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Surface-relative orientational parameters were determined for
monolayer films of N, N’-ditridecylperylenetetracarboxylic dian-
hydridediimide (C,;-PTCDI) in terms of therelative electronic tran-
sition dipole strengths, providing a three-dimensional view of the
absor ption dipole distribution. In order to obtain a macroscopically
ordered film, C,;-PTCDI was deposited by (1) horizontal Lang-
muir—Blodgett (LB) transfer onto methyl- and phenyl-silanized
glass, and (2) vapor deposition onto oriented films of
poly(tetrafluoroethylene) (PTFE) on glass. Films of LB-deposited
C,;-PTCDI were found to be completely isotropic prior to anneal-
ing. After annealing, these films remained isotropic in the plane of
the substrate while the out-of-plane anisotr opy was significantly en-
hanced. In contrast, films of C,;-PTCDI vapor deposited onto ori-
ented poly(tetrafluoroethylene) (PTFE)-modified substrates yielded
films with a high degree of both in- and out-of-plane anisotropy.
Atomic force microscopy (AFM) images of both the L B- and vapor -
deposited films show substantial differencesin film morphology and
long-range order. These results demonstrate that molecular orien-
tation in C,;-PTCDI films can be controlled by varying substrate
surface chemistry and post-deposition processing.

Index Headings: Attenuated total reflection; ATR; Molecular ori-
entation; Perylene.

INTRODUCTION

The development of organic electronics depends large-
ly on the ability to control the charge transport charac-
teristics of the organic material. For the mgjority of mo-
lecular semiconductors, these characteristics exhibit a de-
pendency on the degree of overlap of molecular orbitals
in adjacent molecules.*-® This, in turn, displays a strong
dependency on the degree of ordering and the relative
orientation of the molecules* The exciton diffusion
length in an organic photovoltaic solar cell, for example,
increases substantially with increased ordering of the or-
ganic layer, resulting in a higher energy conversion effi-
ciency.>% In addition, many materials, such as ordered
films of phthal ocyanines,***? have shown significant con-
ductivity anisotropy depending on the orientation of the
molecule relative to the desired direction of charge flow.

Perylene derivatives, especialy N,N’-dialkyl-3,4,9,10-
perylenetetracarboxyldiimides (PTCDI), have been stud-
ied as possible organic layers in photovoltaic cells, due
to the ease with which these molecules assemble into
liquid crystalline arrays upon vapor deposition>1314 or

Received 23 May 2005; accepted 2 August 2005.

* Current address: Department of Physics and Measurement Technology
(IFM), Linkodping University, SE-581 83 Linkoping, Sweden.

T Authors to whom correspondence should be sent.

1248 Volume 59, Number 10, 2005

0003-7028/05/5910-1248$2.00/ 0
© 2005 Society for Applied Spectroscopy

compression on a Langmuir—Blodgett (LB) trough.85-17
Several studies®®* have shown that strong m—m interac-
tions between the perylene cores result in a ‘‘slipped
stack” cofacial arrangement of the molecules in which
the planes of the perylene cores of adjacent moleculesin
a stack are parallel with a dlight lateral offset.

The molecular orientation of substrate-supported
PTCDI materials has been investigated with variable re-
sults depending on the choice of substituents, deposition
technique, surface composition, and analytical technique.
In evaporated films of akyl-substituted PTCDI deriva-
tives, the angle between the perylene core and the m—r
stacking axis of the aggregates has been determined to
be 64° based on X-ray diffraction studies and molecular
geometry.*® Aroca and co-workers!>'’ have studied mo-
lecular orientation in LB films of a series of perylene
derivatives substituted asymmetrically with alkyl chains
of varying length. The absorbance anisotropy of charac-
teristic vibrational transition dipoles (C=C and C=0
stretches) was measured using reflection—absorption in-
frared spectroscopy (RAIRS) and transmission infrared
spectroscopy. These experiments yielded ensemble-aver-
aged tilt angles, relative to the substrate normal, of 40°
and 66° for the long and short axes of the molecule, re-
spectively.

