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A detailed structural and orientational study on thin films of poly([n,n0-bis(2-octyldodecyl)-
11naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,50-(2,20-12 bithiophene))
(P(NDI2OD-T2)) with low molecular weight is reported. The combination of grazing inci-
dence diffraction with varied depth sensitivity and powder diffraction using synchrotron
radiation provide new insights on the unit cell, confirming polymorphic behavior, and con-
figuration ratio, i.e. face- versus edge-on. The effect of thermal treatment on microstructure
is also presented. Insights of the macromolecule configuration, specifically the reciprocal
position of bis-dicarboximide and bi-thiophene residues, are derived from simulation of
2D images based on reliable models.

Published by Elsevier Ltd.
1. Introduction

Efforts to produce materials suitable for high-perfor-
mance ambipolar organic field effect transistors (OFETs)
[1–4] and organic photovoltaic cells (OPVs) [5–7] have
received renewed attention especially using p-conjugated
polymers. Materials based on the naphthalene-dicarboxi-
mide moiety (NDI2OD) in particular have attracted much
interest, with the polymer poly([n,n0-bis(2-octyldodecyl)-
11naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,
50-(2,20-12 bithiophene)) (P(NDI2OD-T2)), representing a
prototypical case [8–18] (see Fig. 1). Indeed, OFET devices
based on this polymer exhibit excellent performances irre-
spectively of the processing conditions [8,13,19]. Moreover
encouraging performances in OPV devices in blends with
suitable donor polymers have been presented [14,15].

On the other hand, such a complex system displays a
value of activation energy or trap depth, evaluated from
temperature dependent FET measurements, typical of a
well ordered material, as reported in Ref. [20].

Previous studies [8,10–12,14–21] have addressed most
of the features responsible for the remarkable performance
of this material by using both grazing incidence wide angle
X-ray scattering (GIWAXS) and high resolution electronic
microscopy. In fact, GIWAXS on thick films [10] and
HRTEM on thin films (20 nm thick) [21] showed that
P(NDI2OD-T2) chains pack in crystalline lamellae with a
tendency to orient flat onto the substrate, wherein
macromolecules run with tiles of N,N0-bis(2-octyldodecyl)-
11naphthalene-1,4,5,8-bis(dicarboximide) (NDI2OD) facing
onto the substrate.

The thermal treatment at 330 �C melts the polymer
crystallites and the subsequent slow cooling provokes a
configuration change, i.e. from face-on to edge-on orienta-
tions, with the high electron mobility unexpectedly main-
tained in top-gate OFETs [8]. In fact the exhaustive study of
Rivnay et al. [12] was not able to disentangle the different
factors contributing to the persistence of a large electron
mobility in FET devices after melt annealing. More recently

http://crossmark.crossref.org/dialog/?doi=10.1016/j.eurpolymj.2014.10.005&domain=pdf
http://dx.doi.org/10.1016/j.eurpolymj.2014.10.005
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http://www.sciencedirect.com/science/journal/00143057
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a significant electron mobility anisotropy was detected in
rubbed films for charge transport parallel and perpendicu-
lar to the rubbing direction [19].

Both the NEXAFS study of Schuettfort et al. [17] on thick
films and microscopic study (HRTEM and STEM) of Takacs
et al. [21] addressed part of these apparent contradictions,
describing ample crystallinity increased under appropriate
thermal treatments; preferential edge-on orientations of
macromolecules close to the air-interface and conversely
flat-on orientations in the bulk; influence of different sub-
strates on the orientations at substrate–layer interface;
lamella rotation upon melt annealing, and consequent large
edge-on conversion of the main-chains; finally detection of
macromolecules oriented neither edge- nor face-on inter-
preted as an effect of local conformational disorder [17,21].

The prevailing edge-on orientation close to the active
region in OFET devices together with the complex nano-
scale organization account for large electron mobility either
in-plane [22] or out-of plane [12,19]. A further complica-
tion arises from the polymorphism observed by Brinkmann
[16,19] and addressed according to film thermal treatment
towards a specific phase (hereinafter labeled 1 or 2).

Moreover a recent paper of Steyrleuthner et al. pointed
out the relevant role of regioregularity in addressing both
polymer crystallinity and molecular orientation [23] which
was confirmed as being important in determining electron
mobility as measured in electron-only diodes.

