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Abstract

The structural and optical properties of Langmuir–Blodgett (LB) films of two perylene diimide derivates, N,N0-

Bis(propyl)-3,4,9,10-perylenebis(dicarboximide) and N,N0-Bis(neopentyl)-3,4,9,10-perylenebis(dicarboximide), are re-

ported. The surface pressure–area (p–A) isotherms have evidenced how the lateral chain substituents control the

strength of the intermolecular interaction. Nevertheless, a head-on tilted molecular orientation on the water subphase

was found for both compounds. This molecular orientation is preserved when the monolayers are transferred onto

substrates. Molecular orientation in the films was extracted from comparative analysis of transmission and reflection–

absorption infrared spectroscopy (RAIRS) data. Film structure has been studied by means of atomic force microscopy

(AFM). The observed different emission profiles have been correlated with the ability of the derivatives to get coupled.

� 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Organic semiconductors have emerged in the

last decade as main active components in prac-

tical thin film devices as photovoltaic cells, light
emitting displays and other electronic devices [1–

3]. In particular, perylene diimides derivatives
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have attracted the attention of the scientific

community owing to their chemical and thermal

stability, electron affinity––enabling n-type semi-

conductor behaviour––and useful photophysical

properties [4–11]. In addition, perylene diimides
are vacuum compatible and, in appropriate sol-

vents, suitable for Langmuir–Blodgett technique

fabrication [12]. Perylene diimides, being aromatic

molecules with extensive p-system and consider-

able planarity, exhibit a clear tendency to self-

alignment. Therefore, the fabrication of ordered

thin films can be achieved with these compounds
ed.
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Fig. 1. DFT optimized molecular geometry of BNPTCD and

PTCDIPr. (H white, C gray, N dark gray, O black.)
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[13,14]. On the other hand, photophysical and

electronic properties found in perylene-based thin

films are related to the presence of different

molecular stacking arrangements [6,15]. Thus, the

study of molecular packing provides fundamental

information for further understanding of the

performance of electronic devices based on these

materials.
The objective of this work was to study and

compare the optical characteristics of thin films of

two perylene diimides which chemical structures

differed in the alkyl lateral chain attached to the

chromophore (Fig. 1). The Langmuir–Blodgett

technique was chosen as fabrication procedure

allowing the achievement of ordered films.

Molecular organization was elucidated from
infrared data obtained in transmission and reflec-

tion–absorption modes. Complementary informa-

tion related to film morphology was extracted by

means of AFM topographical analysis.
2. Experimental section

2.1. Materials

N,N0-Bis(propyl)-3,4,9,10-perylenebis(dicarbox-

imide) (denoted as PTCDIPr) and N,N0-Bis-

(neopentyl)-3,4,9,10-perylenebis(dicarboximide)
(denoted as BNPTCD) were kindly provided by

Dr. James Duff from the Xerox Research Center
of Canada. The synthesis of both materials has

been previously reported [8,16]. All chemical and

solvents (Aldrich Chemical Ltd.) were of reagent

grade and used as supplied.

2.2. Optimized geometry

The molecular structures of BNPTCD and

PTCDIPr were optimized with a Gaussian98 suite

of programs using the density functional theory
(DFT) methodology, and selecting the tight

RB3LYP/6-31G basis set.

2.3. Film preparation

Langmuir and Langmuir–Blodgett films were
fabricated using a KSV 5000 LB through.

BNPTCD and PTCDIPr powders were dissolved

in dichloromethane: trifluoroacetic acid (95:5)

mixed solvent with initial concentrations 1.1 · 10�4

and 7.5 · 10�5 mol l�1, respectively. Solutions were

sonicated and, then, spread onto ultra pure water

(Millipore, MilliQ). The water bath temperature

was kept constant at 20 �C. After evaporation of
the solvent, the floating molecules were com-

pressed at a speed of 8 mm/min. The monolayers

were then transferred at a speed of 5 mm/min to

highly clean quartz, mica and gold substrates at

target pressures of 30 and 29 mN/m for PTCDIPr

and BNPTCD, respectively. Z-deposition was used

to build the LB films of both compounds; the

substrate was immersed into the water before
spreading the solution and lifted after compressing

the monolayer. Several monolayers where suc-

cessfully transferred. The transfer ratios were near

the unity up to the ninth monolayer for BNPTCD

and 13th monolayer for PTCDIPr. Further

transferring leads to a decrease of the transfer

ratios.