Gregg and co-workers used molecular modeling, in
combination with X-ray diffraction measurements and
pressure-area isotherms obtained by LB compression, to
examine a series of polyethylene glycol substituted
PTCDI derivatives deposited on glass substrates.®® In
these films, the molecules preferentially orient in an
““edge-on”’ fashion, with an angle of 32° or less between
the surface normal and the long axis of the molecular
dipole. The angle between the long axis of the perylene
core and the w—m stacking axis of the aggregated struc-
ture was 47°.8

In al of the studies cited above, determining molecular
orientation in a substrate-supported film required making
assumptions with respect to molecular geometry, packing
dynamics, and/or substrate effects. For example, to cal-
culate tilt angles in LB films of perylene derivatives, Ar-
oca and co-workers made three major assumptions: (1)
The orientation distribution was assumed to be infinitely
narrow (i.e., adeltafunction). (2) The relative orientation
of the vibrational transition dipoles with respect to the
molecular geometry was assumed. (3) The molecular ori-
entation of the PTCDI core was assumed to be identical
on both the silver-coated RAIRS substrates and the trans-
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(A) The x~y plane represents the surface of the IRE, with the z-axis as the surface normal. The electronic transition vector is represented

as i, and 6 is the angle between [ and the z-axis. The angle between the x-axis and the projection of i onto the x—y plane is ¢. (B) Top: Light
propagates, via internal reflection in the x—z plane, in a microscope slide coated with a C,;-PTCDI film. The absorbance of TE polarized light is
denoted A Bottom: By rotating the slide 90° relative to the incident beam or by changing the conditions under which the C,,-PTCDI film is
deposited, the absorbance for TE polarized light, now denoted Ay, probes the other in-plane transition dipole component.

mission infrared (IR) substrates (Ge or ZnS), which al-
lowed the data from the two experiments to be combined.

Direct measurement of the strength of the electronic
transition vector components, without relying on such as-
sumptions, offers the advantages of experimental sim-
plicity and accuracy. Here we demonstrate the use of
broadband attenuated total reflectance (ATR) spectros-
copy*® to measure both in-plane and out-of-plane orien-
tational parameters of monolayer films of a ditridecyl-
substituted PTCDI derivative without invoking a priori
models or making assumptions about substrate—film in-
teractions or the orientation distribution. Orientational pa-
rameters were measured on LB-deposited films of C,;-
PTCDI before and after annealing, and on films formed
by vapor deposition on oriented poly(tetrafl uoroethylene)
(PTFE) substrates. These studies parallel research we
have recently reported using similar approaches to deter-
mine the orientation of discotic mesophase materials
(phthalocyanines), as monolayer and bilayer supported
thin films, using ATR spectroscopies without assumptions
for orientation distribution.*®

THEORY

In Fig. 1A, the orientation of a linear electronic tran-
sition dipole vector, ., relative to the surface of an in-
ternal reflection element (IRE) is defined by two angles,
0 and ¢, that describe the position of i with respect to
the axes of the laboratory coordinate system. The inter-
nally reflected probe beam propagates in the x—z plane,
and the x—y plane corresponds to the interface between
the molecular film and the IRE surface.

The absorbance of the film is described by the general
expression®

A = ((L-E)? )

where E is the electric field vector of the optical beam
and the angle brackets represent the ensemble average of
the individual molecular dipole orientations. For light po-
larized perpendicular (transverse electric (TE)) and par-
alel (transverse magnetic (TM)) to the plane of inci-
dence, Eq. 1 becomes

ATE = <(p"yEy)2> = <}-L)%>E§ (2a)
ATM = <(p"xEx + p"zEz)2> = <}.L)2(>E)2( + <}‘L§>E22 (2b)

where E; and p; are the magnitudes of the electric fields
and the transition dipole components along the three lab-
oratory axes (i = X, Y, 2). Since the orientation distribu-
tion of the sample should be symmetric about the y—z
plane (see below and Experimental section), then (.,
= 0. The sum of the ensemble average values of the
squared transition dipole components is related to the to-
tal dipole strength, w, by:

(1) + () + () = p? ©)

The degree of in-plane (azimuthal) anisotropy in the
molecular film can be determined by measuring the ab-
sorbance of a probe beam in two orthogonal sample ori-
entations, here called 0°- and 90°-orientation, and shown
schematically in Fig. 1B for TE polarization. Experimen-
tally, the deposition conditions were controlled to pro-
duce sample films whose symmetry axes were orthogonal
to each other (see Experimental section). By applying Eq.
2 for the two sample orientations, the absorbance of a
molecular film can be expressed by:

ATE,O° = <I~L§>E$ (4a)
ATE,90“ = <M>2<>E§ (4b)

for TE polarization, and
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(RRES + (WDHEZ (59)

Ao = <P~ )EZ + (u2E? (5b)

for TM polarization. The absorbance dichroism for each
polarization is defined by

Ao =

Areo <P“§
e = — = and 6
e Are oo (w2 ©
r = ATM,O <Pv >E2 + <Pv >E2 (7)
™ ATM,QO" <P«y>E>2< + <P«§>Ezz

Combining Egs. 3, 6, and 7 yields the following ex-
pressions, which describe the squared magnitudes of the
transition dipole components along the three coordinate
axes, and depend only on the electric field amplitudes (E,
and E,) and the experimentally determinable parameters
Fre and roy:

<“’x> EZ(1 — ryw)

2 E%(l +re— T~ Mrelov) T EZ(—1+ reeroy)
(8a)

() _ E2(1 — ro)ree

p2 E2(QA+rme—row—rrelom) T EZ(—1+ reerqy)
(8b)

(2 > EZ(—1+ reerrw)
2 E%(l + g =Ty = Frelou) + BE(=1 + reroy)
(8c)
The orientation angles ¢ and 6 shown in Fig. 1 can be
related to the expressions in Eq. 8 through a pair of ro-

tation matrices describing the angular dependencies of
(12, (ug), and (u2) shown below,?

B.LXEI cosd —sind Omcos® O snooOO
O 0. m oj.g
E= Esn b cosd OBH 0 1 0
o o O 1o+sin® O cos 6o
ECOScb sin GD
= [sin $ sin GHM 9)
O cos® O

from which the following relations can be derived®®

<tx> (cos?d sin20) (10a)
<M = (sin?} sin?p) (10b)
<tz> (cos?0) (10c)

Thus the orientation parameters of the linear electronic
transition vector shown in Fig. 1A can be experimentally
determined by application of Egs. 8 and 10.

EXPERIMENTAL

Langmuir—Blodgett Film Preparation. Substrates
were glass microscope slides (thickness = 1 mm, Gold
Seal Products, #3010) or silicon wafers (Wacker, [1,1,1]).
Prior to film deposition, glass substrates were subjected
to initial cleaning by light mechanical scrubbing with Al-
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Fic. 2. The electronic absorption transition moment, fi, is parallel to
the long molecular axis of C,;-PTCDI.?* The pressure-area isotherm of
a Langmuir film of C,3-PTCDI is shown, along with the proposed pack-

ing geometry (top view) of the molecules when compressed to 55 A2
per molecule.813.14

conox cleaner using a cotton pad and rinsed with deion-
ized water (Barnstead Nanopure, 18.2 M-cm). Initial
cleaning of silicon substrates consisted of immersion in
fresh Piranha solution (30:70 v/v H,0,: conc. H,SO,) for
15 min, followed by rinsing in deionized water. This
treatment produces an oxide layer thickness of approxi-
mately 20 A.2 Immediately following initial cleaning, al
substrates were blown dry with nitrogen and placed in
air plasma (Harrick PDC-3XG) for 15 min at 25 W. Im-
mediately thereafter, substrates were rendered hydropho-
bic, to enhance the transfer efficiency of the LB films,
by sonication in a mixture of 1,1,1,3,3,3-hexamethyldi-
silazane (HMDS) and 1,3-diphenyl-1,1,3,3-tetramethyl-
disilazane (DPTMDS) dissolved in chloroform (5:5:90
v/iv HMDS.DPTMDS:CHCI;) for 30 min.32* Silanized
substrates were stored in air in a sealed vessel and
cleaned immediately before LB film deposition by soni-
cation in chloroform for a minimum of 30 min.

Monolayer films of N,N’-ditridecyl-3,4,9,10-peryl-
enetetracarboxylicdiimide (C,5-PTCDI) (Aldrich, 97%)
were prepared on a Nima model 611D LB trough using
10% trifluoroacetic acid in dichloromethane as the
spreading solvent.r” The C,;-PTCDI solution (0.11 mM,
750 pL) was spread onto a deionized water subphase at
room temperature. The film was left on the trough for
approximately 45 min prior to compression to allow com-
plete evaporation of spreading solvent and film equili-
bration. Compression was performed at a rate of 45 mm/s
until a condensed-phase monolayer was observed, as ev-
idenced by the first phase transition ‘‘shoulder’” in the
pressure-area isotherm,!* corresponding to approximately
50-55 A2/molecule (Fig. 2).

