of biphenyl (15-16). In the gas
phase the conformer is known to have a dihedral angle at 45° (17).
Since vapor deposition of biphenyl is done from the gas phase,
the &~ 320 nm fluorescence that was observed at deposition on
AL O, was assigned to the conformer that is twisted. When biphe-
nyl was vapor deposited or annealed at 160 K, the fluorescence
red-shifted to A__~ 340 nm and this emission has been assigned

to the planar conformation (15-16) which is the geometry of bi-
phenyl in the crystalline state (18). This conformation maximizes
the electron delocalization in the phenyl groups (19). When va-
por deposited at 138 K on Al,O,, the amorphous planar conformer
predominate and A, further red-shifts to ~ 370 nm (15,16) and
has been assigned to the biphenyl excimer with a planar geometry

(15,16).

In addition, epitaxially, biphenyl is known to be sensitive to
the surface morphology of the underlayer and the conformer of
biphenyl as an overlayer will vary, depending on the nature of this
underlayer (15). In a previous study (16), the planar conformer
of biphenyl formed when deposited on a naphthalene underlayer
and when optically excited, the fluorescence was exciplexial. The
stoichiometry of the exciplex was found to be one molecule of
naphthalene per molecule of biphenyl (22). Since the two mole-
cules in the complex desorbed together when heated, the strength
of the van der Waals complex between naphthalene and biphenyl
was estimated to be about 5.5+0.5 kJ mol! (22). Also in a previous
work, the van der Waals complexes and the resulting exciplexes
of biphenyl with 1- and 2-methylnaphthalene were examined. For
these, the van der Waals energies were reported to be 2.6+05 and
4.3+0.5 kJ mol’!, respectively (25). In this study, further investiga-
tion into the exciplex formed by the two isomers of ethylnaphtha-
lene with biphenyl is reported.

Experimental

High purity biphenyl and ethylnaphthalenes were purchased
from commercial sources (Sigma-Aldrich, St. Louis, MO). These
compounds were individually placed in 3 separate sample hold-
ers, outgassed and introduced into the ultra-high vacuum chamber
with background base pressure of 1 x 10 Torr for molecular hy-
drogen. Deposition onto a single crystal of AL,O, (0001) (Crystal
Systems, Inc., Salem, MA) was done by using one of the precision
leak valves. The substrate was suspended on the end of a liquid
nitrogen cryostat via copper post on either side of the AL,O, with
a sapphire spacer for electrical and thermal isolation. TPD exper-
iments were done by resistively heating the Al,O, crystal and ad-
justing the current through a Ta foil. In addition to the Ta foil, a



type K thermocouple was in thermal contact with the Al O, crystal.

Details of the experimental set up have been previously pub-
lished (21) and only a brief outline is given. An Ocean Optics
USB4000 spectrometer (Ocean Optics, Dunedin, FL) was used
to obtain the fluorescence spectra. During the TPD, a LabVIEW
(National Instruments, Austin, TX) program that had been writ-
ten in-house took the fluorescence spectra from an Ocean Optics
USB4000 spectrometer (Ocean Optics, Dunedin, FL) in real time.
The program simultaneously monitored the surface temperature of
the AL O, crystal, and through a PID (proportional-integral-deriv-
ative) feedback algorithm, linearly ramped the temperature of the
AL O, crystal at 2K s™. The program also scanned the residual gas
analyzer for the masses of the compounds that had been deposited
on the AL,O,. Manipulation of the very large numerical array of
spectra as a function of temperature by a MATLAB (Mathworks,
Natick, MA) template yielded the wavelength resolved TPD that
are shown in Figures 1-6. To ensure a clean surface, the Al,O, was
heated to 300 K after each run.

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. The analysis is based on the mass
spectral peak desorption temperature, T, (26-28). The uncertain-
ties in the desorption temperatures and the propagated error in the
activation energies were = 2%.

The surface coverages, ®, in monolayers (ML) were calcu-
lated by calibrating the integrated mass spectral peaks to an opti-
cal interference experiment. The interference experiment yielded
accurate rate of deposition with coverage error of + 30%, and is
described in detail elsewhere (21).

Annealing experiments involved the ramping of the tempera-
ture after deposition to a specified temperature. The specified tem-
perature was held to within =1 K for a set duration. Then the tem-
perature was allowed to return to that at deposition.

Results and Discussion

Biphenyl:
The peak desorption temperature, T, of neat biphenyl was
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Figure 1. Wavelength-resolved TPD of multilayer biphenyl. Om eyl =93 ML. Bi-
phenyl deposited in the twisted conformation with A__ ~ 320 nm "then red-shifts to
340 nm subsequent to the disorder-to-order transition. Inset: top view.
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234 K. First-order desorption was assumed and the activation en-
ergy for desorption, E, was calculated to be 60.8 kJ mol* (26-
28). Upon deposition on Al O,, electronic excitation of biphenyl
exhibited fluorescence with a A of 320 nm that has been previ-
ously assigned to the twisted conformer (15-16). (Figure 1). The
adlayer underwent a disorder-to-order transition at 160 K, where
A, red-shifted to 340 nm and has been assigned to the planar

conformer of biphenyl (15-16).

