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Photoluminescence Properties of Conjugated Phenylacetylene

Monodendrons in Thin Films
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We report the absorption, photoluminescence (PL), and time-dependent PL of thin films of conjugated
phenylacetylene monodendrons at both room temperature and at cryogenic temperature. We find that
the PL properties of the monodendron thin films are significantly different from their fluorescence
in dilute solution due to the presence of interactions between monodendrons in the thin film. These
interactions lead to aggregate species in the thin films, which result in broader PL spectra and lower
PL quantum yields than for monodendrons in dilute solution. Evidence for excimer-like aggregates
in the monodendron thin films is found from time-resolved PL spectra.
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INTRODUCTION

Conjugated dendrimers are exciting new materials
with potential for a variety of photonics-based applica-
tions including light harvesting [1-3], fluorescent sensors
[4], light emitting diodes [5], and devices based on non-
linear optical interactions [6,7]. This potential results from
the unique dendritic structure. For conjugated dendrimers,
the highly branched structure can lead to a high density
of chromophore sites, which, in turn, leads to large mo-
lar extinction coefficients [1a,2,3]. Further, the branches
converge to a single site at the core, which provides an ar-
chitecture for rapid and unidirectional energy transfer to
the core [1,8,9]. Recently, Peng et al. reported a new class
of conjugated phenylacetylene (PA) dendrimers based
on an unsymmetrical branching structure [2]. Scheme 1
illustrates the unsymmetrical branching structure for a
series of PA monodendrons that are considered in this
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paper. Branching occurs at both the ortho and para po-
sitions of a benzene ring, which leads to non-equivalent
branches. In contrast, symmetrical branching occurs en-
tirely at the meta position and leads to equivalent branches
(all branches are the same) [1a]. In a previous study, we
showed that, in dilute solutions, the unsymmetrical mono-
dendrons of Scheme 1 have broad electronic absorption
widths, high molar extinction coefficients, good fluores-
cence quantum yields (65-80%), and single exponential
fluorescence lifetimes [3]. Further, when an energy ac-
cepting perylene trap is placed at the core, the PA mono-
dendrons exhibit high energy transfer quantum yields,
which are in the 90% range [3].

Our previous studies of PA monodendrons have been
restricted to the case of dilute solutions [2,3]. However,
many applications such as light emitting diodes and pho-
tovoltaics require that thin films of the active material be
fabricated. Thus, to better understand the potential of PA
dendrimer thin films for applications, it is important to
better understand their excited state properties [10,11].
Another motivation for investigating the photophysics of
dendrimer thin films is the potential for the large back-
bone to shield the core region from intermolecular inter-
actions that form photophysical aggregates. Recent stud-
ies of dendrimer thin films have provided evidence that
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Scheme. 1. Structures of unsymmetrical phenylacetylene dendrimers.

the dendritic backbone does provide a measure of core
shielding [10,11]. In this paper we explore the photophys-
ical properties of unsymmetrical PA monodendrons in thin
films and compare them to their corresponding properties
in dilute solutions. The PA monodendrons are character-
ized with steady-state absorption and photoluminescence
(PL) spectroscopy, emission quantum yields, and time-
resolved PL spectroscopy. We find that the excited state
properties of the monodendron thin films are significantly
affected by aggregate species, leading to properties differ-
ent from those observed in solutions. The photophysical
properties of PA monodendron thin films appear to be
qualitatively similar to those often found in linear conju-
gated polymer thin films.

EXPERIMENTAL

The synthetic procedures for all monodendrons
studied here have been reported previously [2a]. Thin
films were made by spin casting from a concentrated
dichloromethane (DCM) solution (~5 mg/mL) onto
a fused silica substrate at speeds ranging from 750-

1000 rpm. This resulted in films with peak optical den-
sities of about 1.0. The films were stored in the dark under
a nitrogen atmosphere.

Absorption spectra were measured with a Perkin-
Elmer Lambda 9 spectrometer. Steady state emission spec-
tra were measured with a Spex 1680 monochromator. For
solution measurements the sample concentrations were
adjusted to give an optical density of less than 0.1 in a
1 cm path cell. Monodendron concentrations were be-
tween 1077 and 10~® M. Fluorescence quantum yields
were measured using a quinine sulfate solution in IN
H,SOy4 as a standard (quantum yield = 0.55) [12]. The
PL quantum yields of the thin films were measured using
an integrating sphere [13] and the 325 nm line of a HeCd
laser. The error in the PL quantum yield measurements
for thin films is estimated to be +15%. For spectral mea-
surements at low temperature, the films were placed in a
cryostat cooled by liquid helium.