Monolayer LB films were deposited onto silanized



substrates using a horizontal transfer'®2324 in which the
substrate plane was parallel to the trough surface. One-
half of each substrate was covered lengthwise with an-
other silanized glass slide immediately before film de-
position, as described elsewhere.’®?> This prevented de-
position on the covered half of the substrate, which was
subsequently used as a spectroscopic blank. The liquid
crystalline behavior of the film prevented determination
of an accurate transfer ratio, as molecules remaining at
the air—water interface did not spontaneously redistribute.
Visual inspection of the substrate after deposition re-
vealed a homogeneous film, suggesting quantitative or
near-quantitative transfer. After deposition, films were re-
moved from the subphase and blown dry with nitrogen.
Unannealed films were analyzed immediately. Annealed
films were held at 100 °C for three hours in air and re-
turned to room temperature prior to analysis.

Langmuir—Blodgett film-coated substrates were pre-
pared in pairs. For each Langmuir film, horizontal de-
position was performed simultaneously on two substrates
with orthogonal orientations, one with its long axis par-
alel (denoted O°-orientation) and the other perpendicular
(denoted 90°-orientation) to the compression barriers of
the Langmuir trough (see Fig. 1B). This procedure pro-
duced pairs of substrates with azimuthally orthogonal ori-
entations, allowing ATR spectroscopy to be performed
with the beam propagating either parallel or perpendic-
ular to the direction of compression.

PTFE-M odified Substrates and Vapor Deposition of
C,;-PTCDI. Substrates were microscope slides cleaned
as described above. Oriented films of poly-
(tetrafluoroethylene) (PTFE) were deposited mechanical -
ly according to the procedure described by Wittmann and
Smith,?¢ briefly described here. A clean slide was heated
to 130 °C on a hotplate. A 1 cm X 1 cm block of Teflon,
attached to a 1-kg weight, was pulled across the surface
of the substrate at a constant rate of approximately 1
mm/s. Pairs of substrates with azimuthally orthogonal
PTFE films were prepared by pulling the Teflon block
along either the short or the long axis of the glass slide.
Sessile water contact angles were measured on bare glass
and PTFE-modified glass using a 3 wL drop volume on
a Kruss Drop Shape Anaysis System. Ellipsometric
thickness of the PTFE film was measured at 590 nm at
incident angles of 60° and 70° on a variable angle of
incidence spectroscopic ellipsometer (VASE, J. A. Wool-
lam Company), assuming a refractive index of 1.31.%"

C,;-PTCDI was purified once by zone sublimation. The
matrix-assisted laser desorption ionization (MALDI)
mass spectrum (not shown) of purified C,;-PTCDI was
dominated by the protonated molecular ion at m/z 755.5,
indicating that the tridecyl derivative resists thermal
breakdown during evaporation under vacuum. Attempts
to deposit LB monolayers of C,;-PTCDI onto PTFE-
modified substrates resulted in non-adherent, inhomoge-
neous films. Instead, films were vapor deposited onto the
PTFE-modified substrates from a crucible source held at
370 °C at 4 X 107 torr. The substrate temperature was
held at approximately 100 °C. The deposition was per-
formed for 1 min at arate of 0.5 A/s (total mass thickness
3 nm), measured using a quartz crystal microbalance.
This amount of material approximates the deposition of
one equivalent monolayer based on the molecular ge-

ometry shown in Fig. 2. After deposition, substrates were
alowed to cool to room temperature over 1.5-2 h before
venting the vacuum chamber.

Spectroscopic Measurements. Visible regime spec-
troscopic analyses were conducted using an ATR instru-
ment described previously.’® Modifications include the
use of a gpatia filter equipped with a 30 um pinhole for
a smaller probe beam diameter and a 1200 grooves/mm
diffraction grating for improved spectral resolution. In the
current work, coupling of the light beam into the IRE
was performed in air with an internal angle of reflection
(«) between 53° and 55° relative to the substrate normal.
The spacing between the in-coupling and out-coupling
prisms was 39.7 mm, yielding 14 to 15 reflections and a
total illuminated area of approximately 0.36 cm?. Probe
beam propagation was along the long axis of the micro-
scope slide (3 in. X 1in.). Deposition of C;;-PTCDI films
onto two orthogonally oriented substrates, as described
above and in Fig. 1B, therefore allowed for measure-
ments of Ay, Ao Areors and Aqy oo

Evanescent electric field intensity along each coordi-
nate axis was calculated according to Harrick?® for a
three-phase layered structure using the following expres-
sions:

4 cos’a[sin?a — (n/Nny)?]