2- and 1-ethylnaphthalene:

The peak desorption temperature from mass spectra of 2-eth-
ylnaphthalene was 219 K and E_ was calculated to be 56.5 kJ mol!
by assuming a first-order desorption kinetics (26-28). Vapor depo-
sition of aromatic molecules typically results in an adlayer that is
morphologically amorphous. In addition, when optically pumped,
planar aromatic molecules such as ethylnaphthalene form exci-
mers, or excited state dimers that exist only briefly (14) and the
emission is characterized by a red-shift and broad spectrum com-
pared to the monomer. The planar naphthalene group dictate the
principal emissive property of the ethylnaphthalenes.

When the surface was heated in a TPD experiment, the amor-
phous adlayer of 2-ethylnaphthalene underwent a disorder-to-or-
der transition, whereupon the fluorescence evolved to the mono-
mer emission that was blue-shifted. Sufficient order existed so that
the vibrational fine structure due to the C-H bending motion was
resolved at 324 and 334 nm (23-24) as shown in Figure 2. This
blue-shiftinA__from excimer to molecular fluorescence for ethyl-
naphthalenes correspond to ~ 50 kJ mol! of energy (23-24).

From mass spectral data, T for 1-ethylnaphthalene was 216
K with a E_ of 55.7 kJ mol™. The wavelength-resolved TPD with
a temperature ramp of 2 K s for multilayer 1-ethylnaphthalene
in Figure 3 shows a slight red-shift of about 4., nm from 396 nm
that begins at about 170 K. Surpringly, the disorder-to-order tran-
sition that typically was observed for naphthalene-type molecules
could not be detected. However, when the temperature ramp rate
was decreased from the usual 2 K s’ to 0.5 K s”!, the molecular
fluorescence began to emerge and grew to the maximum intensity
when the temperature was ramped at 0.25 K s™'. Hence, for 1-ethyl-
naphthalene, the disorder-to-order transition is kinetically driven.
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Figure 2. Wavelength-resolved TPD of multilayer 2-ethylnaphthalene.
etnynaptinaone ~ 44 ML. The excimer fluorescence at A~ 396 nm dominate

at deposition then blue-shifts to 324 nm subsequent to the disorder-to-order

transition. Inset: top view.



Journal of Undergraduate Chemistry Research, 2021,20 (3), 65
When multilayer 1-ethylnaphthalene was annealed to 190 K for
30 s, this red-shifted excimer persisted during the 30 s anneal, and
reversibly blue-shifted to the 396 nm excimer upon cooling back
down to the deposition temperature. After the anneal, the wave-
length-resolved TPD showed that 1-ethylnaphthalene underwent a
disorder-to-order transition (Figure 4) with the concomitant loss of
much of the red-shifted excimer as evidenced by the change from
396 nm with a 3 nm red-shift. A hypothetical model to explain
these observations is that the red-shifted excimer that is present at
190 K has sufficient thermal energy to reorient to a geometry that
minimized the steric hindrance and is reversibly changed to exci-
mer with &~ 396 nm when the temperature is decreased. During
the TPD that followed, the annealed adlayer of 1-ethylnaphthalene
underwent the disorder-to-order transition.

Bilayers of 2- and 1-ethylnaphthalene and biphenyl:

Shown in Figures 5 and 6 are the wavelength-resolved TPD
of bilayers composed of 2-ethylnaphthalene-biphenyl and 1-ethyl-
naphthalene-biphenyl, respectively. As noted in the previous sec-
tion, the ethylnaphthalenes have the lower T and were deposited
on the bottom, next to the AL O..

For the 2-ethylnaphthalene-biphenyl bilayer, the self-assem-
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Figure 3. Wavelength-resolved TPD of multilayer 1-ethylnaphthalene. Oz_emylnaph_
aiene = 04 ML. The excimer fluorescence at A~ 396 nm dominate at deposition
then red-shifts to 400.5 nm. The disorder-to-order transition is not visible. Inset:
top view.
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Figure 4. Wavelength-resolved TPD of multilayer 1-ethylnaphthalene. ©, , .
aene = 92 ML after annealing at 190 K for 30 s. The excimer fluorescence at A
~ 396 nm dominate at deposition then blue-shifts to 324 nm subsequent to the

disorder-to-order transition. Inset: top view.