Time-resolved PL measurements were performed
using the technique of time-correlated single photon
counting (TCSPC) [14]. The excitation source was a
synchronously-pumped and cavity-dumped dye laser
(1 MHz), which was frequency-doubled to the 300 nm
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Fig. 1. Absorption spectra of GnOH in dichloromethane (dotted line)
and in thin films (solid line) at 298 K. The spectra are normalized at
300 nm.

range. The emission was filtered with a monochromator
and detected with a microchannel plate photomultiplier.
The instrument response, taken to be the full width at half
maximum when detecting the scattered light from a thin
ground glass surface, was determined to be 50-55 ps. All
TCSPC measurements were performed at the magic angle
[13]. The decays were analyzed using the reconvolution
technique and fitting the data to a sum of exponentials with
a Levenson-Marquardt algorithm.
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Fig. 2. Normalized photoluminescence spectra of GnOH in solution
(dotted line) and in thin films (solid line) at 298 K.

RESULTS AND DISCUSSION

The unsymmetrical PA monodendrons shown in
Chart 1 are labeled GnOH and have a phenol group at
the core. The generations (n) 2—4 are studied in this paper.
Figure 1 compares GnOH absorption spectra in DCM so-
lution and in thin films. For GnOH in solution the absorp-
tion edge shifts to the red as the generation increases. The
red shift arises due to the presence of longer conjugated
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Fig. 3. Normalized photoluminescence spectra of GnOH thin films at
298 K (dotted line) and at 10 K (solid line).

PA chains in the higher generations [2,3]. The broad ab-
sorption width of the higher generations is, in part, due to a
superposition of absorption bands associated with differ-
ent length PA chains. The absorption spectra of the GnOH
thin films are found to be quite similar in shape to those in
solution. The main spectral features observed in solution
are also observed in the thin films. There is, approximately,
a 20 nm red shift of the absorption edge for each GnOH
thin film, which is attributed, in part, to the increased polar-
izability of the surrounding medium in the thin film [15].
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In contrast to the absorption spectra, Fig. 2 shows that
there are significant differences in the emission properties
between monodendrons in solution and in thin films. The
excitation wavelength in all cases is 350 nm. The fluores-
cence spectra of GnOH in solution are relatively narrow,
and show structure due to the vibrational modes of the PA
backbone [3]. The PL spectra of the GnOH thin films are
significantly broader and display a red shift with respect
to the solution spectra. Qualitatively, the spectra appear to
contain at least two components: a relatively sharp com-
ponent on the blue side of the spectrum, and a relatively
broad feature on the red side. In an attempt to better resolve
these features, PL spectra of the thin films were also mea-
sured at low temperature (10 K), and are shown in Fig. 3.
The spectra at 10 K are significantly sharper than at 298 K
and show clearer evidence for at least two components. In
each spectrum at 10 K a relatively sharp peak is clearly re-
solved on the blue side of the spectrum, though the spectral
widths (half-width at half maximum, or HWHM) of these
peaks (~12-13 nm HWHM) are broader than observed for
the corresponding 0—0 emission lines (~9 nm HWHM) in
the solution spectra at 298 K (Fig. 2). This increased line
width indicates the presence of inhomogeneous broaden-
ing in the thin film. While homogeneous sources of line
broadening are attenuated at cryogenic temperatures, there
clearly remains residual broadening, which is likely due to
a distribution of local environments that result from the
way the monodendrons pack in the thin film.

Table I summarizes the emission characteristics of
the GnOH in solution and in thin films. The emission quan-
tum yields of the thin films are substantially lower than
in the solutions. The G20H thin film gives the highest
PL quantum yield of 27%; whereas for G4OH the quan-
tum yield falls to 13% (the G30H PL quantum yield was
not measured). The lower PL quantum yield of the films

Table I. Emission Properties

Compound Environment A (nm)? @P ¢
G20H DCM, 298 K 417 0.81 2.0
G20H Thin Film, 298 K 433 0.27 —
G30H DCM, 298 K 440 0.70 1.9
G30H Thin Film, 298 K 462 — —
G40H DCM, 298 K 452 0.65 1.7 (95%);
2.7 (5%)
G40H Thin Film, 298 K 472 0.13 —
G40H Thin Film, 10 K 481 — —

“Wavelength at the emission maximum.

bFluorescence quantum yield (solution) measured against quinine sulfate
standard, or photoluminescence quantum yield (thin film) measured
using an integrating sphere.