BT = ()AL + (ndn)Asinee — (ndnyz) D)

4 cos?a

Y T 1= (ndny)? (110)

— N 4 cos?a Sinfa
* ) [1 = (/)2 [L + (ne/ng)Zsina — (ne/ng)?}
(11c)

where n,, n;, and n, are the refractive indices of the in-
ternal reflection element (glass substrate), C,;-PTCDI
film, and cladding or superstrate (air), respectively. The
values used for ng, n;, and n, were 1.51, 1.9,%° and 1.00,
respectively. The disilazane and PTFE layers were as-
sumed to be too optically thin to significantly alter the
properties of the evanescent field and were therefore ig-
nored in these calculations.

Atomic Force Microscopy. The surface morphology
of LB and vapor-deposited C,,-PTCDI films on silicon
wafers or glass microscope slides, respectively, was ex-
amined using atomic force microscopy (AFM) performed
in tapping mode on a Dimension 3100 Scanning Probe
Microscope (Veeco Digital Instruments, Santa Barbara,
CA). Rotated, oxide-sharpened silicon nitride tips were
used in air, using contact-cantilevers in a tapping-mode
configuration. To minimize distortion by contact forces
between the tip and the sample, the minimum force re-
quired to obtain optimum resolution was used. The driv-
ing amplitude applied was the automated instrument de-
fault, between 100 and 400 mV. After the tip was en-
gaged and imaging commenced, the setpoint value was
increased until contact with the surface was lost and then
incrementally decreased until optimal resolution was
achieved. The samples were not altered by the AFM mea-
surement, as noted by the invariance of successive AFM
scans. The images presented below are representative of
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Fic. 3. The solution absorbance spectrum (X2.4) (: ) of 2.6 X
106 M C,;-PTCDI dissolved in CH,CI, containing 10% (v/v) TFA is
compared to ATR spectra of a LB monolayer acquired before (X1.8)
(——-) and after (X3.4) (- ) annealing, and a film of C,;-PTCDI that
was vapor deposited onto oriented PTFE (X4.2) (———). Spectra are
normalized by the factors stated above in parentheses for ease of com-
parison.

scans from different locations on the sample, different
samples, and using different tips to image the surfaces.

RESULTS AND DISCUSSION

Alkyl disubstituted perylene diimides have been shown
to irreversibly form a solid-phase Langmuir film due to
strong intermolecular interactions and relatively weak in-
teractions with the water subphase.’® In particular, alkyl
or alkoxy perylene derivatives exhibit strong mw—m stack-
ing interactions and side-chain interdigitation that pro-
duce a smectic liquid crystalline phase upon compression
at the air—water interface® or evaporative deposition onto
a variety of substrates.'314

The pressure-area isotherm for C,;-PTCDI, shown in
Fig. 2, is characterized by a single transition to a solid
phase.’> Further compression led to the formation of vis-
ible fibers oriented parallel to the trough barriers, indic-
ative of heterogeneous multilayer formation and film col-
lapse. The schematic diagram in Fig. 2 represents the
proposed packing structure of C,;-PTCDI based on pre-
vious reports.81314

A comparison of the dissolved and LB film absorbance
spectra, plotted in Fig. 3, provides further evidence for
the formation of an aggregated structure in the film. The
solution phase spectrum contains four resolved bands
with maxima at 432, 459, 489, and 527 nm, correspond-
ing to the 0-3, 0-2, 0-1, and 0-0 transitions, respective-
ly.1720 In contrast, ATR spectra of the LB films (shown
in TE polarization) are considerably broadened and vi-
bronic transitions are no longer resolved. For the unan-
nealed LB film, a broad maximum is observed at 492 nm
with shoulders at 471, 527, 555, and 567 nm, exhibiting
an overal full-width at half-maximum (FWHM) of ap-
proximately 150 nm. Broadening and shifted transitions
are attributed to exciton splitting in molecular assemblies
that exhibit strong intermolecular forces, resulting in cou-
pling of electronic transitions between parallel transition
dipoles® These spectral perturbations have been ob-
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served in numerous types of molecular assemblies, in-
cluding LB8 and evaporated films'34 of perylene-based
materials.17°