bly was immediately apparent upon deposition. The 2-ethylnaph-
thalene formed with almost no excimer, but instead self-assem-
bled to form exciplexes with the biphenyl when optically excited.
This implied that biphenyl was in the planar conformation due
to epitaxy and the strong van der Waals interaction between the
two molecules. Aggregation-induced emission was about 3-fold.
(Figures 2 and 5). Upon reaching the disorder-to-order transition
temperature of biphenyl during the TPD experiment, the aggregate
became thermally stable. In order to determine the molecular ratio
of the exciplex, the fluorescence intensity of the exciplex at about
200 K was plotted as a function of the ratio of coverages of ML
biphenyl to ML of 2-ethylnaphthalene in ML ML, (Figure 7 in
red). At a ratio of about 7+1 ML of biphenyl to ML of 2-ethyl-
naphthalene coverages, the slope leveled off. This represented the
number of biphenyl to 2-ethylnaphthalene in the van der Waals
cluster. This number was higher than in biphenyl-naphthalene and
biphenyl-methylnaphthalene clusters because of the low symme-
try of 2-ethylnaphthalene. The alkyl group in 2-ethylnaphthalene
may sterically hinder the formation of a exciplex so that on the
average, only 15% of the 2-ethylnaphthalene complexed for every
biphenyl molecule and epitaxy occurred only to this limited extent.
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Figure 5. Wavelength-resolved TPD of bilayer of 2-ethylnaphthalene and biphe-
nyl, for which ©, ;1 iaene = 392 ML and 6, = 94 ML. The fluorescence is
that of molecular 2-ethylnaphthalene with A__ ~ 324. Note the absence of the 320
nm emission from the twisted conformer of biphenyl. Inset: top view. The biphenyl

excimer is barely visible at 370 nm.
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Figure 6. Wavelength-resolved TPD of bilayer of 1-ethylnaphthalene and biphe-
nyl, for which ©, e = 84 ML and © = 206 ML. The fluorescence is
that of molecular 1-ethylnaphthalene with A__ ~ 324. Note the presence of the
320 nm emission from the twisted conformer of biphenyl. Inset: top view. The

biphenyl excimer is barely visible at 370 nm.



For the 1-ethylnaphthalene-biphenyl bilayer, the self-assem-
bly was even more apparent and aggregation-induced emission
was better than 10-fold. (Figures 3 and 6). Close examination of
Figure 6 showed that biphenyl was present both in the twisted
and planar conformer as evidenced by the presence of the 320 nm
and 370 nm peaks that correspond to the twisted and planar con-
formers, respectively. For the latter conformation, the excimer of
biphenyl was observed. Fluorescence from the biphenyl excimer
and twisted conformer transitioned to the planar conformer when
biphenyl underwent the disorder-to-order transition and the fluo-
rescence from the exciplex dominated. When the exciplex inten-
sity was plotted as a function of the ratio of coverages of biphenyl
to 1-ethylnaphthalene, the plot began to level off at approximately
4+1 ML ML-". (Figure 7 in blue)

Since the activation energies for desorption can be calculated
from T, (26-28), the difference in the multilayer T and the
maximum T that result due to the van der Waals interaction can
be determined. (Figure 8). For 2- and 1-ethylnaphthalene-biphenyl
complexes, T's shifted from 56.5 to 59.7 and 55.7 to 58.9 kJ mol
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Figure 7. Intensity of the exciplex of 2-ethylnaphthalene peak at 324 nm as a
function of the ratio of biphenyl to 2-ethylnaphthalene coverages (ML ML) (red)
. Oz_emympmhalene‘ was held constant at 62 + 18 ML. Intensity of the exciplex of
1-ethylnaphthalene peak at 324 nm as a function of the ratio of biphenyl to 1-eth-

ylnaphthalene coverages (ML ML) (blue). G)w_emym‘,mmnaleneI was held constant at
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Figure 8. Increase in Tp’s for 2-ethylnaphthalene and 1-ethylnaphthalene for bilay-
ers of 2-ethylnaphthalene-biphenyl and 1-ethylnaphthalene-biphenyl, respective-
ly, from mass specific TPD as a function of biphenyl to ethylnaphthalene ratio of
coverages (ML ML"). T s for naphthalene (red) with ©,, ., = 61+ 14 ML,
and Tp’s for 1-ethylnaphthalene (blue) with © 06 + 13 ML.
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!, respectively. In both cases the difference was 3.2+0.5 kJ mol ™.
The last number is the estimated van der Waals energies for 2- and
1-ethylnaphthalene-biphenyl complexes, and is consistent with
experimentally obtained van der Waals energies for complexes
of such molecules as naphthalene-2-methoxynaphthalene (5.6 kJ
mol") (29) and the perylene-naphthalene complex (4.2 kJ mol™)
(30).

In summary, 1- and 2-ethylnaphthalene form van der Waals
complex with biphenyl with interaction energies comparable to
other naphthalene-biphenyl complexes. Self-assemblage of 2-eth-
ylnaphthalene and biphenyl upon vapor deposition was observed
as evidenced by the presistent exciplex during the TPD experi-
ment. Finally, aggregation-induced emission caused a several-fold
increase in the normally weak molecular fluorescence in these eth-
ylnaphthalenes.
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