2.4. Films characterization

The electronic absorption spectra of solutions

and LB films were recorded with a double beam

UV–Visible SHIMADZU 2101 spectrometer.

Transmission and RAIRS infrared spectra were

recorded using a Nicolet Magna IR 760 spec-
trometer equipped with a DGTs detector. 1000
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Fig. 2. Surface pressure–area isotherms of the BNPTCD (solid

line) and PTCDIPr (dashed line) Langmuir films obtained at a

water bath temperature of 20 �C.
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scans infrared spectra were recorded using reso-

lution of 2 cm�1. The sample chamber was purged

with N2 for one-hour prior measurements were

attended. The RAIRS measurements were re-
corded at an incident angle of 80�. The gold films

(500 �A mass thickness) used as substrates for

RAIRS measurements were prepared by high

vacuum deposition (BALZERS SCD004). Smooth

gold substrates were chosen as reflecting surface

since no chemical bonding between the metal

surface and the species is expected. Therefore, it

can be assumed that the same molecular orienta-
tion upheld on other substrates.

Photoluminescence measurements were carried

out in a Renishaw Research Raman Microscope

System RM2000 equipped with a Leica micro-

scope (DMLM series) using the 514.5 nm argon

ion laser line as the excitation source. A 50 ·
microscope objective focuses the laser beam onto

a sample spot of ca. 1.0 lm2 and the emission
spectra are recorded using a Peltier cooled ()70
�C) CCD array.

AFM topographical images LB films transferred

onto freshly cleaved mica were recorded with a

Topometrix TMX 2010 Discoverer instrument in

contact mode.
3. Results and discussion

3.1. Surface pressure–area isotherms of Langmuir

films

Reproducible surface pressure–area isotherms

of the BNPTCD and PTCDIPr Langmuir films

were obtained and examples are shown in Fig. 2.

The isotherms of both compounds exhibit large

stable solid phases. However, differences in the
isotherms behaviour should be pointed out. It is

noticeable the differences in the collapse point,

which is the phase change observed when the value

of dp=dA decreases. BNPTCD presents a collapse

area of ca. 42 �A2, being ca. 49 �A2 in the case of

PTCDIPr. The collapse pressure is ca. 44 mN/m

for BNPTCD, meanwhile the PTCDIPr isotherm

collapses at 47 mN/m. This insight suggests a lar-
ger stability of the PTCDIPr Langmuir film if
compared to BNPTCD. Only at low surface

pressures, the area per molecule is larger for

BNPTCD than for PTCDIPr: 74 �A2 for BNPTCD
and 68 �A2 for PTCDIPr at 4 mN/m. In other

words, the PTCDIPr molecules start to feel the

intermolecular interaction at the very first stage

of the compression. However, the areas become

identical (56 �A2) at the beginning of the formation

of the solid phases (ca. 18 mN/m). Beyond this

point, the solid phase of the BNPTCD isotherm

exhibit lower areas per molecule than that of
PTCDIPr. It is also remarkable that the PTCDIPr

isotherm shows a very stiff pressure rise. In con-

trast, the isotherm of BNPTCD presents a

smoother behaviour during compression. All these

observations correlate well with a larger coupling

ability of the PTCDIPr molecules. Due to the

reduced size of the bispropyl lateral chain, the

perylene diimide moieties can get closer together
in the case of PTCDIPr. In contrast, for the

BNPTCD, the lateral neopentyl groups attached

to the chromophore diminishes molecular stack-

ing. The areas per molecule extrapolated to p ¼ 0

for the Langmuir films are 70 and 61 �A2 for

BNPTCD and PTCDIPr. In view of the molecular

size of the perylene and perylene diimides (see
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Fig. 1) [15], the extracted areas-per-molecule at

p ¼ 0 require that the molecules for both derivatives

organize with tilted head-on arrangement on the

water subphase.

3.2. Electronic absorption spectra of solutions and

thin LB films

Electronic absorption spectra of diluted solu-

tions and 5-monolayer LB films for both perylene

diimides are shown in Fig. 3. BNPTCD and

PTCDIPr molecules show similar absorption pro-
files in CH2Cl2/TFA dilute solutions. The spectra

consist in the characteristic vibronic structured

absorption bands assigned to the p–p� electronic

transitions of PTCDs [17]. For BNPTCD the 0–0

transition band appears at 524 followed by the

0–1, 0–2 vibronic progressions at 488 and 456 nm.