Annealing the LB film causes a narrowing of the spec-
troscopic FWHM to approximately 130 nm. The transi-
tions are dlightly shifted relative to the unannealed spec-
trum, occurring at 488, 525, and 570 nm, with a shoulder
at 467 nm. The relative intensities (normalized to \..,)
of the peaks at 525 and 570 nm have dropped by ap-
proximately 10% as compared to the corresponding peaks
in the unannealed spectrum. These differences clearly
show that annealing alters the interactions between ad-
jacent dyes in these thin films. The ATR spectrum of the
vapor-deposited film is similar to that of the annealed LB
film, although the absorbance bands are slightly better
resolved, with peaks at 488 and 564 nm, and shoulders
at 467 and 521 nm and an overal FWHM of 120 nm.
The similarities in the spectra of the vapor-deposited and
annealed LB films are not surprising since during vapor
deposition, the substrate temperature was held at 100 °C,
the same temperature at which LB films were annealed.

Example ATR spectra, at each substrate orientation and
incident beam polarization, of LB and vapor deposited
C,;-PTCDI films are shown in Fig. 4. A summary of the
orientation parameters determined from these spectra is
given in Table I. Note that the dichroic ratios rg and rq,
obtained for the LB films, both before and after annealing
are not significantly different (i.e., rqg = rry = 1, which
leads to (pn2) = (n2)) and the molecular orientation of the
perylene core can be considered azimuthally uniaxial.
Under these conditions, Eq. 8 becomes extremely sensi-
tive to experimental errors as (u?)/p? approaches a lim-
iting value resulting from division of zero over zero.
However, for the uniaxial case, a treatment described by
Bohn®? and Saavedra,®*3 in which it is assumed that
(u2) = (n2), can be utilized and the dichroic ratio is then
defined as the ratio of the film absorbance in TE and TM
polarizations by

Areo
P = ——, (129)
* Ao
A
Poor = ATEYQOO (12b)
™ 90°

where the subscripts 0° and 90° refer to the two sample
orientations. For an azimuthally isotropic film, py = pgo
= p, and combining Egs. 3-5 and 10 with Eq. 12 yields

Wy _ EJ-pEZ
F = 20EZ + Ez  oE? = (cos?9) and (13)
3 ) pE?

1 1 N2,

w2 w?  2pEZ v Ez_pEz 2000 (4

The normalized strengths of the transition dipole com-
ponents along the three coordinate axes (u?)/.? were cal-
culated using Egs. 13 and 14 for the uniaxial case and
are approximately equal for the unannealed film (Table
1). The statistical equivalence of these values shows that
the orientation distribution is completely isotropic with
respect to all three coordinate axes. This can be described
graphically by plotting an ellipsoid with semi-axes pro-
portional to the dipole strength along each Cartesian di-
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Fic. 4. Example ATR spectra of C,;-PTCDI films are shown for both sample orientations (0° and 90°) and at each incident beam polarization (TE

(

rection; Fig. 5A depicts an approximately spherical dis-
tribution representing equal dipole intensity in all direc-
tions. Given the proposed packing structure shown in Fig.
2, these results suggest that while the m—m stacking of
perylene cores results in microscopic ordering,8'34 the
aggregates form individual grains that, within the mac-
roscopic scale of the measurement, are randomly oriented
with respect to each other.

After annealing, r and rq, remain approximately
equivaent (rrg = rry = 1), while both pg and pg, de-
crease significantly (Table1). This indicates that while the
orientation distribution in the plane of the substrate (the
X-y plane) remains isotropic, there is a significant in-
crease in the dipole absorbance along the z-axis, orthog-
onal to the surface of the substrate. The out-of-plane ab-
sorbance dipole strength, (u2)/n? calculated with Eq. 13
(Table ), is significantly enhanced, graphically illustrated
by the three-dimensional representation in Fig. 5B. Thus,
annealing causes the molecules to align preferentially
normal to the substrate.