“Excited state lifetime.
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Fig. 4. Time-resolved photoluminescence decays at 298 K: G20H in dichloromethane, G2OH thin film, and G4OH thin film,
as indicated in graph. The curve at early times is the instrument response. The solid lines are fits to the data based on a sum of

exponentials.

indicates the presence of significant non-radiative relax-
ation pathways. These may include energy migration to
quenching sites within the film, and energy transfer to ag-
gregate states that are only weakly emissive. Even so, the
PL quantum yields of G20H and G4OH thin films fall in
the range typically found in linear conjugated polymers
[13].

A comparison to the PL properties often observed in
linear conjugated polymers is useful. PL spectra of con-
jugated polymer thin films often show a relatively sharp
component that is reminiscent of their spectra in solution,
as well as a broad red-shifted component due to aggregate
species [15—17]. The relative fraction of solution-like and
aggregate species depends, in part, on the 3-D conforma-
tion of the conjugated polymer [15]. Even though the three
dimensional structure of the conjugated PA monodendrons
is different than that of linear conjugated polymers, the
GnOH thin films may still be expected to show similar
PL properties. For the GnOH series, molecular modeling
based on molecular mechanics minimization shows that

the three dimensional shape becomes more globular-like
as the generation increases beyond n = 2. However the
core region that contains the emitting PA chain is ex-
posed. At first, it may be anticipated that the globular
shape of the larger GnOH may hinder the formation of
aggregates compared to the case of rigid linear conjugated
polymers, where the rods can more tightly pack leading
to stronger intermolecular interactions. Apparently, how-
ever, there are regions of the GnOH thin films where the
monodendrons pack tightly and the core region of mon-
odendrons can come sufficiently close to form photophys-
ical aggregates, which gives rise to the broad features on
the red side of the GnOH PL spectra.

A recent study of conjugated dendrimer thin films
based on stilbene units has shown that PL spectra of
the core states become sharper as the generation size
increases [11]. The PL quantum yields correspondingly
increase with increasing generation [11]. This effect is
thought to be due to the larger dendrimer backbone of
higher generations becoming more effective in attenuating
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Fig. 5. Comparison of G4OH thin film time-resolved photoluminescence at 298 K and at 10 K, as indicated in the
graph. The solid lines are fits to the data based on a sum of exponentials.

intermolecular interactions between the cores of adjacent
dendrimers [11]. For the PA monodendron films investi-
gated here the trend is the opposite: the spectra broaden
and the PL quantum yields decrease with increasing gen-
eration size. One explanation is that the GnOH thin films
contain only monodendrons instead of a full dendrimer
structure, which contains three Gn monodendrons at-
tached to a focal benzene group [2c]. In GnOH monoden-
dron thin films, tight packing apparently leads to strong in-
termolecular interactions between the exposed core states
(longest conjugated chains) of adjacent monodendrons.
It’s possible that for the full PA dendrimer structure there
may be steric effects that attenuate such interations be-
tween core states. Such a study remains to be done.
Time-resolved PL measurements provide informa-
tion regarding the excited state dynamics in the GnOH
thin films. As a representative example, Fig. 4 compares
the fluorescence decay of G2OH in solution with the PL.
decays of both G20OH and G40OH thin films at 298 K.
In each case the measurement integrates over nearly the
entire emission bandwidth. In previous work we found
that the fluorescence decays for GnOH (n = 1-3) in DCM
solution are adequately described by single exponential

decay times of about 2.0 ns (for G4OH the dominant com-
ponent accounts for 95% of the decay) [3]. In contrast, the
thin film PL dynamics are highly non-exponential. Fits
based on a sum of three exponential terms gave x 2 values
less than 1.6, and the results of the fittings along with the
weighted average of the time constants (,y¢) are collected
in Table II. We note that fits based on a sum of exponen-
tially decaying components may not accurately describe
the complex excited state dynamics of the thin films [18],
nevertheless they are useful in providing a measure of the
PL decay rate. A major fraction of the thin film PL decay
occurs at a rate significantly faster than the solution decay
time of about 2.0 ns. The fast relaxation may reflect a dis-
tribution of different emitting states, excitation hopping

