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Organic thinfilms are at the forefront of basic studies and applications in thefield of physics, chemistry, biochem-
istry and materials science. For example, the intrinsic supramolecular arrangement, or simply the formation of
aggregates may alter the optical and electrical properties, which would impact the potential applications of the
material. Here, an attempt is made to correlate the molecular structures of two perylene derivatives, bis
butylimido perylene (BuPTCD) and bis phenethylimido perylene (PhPTCD), with their film formation, in partic-
ular, the supramolecular arrangement and the photoluminescent properties. Emission spectra show that the
PhPTCD has a radiative efficiency (RE) higher than that for BuPTCD when both are in solutions (monomers).
Complementary, regarding PVD films, UV–Vis absorption measurements reveal that PhPTCD forms, predomi-
nantly, J aggregates, which are responsible for perylene derivative emission. However, BuPTCD PVD films are
found to provide higher RE than PhPTCD PVD film. This apparent controversy could be explained considering
other features such as crystallinity and molecular organization. The PVD film of BuPTCD is crystalline while
PhPTCD PVD film is amorphous; BuPTCD has an edge-on while PhPTCD has a face-on molecular organization
in PVD films.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Perylene derivatives have attracted attentionmainly due to their op-
tical and electrical properties, chemical and thermal stability, controlled
modifications of their molecular structure and, in addition, a high fluo-
rescence quantum yield of nearly unity [1–3]. These features enable
perylene derivative films to be used in a wide range of applications,
such as light emitting diodes [4], solid state laser [5], color filter of liquid
crystal displays [6], molecular probes [7], bioimaging [8], transistors [9],
solar cells [10], and sensors, as for detection of dopamine [11], pesti-
cides, and metal ions (Cu2+ [12] and Hg2+ [13]).

Several techniques have been applied to the formation of thin films,
for instance Langmuir [14], Langmuir-Schaefer (LS) [14], Langmuir-
Blodgett (LB) [15], spin-coating [16] and physical vapor deposition
(PVD) [17]. However, among them, the latter became one of the most
common technologies for deposition of small organicmolecules,mainly
because of the high degree of purity and good control of film thickness
[18,19]. The supramolecular arrangement of perylene derivatives
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nstantino).
when forming thin films, besides their molecular aggregates, is a key
factor on the optical and electrical properties of these thin films.

Supramolecular arrangement in thin films is determined by thick-
ness, molecular aggregation and organization, and crystallinity, which
may be correlated with the chemical structure of the molecule [20,21].
For instance, it has been shown that by changing the side groups at-
tached to the perylene chromophore, different molecular organization
and crystallinity can be achieved [22–25]. Furthermore, supramolecular
arrangement studies regarding perylene derivative thin films have sug-
gested the presence of H and J aggregates in the thin films, even though
perylene derivatives tend to form H aggregates, preferentially
[21,26–29]. This feature is also strongly dependent on the molecular
structure of the perylene, mainly because it may hinder the formation
of H aggregates, then favoring the formation of J aggregates [30]. This
fact is important because the latter, differently of H aggregates, have
fluorescent properties, being suitable for application in photovoltaic
and optical devices [31].

Perylene derivatives might be synthesized in a controlled fashion,
leading to particular molecular structures. For instance, the bis
(butylimido) perylene (BuPTCD) has two alkyl side chains with four
carbons each one, while bis(phenethylimido) perylene (PhPTCD) has
two alkyl side chains with two carbons and linked to a benzene ring
(Fig. 1), with the chromophore being the same for both derivatives.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.saa.2018.12.009&domain=pdf
https://doi.org/10.1016/j.saa.2018.12.009
carlos.constantino@unesp.br
https://doi.org/10.1016/j.saa.2018.12.009
http://www.sciencedirect.com/science/journal/13861425
www.elsevier.com/locate/saa


Fig. 1. Molecular structures for BuPTCD and PhPTCD.

Table 1
Wavelength values for the two most intensity bands in both BuPTCD and PhPTCD solu-
tions, as well as their blue and red shift wavelengths in their respective PVD films. Δλ is
the difference between the wavelength values found in solution and in films for both
BuPTCD and PhPTCD.

Perylene
derivative

Solution 10−6

mol/L (λ nm)
PVD film
(λ nm)

Blue-shift
(Δλ nm)

Red-shift
(Δλ nm)

BuPTCD 486 523 463 573 23 50
PhPTCD 486 523 463 612 23 89
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Previous works have shown that PVD films obtained for both BuPTCD
and PhPTCD perylene derivatives presented distinct supramolecular ar-
rangements (molecular organization and crystallinity) due to their dis-
tinct molecular structures (side chains) [32,33]. However, information
about the influence of such supramolecular arrangement in the spectro-
scopic properties of the PVD films is particularly important. The present
study focuses on the correlation between supramolecular arrangement
and optical properties (absorption/emission) of BuPTCD and PhPTCD in
PVD thin films. In this context, not only molecular aggregation but also
molecular organization and crystallinity were considered as parameters
that determine the supramolecular arrangement of these PVD thin
films. The use of two PTCD derivatives is to take into account also the ra-
diative efficiency, which is as a molecular property (rather than a PVD
film property).