TABLE |I. Dichroic ratios and relative electronic transition dipole
strengths for C,;-PTCDI films.

LB unannealed LB annealed PTFE

e 0.99 = 0.07 0.94 + 0.13 0.48 = 0.08
1w 1.11 = 0.07 1.0 = 0.2 1.30 = 0.12
Po 1.70 = 0.06 1.2 + 0.3 0.83 = 0.05
Poor 19 £ 0.2 1.3+ 0.2 23+ 04

(W22 0.33 = 0.03a¢ 0.20 * 0.037¢ 0.11 + 0.03¢
(ud 2 0.33 = 0.03a¢ 0.20 + 0.032¢c 0.05 = 0.01¢
(22 0.33 += 0.067° 0.60 = 0.052° 0.84 + 0.05¢

aCalculated using the average of p, and pyy-

b Calculated using the azimuthally uniaxial Eq. 13.
¢ Calculated using the azimuthally uniaxial Eq. 14.
d Calculated according to Eqg. 8.

Morphological changes as a result of film annealing
are illustrated by AFM imagesin Fig. 6A and 6B. In the
height image of the unannealed LB film (Fig. 6A), ag-
gregates of columnar structures are observed, with the
column axes paraléel to the plane of the substrate and a
height of approximately 3 nm. Lateral interactions be-
tween columns are likely responsible for the formation
of approximately parallel columns with lengths of up to
1 pwm. However, examination of the entire 5 wm image
reveals no evidence of long-range order in the substrate
plang; thus, the in-plane molecular orientation of these
aggregates appears to be random, consistent with the po-
larized spectroscopic results listed in Table |. Figure 6B
shows that, after annealing, the columnar aggregates seen
in Fig. 6A are replaced with amorphous, globular do-
mains. As discussed above, enhanced out-of-plane mo-
lecular order, as measured by an increase in (u2)/p.?, ac-
companies this change in film morphology. However, the
change in film morphology does not alter long-range or-
der in the x~y plane, which remains isotropic.

Reflection infrared spectroscopy of vapor-deposited
bis(n-propylimido)perylene has shown changes in molec-
ular orientation as a result of thermal annealing in the
presence of water vapor.®®> The angle between the plane
of the perylene core and the plane of the substrate de-
creases upon annealing and is attributed to the interca-
lation of water through hydrogen bonding with the amido
group. In the current study, the opposite effect was ob-
served; the angle between the perylene core and the plane
of the substrate increased after annealing.®® This differ-
ence is likely due to the film preparation conditions. For
films formed in vacuum, orientational changes were ob-
served upon intercalation of water during annealing. For
LB films originating from an aqueous subphase, the ori-
entational change is likely due to exclusion of intercalat-
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Fic. 5. The normalized intensities of the transition dipole components along the three coordinate axes are used to plot a three-dimensional figure
(an éllipsoid) for LB films of C,;-PTCDI films (A) before and (B) after annealing, and (C) for a film vapor deposited onto an oriented PTFE
substrate. To the right of each three-dimensional representation is a two-dimensional plot of the normalized dipole intensity in the plane of the

substrate (the x—y plane defined in Fig. 1A).

ed water during annealing. Similar changes in molecular
orientation, i.e., an increase of (u2)/.? following anneal-
ing, have been observed for LB films of liquid crystalline
phthal ocyanines deposited from an aqueous subphase.'®

The vapor deposited films of C,;-PTCDI onto oriented
PTFE show significant anisotropy for both in- and out-
of-plane components (Table 1). In the plane of the sub-
strate, preferential absorption along the x-axis (the direc-
tion along which the PTFE block was pulled) is indicated
by rg¢ < 1 with a value of (u2)/pn? that is twice that of
(W/n? (Table 1). This is illustrated graphically in Fig.
5C, which shows that the normalized transition dipole
strength in the plane of the substrate is elliptical, with the
x-axis corresponding to the long axis of the ellipse. How-
ever, the out-of-plane anisotropy is much greater. The
large value of (u2)/n? shows that the perylene cores are
oriented nearly perpendicular to the plane of the sub-
strate. The three-dimensional orientational representation
in Fig. 5C illustrates the differences in the relative tran-
sition dipole strength along all three axes.