Table II. Photoluminescence Lifetimes

71 (ns) 72 (ns) 73 (nS)  Tavg (nS)
G20H, 298 K 0.26 (46%) 0.98 (47%) 2.63(7%)  0.77
G40H, 298 K 0.14 (64%) 0.71 32%) 2.8 (4%) 043
G40H, 10K 0.28(53%) 1.3(38%) 4.2(9%) 1.0

Note. Relative amplitudes in percent are given in parenthesis.
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Fig. 6. Delayed photoluminescence spectra (points) for the G3OH thin film at 298 K reconstructed from TCPSC
decay curves (as described in the text). The steady state spectrum for the G30OH thin film at 298 K is shown as the

solid line.

between monodendrons (similar to the hopping of exci-
tons in linear conjugated polymer thin films) [18], as well
as migration to quenching sites. There is also a weak emis-
sion seen in the tail part of the relaxation that decays on a
somewhat longer timescale than in solution. This longer
time component likely reflects the relaxation from weakly
emissive aggregate states. Figure 4 also shows that the de-
cay rate of the G4OH thin film is significantly faster than
the decay rate of the G20OH thin film, which is consistent
with the lower PL quantum yield measured for the G4OH
thin film. One explanation is that aggregates make up a
greater fraction of the species in the G4OH thin film. This
explanation is supported by the broader emission spectrum
observed for the G4OH thin film (at 298 K) compared to
the G20H thin film (see Fig. 2).

Figure 5 compares the G40OH thin film PL decays
at 298 K and 10 K, and shows that the decay rate is sig-
nificantly slower at 10 K. The results of the curve fitting
(Table II) show that 7, increases from 0.43 ns at 298 K,
to 1.0 ns at 10 K. If the early time portion of the de-
cay is associated, in part, with migration of excitations to
quenching sites, then it is reasonable to conclude that such

migration in the GnOH films is an activated process. From
Table II, we note that at 10 K the relative fraction of the
slow component has increased by more than a factor of 2
with respect to its fraction at 298 K, which implies that
emission from the longer-lived aggregate states becomes
more efficient at low temperature.

Additional insight regarding the excited state species
in the thin film can be obtained from time-resolved PL
spectra. Here we focus on the “long-time” component in
the PL decay in the time interval from 2.0 to 20 ns. The
delayed PL spectrum is reconstructed from individual TC-
SPC decay curves measured in 10 nm steps over the width
of the emission spectrum. Each TCSPC curve is collected
with a spectral resolution of about 10 nm and integrated
from 2.0 to 20 ns to represent a single point in the delayed
spectrum. Figure 6 shows the delayed PL spectrum for the
G3O0H thin film at 298 K. For comparison, the steady state
PL spectrum is also shown. Since the two spectra were
recorded using different spectrometers the comparison in
Fig. 6 is only qualitative. Even so, it is clear that the de-
layed spectrum is strongly red shifted from the steady state
spectrum by around 100 nm, and consists of a spectrally
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broad (~150 nm full width at half maximum) and fea-
tureless emission profile. These characteristics of the de-
layed PL spectrum are consistent with an excimer emis-
sion [17]. Delayed PL spectra for G2OH and G40OH were
found to have characteristics similar to those observed for
G30H.

SUMMARY

In this paper we have presented an initial exploration
of the photophysics of unsymmetrical phenylacetylene
monodendrons in thin films, and we have compared their
characteristics to the case when they are in a dilute so-
lution environment. From the thin film PL spectra, we
conclude that inter-dendron interactions are significant for
all generations (n = 2—4) investigated here. This conclu-
sion is supported by broader and red shifted PL spectra
and lower PL quantum yields (by a factor of 3-5) for the
GnOH thin films with respect to the GnOH in dilute solu-
tion. The time-dependent PL of each of the GnOH films
is highly non-exponential, which indicates that the ex-
cited state dynamics are complex. The presence of weakly
emissive excimer-like aggregates was confirmed by the
delayed emission, which was found to be broad, feature-
less, and strongly red-shifted from the main part of the
emission.
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