2. Materials and Methods

The purified samples of BuPTCD (MM= 502.56 g/mol) and PhPTCD
(MM = 602.15 g/mol) were provided by Dr. J. Duff from the Xerox Re-
source Centre of Canada. BuPTCD and PhPTCD solutions were prepared
with 10% trifluoroacetic acid (TFA) in dichloromethane since the dye is
insoluble in organic solvents (10−6 mol/L). PVD films of BuPTCD and
PhPTCD were grown using the vacuum thermal evaporation technique
in a Boc Edwards machine, model Auto 306, under 10−6 Torr, as de-
scribed in [32,33]. Basically, themethod consists of placing the perylene
derivative powder in a Ta boat where an electric current is applied to
promote the evaporation of the material. The electrical current was ad-
justed slowly up to 1.4 A to BuPTCD and 1.8 A to PhPTCD, leading to an
evaporation rate between 0.1 and 0.4 nm/s, monitored in-situ by a
quartz crystal microbalance. The PVD filmswere deposited in five evap-
oration steps onto quartz plates kept at room temperature (22 °C) up to
100 nm (mass thickness). For each step, 5.0 mg were placed into the Ta
boat to be evaporated. This approach ensures a controlled growth of
both BuPTCD and PhPTCD PVD films in terms of amount of material/
nm deposited, as previous investigated in [32,33].

The UV–Vis absorption spectra of the PVD films of BuPTCD and
PhPTCD were obtained using a Varian spectrophotometer, model Cary
Fig. 2. (a)UV–Vis absorption spectra for BuPTCDandPhPTCD inPVDfilms on quartz plates (100
(b) Representation of the BuPTCD and PhPTCD with their respective transition dipoles and the
50, from 200 to 800 nm. The emission spectra of the PVD films were
recorded using a Renishaw micro-Raman spectrograph, model in-Via,
equipped with a Leica microscope, laser line at 514.5 nm,
1800 lines/mm grating, time exposition of 10 s with a 50× objective
lens, and CCDdetector. This arrangement of laser, lens, and optical path-
way leads to a spatial resolution around 1 μm (spot diameter of the fo-
cused laser beam). The confocal fluorescence images of the PVD film
surfaces were obtained with a Nikon C2/C2si Eclipse microscope,
using a 40×air objective, NA0.9, using laser line at 561 nmandemission
filter of 570–1000 nm. The crystallinity of the PVD films was investi-
gated via X-ray diffraction carried out in a Shimadzu diffractometer,
model XRD6000, with Cu-κα1 (λ = 1.5406 Å) and Cu-κα2 (λ =
1.5444 Å) radiation, 40 kV, 30 mA. The scan was performed at inter-
vals of 2θ angles from 3.0° to 70°, using divergence and reception
slits of 1°, with a step of 0.02°, and a scan rate of 2°/min. Complemen-
tary, the molecular structures of BuPTCD and PhPTCD were opti-
mized via DFT calculation using the Lee-Yang-Parr correlation
functional (B3LYP) and 6-311G (d, p) level of theory for the ground
state with C1 symmetry.

3. Results and Discussion

3.1. UV–Vis Absorption Spectra

The UV–Vis absorption for perylene derivatives usually consists of
electronic transition bands involving different vibrational levels
nmmass thickness) and indichloromethane/TFA (90:10 v/v) 10−6mol/L solution, at 23 °C.
ir possible “slip angle”.



Fig. 3. Emission spectra obtained with excitation at 514.5 nm for BuPTCD and PhPTCD in: (a) dichloro methane/TFA solution (90:10 v/v), at 10−6 mol/L, and (b) 100 nmmass thickness
PVD films on quartz plates (23 °C).
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[34,35]. Fig. 2a shows the UV–Vis absorption spectra for both BuPTCD
and PhPTCD in PVD films and in dichloro methane/TFA solution
(90:10 v/v) at 10−6 mol/L.