In the case of PTCDIPr the same vibronic pattern

appears at 539, 501 and 468 nm, respectively. The
fact that electronic absorption bands of the PTC-

DIPr are slightly shifted to higher wavelength

values (15 nm that of 0–0 vibration) is in agree-

ment with the lower optical gap value found for

the PTCDIPr free molecule, 2.45 versus 2.49 eV

for BNPTCD [18]. In the solid films, band

broadening can be observed as a result of molec-

ular packing. The PTCDIPr LB film absorption
spectrum shows p–p� electronic transition band

with main components centred at 456, 556 and 612

nm. The absorption spectrum of the BNPTCD LB

film exhibits a splitting of the p–p� electronic
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Fig. 3. Electronic absorption spectra of diluted solutions and 5-mon

used allowing comparison.
transition band with one blue-shifted component,

with peaks at 499 and 466 nm, and one red-shifted

component, main peak at 543 nm with shoulder at

569 nm. For PTCDIPr, the thin film absorption
spectrum appears considerably more red-shifted

respect to the solution (73 nm) than that of the

BNPTCD film (45 nm). In addition, the band

broadening is more significant in the PTCDIPr LB

film if compared to BNPTCD. Thus, in spite of

the similar molecular structure, it can be con-

cluded that PTCDIPr molecules show a larger

tendency to dipole stacking and aggregation in
solid films.

Fig. 4 shows the variation of peak absorbance

at 499 nm for BNPTCD and 456 nm for PTCDIPr

when increasing the number of transferred layers

onto the substrate. A linear relationship is main-

tained up to 12th transferred monolayer for

PTCDIPr, up to eighth for BNPTCD. This insight

suggests that the deposition of the monolayers
proceeded regularly at these levels. The linearity

failed for further layer transferring, and conse-

quently, the quality of the LB films beyond these

limits is rather poor. These results concur with the

transfer ratios obtained during LB film fabrica-

tion.

3.3. AFM measurements

Topographical AFM images of 5-monolayer

and 15-monolayer LBs fabricated on cleaved mica

were recorded to visualize the effect of increasing
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olayers BNPTCD and PTCDIPr LB films. Arbitrary units are
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Fig. 4. Variation of peak absorbance, at 499 nm for BNPTCD, and 456 nm for PTCDIPr when increasing number of transferred

monolayers.
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the number of transferred layers on film mor-

phology. As seen in Fig. 5(a), the 5-monolayer
PTCDIPr LB film shows regular and overall

homogeneous morphology with an estimated

average roughness of 1.2 nm. However, the 2D

micrograph of the 15-monolayer PTCDIPr LB

film (Fig. 5(b)) shows the boost of porosity and

roughness when the number of transferred mono-

layers is increased. The loosing of film quality

and homogeneity is more significant in the case of
BNPTCD (Fig. 5(c)–(f)). The morphology changes

from homogeneous to sharply rough as the num-

ber of transferred monolayers is increased from 5

to 15. Moreover, the surface line profile hints that

film growth takes place irregularly for the 15-

monolayer BNPTCD LB film; pinholes and bulky

granular structures are apparent (Fig. 5(f)). The

AFM is consistent with the UV–Vis findings;
within the linear variation of absorbance versus

number of transferred monolayers homogenous

LB films are obtained. Beyond this point, the film

quality decreases drastically.

3.4. Molecular orientation in Langmuir–Blodgett

films. RAIRS measurements

Polarization IR spectroscopy have been exten-

sively used in the characterization of LB films since

it allows one to determine the molecular orienta-

tion on surfaces [19–21]. The relative intensity of

the vibrational modes in the spectrum can be

explained in terms of the incoming infrared beam
and the directionality of the dipole moments.
Reflection–absorption infrared spectroscopy

(RAIRS) profits from the perpendicular polariza-
tion of the electrical field at the nodal point on the

reflecting surface plane. Therefore, the intensity of

the vibrational modes with dynamic dipole com-

ponents perpendicular to the surface will be en-

hanced, while those parallel to the surface will be

suppressed as a consequence of �the surface selec-

tion rule�. Pellet (bulk) transmission spectrum,

where the material is dispersed in a KBr matrix, is
used as reference. This system ensures a random

spatial distribution of the active molecules dy-

namic dipoles. Thus, information about the

molecular orientation can be extracted by com-

paring the KBr and RAIR spectra. The PTCDIPr

vibrational IR spectrum can be summarized as

follows: C–H wagging out-of-plane modes centred

at 746, 810 an 850 cm�1, two main C–H bending
in-plane bending modes centred at 1077 and 1251

cm�1, C–N in-plane stretching mode at 1343 cm�1,

C@C in-plane stretching mode at 1595 cm�1, and

C@O in-plane stretching symmetric and antisym-

metric modes at 1662 and 1697 cm�1, respectively.