Figure 6C shows the AFM image of the PTFE-modi-
fied substrate prior to vapor deposition of C,;-PTCDI.
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The horizontal stripes are the oriented PTFE columns,
paralel to the substrate surface and aligned with the di-
rection in which the PTFE block was pulled. The average
height of the stripes is approximately 8 nm, with consid-
erable variation, from 2 to 12 nm. Before PTFE deposi-
tion, the sessile water contact angle of the cleaned glass
substrate was <5°. After deposition, it was 12°, which is
much less than that expected for full coverage of PTFE
(>90°),% indicating that glass substrate is exposed in the
regions between the PTFE columns. The ellipsometric
thickness of the PTFE film was 1.0 = 0.5 nm, providing
further evidence for relatively large areas of exposed
glass.

After deposition of C,;-PTCDI, the columnar PTFE
structures are still visible (Fig. 6D). The C,;-PTCDI film
is evident as domain-like features located primarily be-
tween the columns of PTFE. The domains are approxi-
mately 3 nm high and are noticeably geometric in ap-
pearance, similar to those observed by Schlettwein et al.*4
for layered films of perylenetetracarboxylic anhydride
(PTCDA) deposited on potassium bromide and chloride
crystals. This morphology contrasts sharply with the



Fic. 6. AFM height images of films of C,;-PTCDI obtained using a scan area of 5 pum X 5 pm. The insets highlight a 1 pm? portion of each
film. The scale bar in each image represents 500 nm. Images of LB films of C,;-PTCDI deposited on silanized (hydrophobized) Si wafers were
acquired (A) before and (B) after annealing. The PTFE-modified glass substrate is shown (C) before and (D) after vapor deposition of C,;-PTCDI.
The black arrows indicate the direction in which the PTFE block was pulled.

amorphous structures observed in the annealed LB films.
Combined with the spectroscopic data showing in-plane
orientational anisotropy with preferential orientation
along the column direction, this suggests that the columns
may serve as nucleation sites during film condensation,
directing the orientation of the perylene core.

The existing literature contains considerable incongru-
ity regarding the important factors dictating the molecular
orientation of perylene adlayers. The orientational an-
isotropy of the films has been mainly attributed to m—m
aggregation between neighboring molecules, while inter-
actions between the substrate and the adsorbed film have
been considered negligible.81> In contrast, scanning tun-
neling microscopic (STM) studies of C,-PTCDI deriva-
tives deposited on MoS, and HOPG substrates demon-
strated a preferential alignment of perylene domains with

respect to the underlying substrate lattice.** In addition,
the molecular orientation of surface-adsorbed perylene
derivatives is influenced by varying degrees with appro-
priate choice of substituent,3”-% application of mechanical
shear force,**% and by post-deposition annealing in the
presence of water®® or solvent®> vapor. By making no a
priori assumptions regarding substrate interactions or
molecular structure, the current study emphasizes that
both post-deposition processing, i.e, annealing, and
choice of substrate can substantially affect the orientation
of adsorbed perylene.

CONCLUSION

A visible-regime spectroscopic ATR method is de-
scribed to elucidate molecular orientation of adlayer ma-
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terials exhibiting a linear electronic transition dipole at
monolayer coverages. The ensemble orientation is deter-
mined as the strength of the electronic transition dipole
components in three dimensions, making no assumptions
regarding the orientational distribution or substrate and
intermolecular interactions. The technique was demon-
strated using LB and vapor-deposited films of C,,-PTCDI
on modified glass substrates.

Langmuir—Blodgett deposition of C,;-PTCDI mono-
layers onto silanized glass substrates yielded orientation-
aly isotropic films of molecular aggregates. After an-
nealing at 100 °C, the films displayed significantly en-
hanced absorption orthogonal to the plane of the sub-
strate, indicating a preferential alignment of molecules
normal to the substrate surface. However, the absorbance
dipole strength in the plane of the substrate showed no
macroscopic orientational preference: thus, annealing
produces molecular aggregates with anisotropic out-of-
plane orientation and isotropic in-plane orientation. In
contrast, vapor deposition of C,;-PTCDI onto oriented
PTFE-modified substrates yielded films with preferential
electronic transition dipole alignment along the direction
of the oriented PTFE film, and a large degree of out-of-
plane orientation indicating dipole alignment nearly per-
pendicular to the plane of the substrate. These results
demonstrate that both choice of substrate and post-de-
position processing can influence the molecular orienta-
tion of perylene adlayers.
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