The electronic absorption spectra of BuPTCD and PhPTCD in solution,
present four main bands with maxima at 523, 486, 456, and 427 nm,
which correspond to the π-π* transitions from electronic ground state
(S0) to different vibrational levels (0-0, 0-1, 0-2, 0-3) of the first elec-
tronic excited state (S1) [36–39]. The similarity of the spectra for both
BuPTCD and PhPTCD in solution indicates suggests that their lateral
groups do not affect their absorption bands. However, for both BuPTCD
and PhPTCD PVD filmswith 100 nmmass thickness, a shift (split) in the
absorption bands is observed towards higher and lower wavelengths
Fig. 4. 100 nmBuPTCD and PhPTCD PVD films deposited on quartz substrate: optical microscopy
(d) PhPTCD.
when compared to their respective solution spectra (Fig. 2a). Such effect
might be consequence of molecular aggregates in the PVD films, where
the red-shift refers to a head-to-tail arrangement (J-aggregates) and the
blue-shift to a parallel arrangement (H-aggregates), according to point-
dipole Kasha model [40].

Regarding the estimation of H- and J-aggregates, it is clear (qualita-
tively) in Fig. 2 that the broadening of the UV–Vis spectra for both PVD
films is quite similar considering the blue-shift (H-aggregates). How-
ever, it is also clear that the red-shift (J-aggregates) is greater for
PhPTCD PVD film. In addition to this qualitative description, an estima-
tion of H- and J-aggregates could be established considering the wave-
length of the two most intense bands for both BuPTCD and PhPTCD
images for (a) BuPTCD and (b) PhPTCD; confocal fluorescence images for (c) BuPTCD and



Table 2
Intensity of the emission band, absorbance at 514 nm and radiative efficiency (RE) for BuPTCD and PhPTCD PVD films (100 nmmass thickness) and their solutions (10−6 mol/L).

Perylene derivative Intensity (fluorescence – u.a.) Absorbance (514 nm) Efficiency (F / A514)

PVD Solution (10−6 mol/L) PVD Solution (10−6 mol/L) PVD Solution (10−6 mol/L)

BuPTCD 8.14 × 104 1.04 × 106 0.382 0.079 2.13 × 105 1.3 × 107

PhPTCD 6.28 × 104 7.77 × 105 0.333 0.048 1.88 × 105 1.6 × 107

Fig. 5.X-ray diffractograms for quartz plates and of 100nmBuPTCD andPhPTCDPVDfilms
deposited on quartz.
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solutions, and the blue and red shift for PVD films. Table 1 shows the
wavelength values for the peaks with maxima at 486 and 523 nm and
the respective shifted values for the PVD films: basically, 463 nm
(blue-shift for both BuPTCD and PhPTCD) with a wavelength difference
(Δλ) of 23 nm; 573 nm and 612 nm (red-shift for BuPTCD and PhPTCD,
respectively) with Δλ = 50 and 89, respectively. This estimation sug-
gests that, besides both J- and H-aggregates are present in both BuPTCD
and PhPTCD films, there is a predominance of J-aggregates (higher Δλ),
being even greater for PhPTCD. This may be related to the presence of
benzene rings in the PhPTCD side chains, which could provide an inter-
molecular longitudinal distance greater than that for BuPTCD [31]
(Fig. 2b – structure optimized by theoretical calculations). Thus, smaller
molecular slippage angle (0 ≤ θ b 57.4) results in the formation of J ag-
gregates while greater slippage angle (90 ≥ θ N 57.4) leads to H aggre-
gates according to Kasha's exciton model [41] (the interval of θ can be
changed for other dye molecules [41,42]).

3.2. Emission Spectra

Fig. 3a shows that the excitation at 514.5 nm results in emission
spectra for both BuPTCD and PhPTCD solutions with four main bands
with maxima at 533, 576, 626, and 675 nm, assigned to electronic tran-
sitions from thefirst electronic excited state (S1) to different vibrational
levels at electronic ground state (S0). Such spectra are characteristic of
monomeric perylene derivatives (Fig. 3a) [23]. Differently, Fig. 3b
shows that at the same wavelength excitation, both BuPTCD and
PhPTCD PVD films resulted in a broad emission band with maximum
at 689 nm, which is assigned to excimer emission (fluorescence) [43],
with absence vibrational structure.

It is important to mention that emission spectra were collected for
different regions of BuPTCD and PhPTCD PVD films, and their profile
and intensity were the same as shown in Fig. 3b, characteristic of a uni-
form distribution of the molecular aggregates over the films (Fig. 4).