As seen in Fig. 6, almost a total suppression of the

C–H wagging out-of-plane modes is observed in

the RAIR spectrum of the 5-monolayer PTCDIPr
LB film if compared to that of KBr. The RAIR

spectrum also shows a decrease in the relative

intensity of the C–H in-plane bending modes

if compared to other in-plane modes. The C@O

antisymmetry mode becomes prominent. These

changes in relative intensities of the RAIRS, where

the modes out of the chromophore plane are



Fig. 5. AFM topographical image of (a) 5-monolayer and (b) 15-monolayer PTCDIPr LB films. (c) 2-D micrograph and (d) surface

line profile of 5-monolayer BNPTCD LB film. (e) 2D micrograph and (f) surface line profile of 15-monolayer BNPTCD LB film.
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suppressed and certain in-plane modes of the

perylene moiety are enhanced, correlates with a

preferential head-on orientation of the PTCDIPr

molecules in the LB film. Similar conclusion can be

extracted by comparison of the KBr spectrum and

RAIRS of the 5-monolayer BNPTCD LB film
(also shown in Fig. 6). The BNPTCD molecules

are arranged with a head-on alignment over the

substrate. The IR analysis evidences that the

molecular organization found in Langmuir films is

preserved when the monolayers are transferred

onto substrates. Finally, It should be pointed out

that the observed vibrational modes appear un-

shifted in the RAIR spectra with respect to the
KBr spectrum. Then, no chemical bonding be-

tween the metal surface and any of the two species

takes place.
3.5. Emission spectra

The BNPTCD and PTCDIPr 5-monolayer LB

films emission spectra evidence the difference in

molecular packing between derivatives (Fig. 7).

The emission spectra were recorded using the
514.5 nm excitation source to excite mainly

monomeric chromophore. The absorption spectra

of concentrated solutions of perylene diimides

usually exhibit a prominent dimer peak centred at

wavelengths of ca. 600 nm [13]. Thus, the used of

higher wavelength excitation sources might lead to

the direct excitation of ground state dimers or

higher aggregates found in the solid film. The
spectrum of the PTCDIPr LB film consists in a

broad featureless band with maximum centred at

657 nm, which can be assigned as an emission that
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of excimers [22]. This excimeric like luminescence

is typically observed in perylene-based solid films,

not only in bulk, but also at extremely low

coverage ultra-thin films [7]. As reported by

Schlettwein et al., excited dimer emissions become

predominant in thin films of perylene derivatives

thicker than two monolayers [6]. The PTCDIPr
film excimeric spectral feature suggests that the

interactions between adjacent molecules must be

considerable, and need to be allowed by extended

molecular coupling. The reduced size of the propyl

alkyl chains permits the PTCDIPr chromophore

to get crowded. On the other hand, the BNPTCD

LB films spectrum shows a broad band (260 nm

width) with two maxima at 590 and 642 nm, which
correspond to a monomeric and excimeric like

emissions, respectively. Although the excimer

emission is significant, the monomeric feature,

stronger in intensity, results to be the main exci-

tation deactivation path. This evidence suggests a

weaker interaction between adjacent BNPTCD

moieties hinted by the sizes of the neopentyl

groups attached. Moreover, the restrained mole-
cular coupling in the BNPTCD film leads to a

higher emission quantum-efficiency than in PTC-

DIPr. In this case, the emission quenching effect

due to extended molecular packing is notable.
4. Conclusions

Langmuir and Langmuir–Blodgett films of two

different perylene derivatives have been fabricated
and characterized. It has been found that good

quality and ordered thin films can be obtained by

means of this technique up to a certain number

of transferred monolayers. As extracted from
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Infrared data, the LB films of both dyes show

preferential head-on molecular orientation over

the substrate. Nevertheless, the PTCDIPr adjacent

molecules show higher tendency to get coupled
that leads to an excimeric like emission feature

in solid thin films. In contrast, the neopentyl group

attached to the perylene moiety in BNPTCD res-

tricts intermolecular interaction favouring mono-

mer emission over excimer.
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