The radiative efficiency (RE) of BuPTCD and PhPTCDPVDfilms and so-
lutions was investigated by the ratio between the intensity (F) of the
emission band (integrated area) fromFig. 3 and the value (A514) of the ab-
sorbance at 514 nm (excitation wavelength) from Fig. 2a: RE = F / A514.
As shown in Table 2, the RE is 12% higher for BuPTCD compared to
PhPTCD PVD film. According to UV–Vis absorption spectra in Fig. 2 (and
Table 1), PhPTCD PVD film presents larger amount of J-aggregates. There-
fore, because, J-aggregates are directly related to fluorescence intensity in
emission processes, onewould expected a higher RE for PhPTCD PVD film
[30,31,44], leading to a contradictory result. Besides, by verifying the
emission properties for both BuPTCD and PhPTCD as monomers (solu-
tion), it is found that the RE of PhPTCD is 19% higher compared to BuPTCD
when in solution. This means that, even presenting lower amount of J-
aggregates (PVD films) and lower RE (monomer), BuPTCD in PVD film
presents higher RE than PhPTCD in PVD film. Therefore, other particular
features of the PVD films, beyond H- and J-molecular aggregation, must
be taken into account to explain the apparent contradiction found for
BuPTCD PVD films (higher RE than PhPTCD forming PVD film).

3.3. X-ray Diffraction

According to Dong et al. [45], the fluorescence of 1,2-diphenyl-3,4-
bis(diphenylmethylene)-1-cyclobutene increases with aggregation
and intensities when such aggregates present a crystalline phase. Li
et al. and Hsiao et al. also correlate the formation of molecular crystals
to fluorescence increase [46,47]. The relationship between crystallinity
and fluorescence improvement is explained due to the lack of intermo-
lecular cavities as found for amorphous material, which contributes to
the free molecular rotation, directly related to the non-radiative pro-
cesses [47]. Therefore, the crystallinity for both BuPTCD and PhPTCD
PVD films was investigated through X-ray diffraction, which results
are shown in Fig. 5. Differently of PhPTCD, BuPTCD PVD film presents
only a high intensity andwell-defined (020) diffraction peak, character-
istic of oriented crystalline material. So, the BuPTCD PVD film grows on
the substrate with the (020) crystalline plane parallel to it. The latter in-
dicates the higher RE obtained for BuPTCD in PVD film compared to
PhPTCD is a consequence of its crystallinity. The broad band with max-
imum at 2θ around 23° is present in both diffractograms (BuPTCD and
PhPTCD), being assigned to the quartz plates (substrate), as shown in
Fig. 5.

3.4. Molecular Organization

Molecular organization is an important variable determining the su-
pramolecular arrangement of the films that could impact the RE. As re-
ported previously [32], BuPTCD molecules forming PVD film have a
preferential edge-on organization: smallest axis positioned at the sub-
strate, with the chromophore in a perpendicular position related to
the substrate (Fig. 6a). Contrary, PhPTCD molecular organization in
PVD film is preferentially face-on: chromophore plane parallel to the
substrate (Fig. 6b) [33]. The difference in the electric dipole orientation
of the perylene molecules in PVD films may influence the optical ab-
sorption process, reflecting in the RE of the films. Alessio et al. [17] re-
ported that conductivity of perylene thin films improves with the
electric field perpendicular to the chromophore, being the molecules
face-to-face arranged. The same was observed by An et al. [48] for the
dependence of charge transport on face-to-face molecular arranged in
perylene films: higher mobility was reached when the electric field is
perpendicular to the chromophore. The obtained results enforce the hy-
pothesis that crystallinity andmolecular organization of BuPTCD in PVD
films are fundamental features to control the emission process (film



Fig. 6.Representation of the preferredmolecular organization for (a) BuPTCD (edge-on: smallest axis positioned at the substrate,with the chromophore in a perpendicular position related
to the substrate) and (b) PhPTCD PVD (face-on: chromophore plane parallel to the substrate) PVD films and the direction of the electric field of incident light.
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RE). The latter is evident when compared with PhPTCD PVD films,
which provide better RE for monomers and higher formation of J-
aggregates.
4. Conclusion

The UV–Vis absorption spectra obtained for BuPTCD and PhPTCD
PVD films indicate a coexistence of J- and H-aggregates in both cases,
with predominance of J-aggregates, particularly to PhPTCD film. Even
though J aggregates are directly related to fluorescence intensity in
emission processes, the radiative efficiency (RE) of BuPTCD was 12%
higher than PhPTCD in PVD films (even though RE of PhPTCD is 19%
higher compared to BuPTCD when both are in solution (monomers)).
Our results suggest that, besides J-aggregates (film) and RE (monomers
in solution), crystallinity and molecular organization could be the rea-
son for the higher RE found for BuPTCD PVD films: X-ray diffraction re-
veals an oriented crystalline phase for BuPTCD and amorphous
arrangement for PhPTCD. The results are in agreement with previous
FTIR work determining the face-on molecular organization of PhPTCD,
and edge-on molecular organization of BuPTCD on the surface of the
substrate (i.e., the parallel and perpendicular orientations of the chro-
mophore in relation to the incoming electric field).
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