None the less, the lack of stereoselectivity in the syn-
thetic approach allows the co-presence of different config-
urations along with the macromolecule, clearly envisaged
by Lemaur et al. [24]. The situations differ by the reciprocal
position of thiophenic sulphur with respect to NDI2OD
oxygen atoms, namely three cases can occur SYN–SYN
(S), SYN–ANTI (SA), and ANTI–ANTI (A) which are sketched
in Scheme 1 and detailed in Section 3.4. Such a complica-
tion can produce mis-match or meandering of polymeric
backbones [21], together with a slight d-spacing increase
[23].

This complex scenario necessitates, in our opinion, a
further study using a low molecular weight (Mn) material
considering:
S
S

N

NO O

O O

C10H21

C10H21

C8H17

H17C8

] nτ

Fig. 1. Scheme of (P(NDI2OD-T2)) evidencing torsion angle s between
NDI2OD and T2 moieties.

SYN-SYN

Scheme 1.

M
A

– The effect of Mn and its polydispersivity (PDI);
the afore-mentioned studies employed polymer
batches of 25KD or 33KD and PDI over 3.0, hence
the possibility of local disorder. Chain mis-
overlapping, has to be prevented by lowering values
of these parameters.

– The thickness effect -bulk-effect- which increases local
disorder, mis-orientation and crystallite size reduction;
although the charge mobility in FET devices is prevail-
ing in the first layers [25] the bulk-layer situation can
influence their local order/orientation.
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– The possible configuration (S, SA, A) of T2 versus
NDI2OD moieties with respect to the substrate, as
exemplified in Scheme 2 [11,21], even displaying differ-
ent length, conformation, and energy [17,21,26], should
be accounted for while simulating reliable crystal pack-
ing to be compared with the experimental data.

We tried to address these issues by combining depth
resolved analysis in ultra-thin films using GIWAXS tech-
niques [27], in combination with X-ray diffraction of
annealed powders and 2D image simulation employing
models from crystallographic information files (CIF) built
up in different conformations, crystal symmetry, and
packing.

2. Experimental

P(NDI2OD-T2) was supplied by Polyera Corp. (ActivInk
N2200) with the average molecular weight (Mn) and poly-
dispersity index (PDI) determined from GPC analysis. GPC
analysis was corrected by a procedure based on SEC cali-
bration using NDI2OD-T2 oligomers [28] and by compar-
ing the results of NMR analysis of end chains [16].
Different spin-coated samples were obtained by spinning
from di-chlorobenzene solutions, onto 700 lm thick sili-
con wafers covered with 300 nm SiO2. All substrates were
cleaned by ultrasonication in acetone, then in propanol,
and finally subjected to 10 min of oxygen plasma treat-
ment. Subsequently silanization using either hexamethyl-
disilazane (HMDS) or octadecyltrichlorosilane (OTS) was
performed according to the conditions detailed in Ref. [27].

In Table 1 polymer characteristics, preparation condi-
tions and thermal treatments are reported. Such conditions
were properly chosen in order to minimize film roughness
and thickness.

Thermal treatment was performed on a hot-stage with
temperature control better than 0.05 �C under N2 flux (O2

residual less than 0.5 p.p.m.). Samples were heated at
two temperatures: 230�, to allow side-chain crystalliza-
tion, without any phase transition, and 330�, well above
the melting point to cancel memory of any previous mate-
rial ordering; waiting for 40 min, then slowly cooled to
30 �C at a rate of 0.1 �C/min.

GIWAXS measurements were performed at the X-ray
Diffraction beamline 5.2 at the Synchrotron Radiation
Facility Elettra in Trieste (Italy). The X-ray beam emitted
by the wiggler source on the Elettra 2 GeV electron storage
ring was monochromatized by a Si(111) double crystal
Table 1
Films characteristics.

Sample Mn
a PDIa Concb

I 11,000 1.5 6–10
II 33,000 2.0 8–15
III 25,000 4.0 20

a Derived from SEC analysis; the value was corrected according to the proced
b mg cm�3 dichlorobenzene solution under N2 atmosphere.
c Revolutions per minute at 25 �C.
d As determined by AFM analysis, average values on ten samples, e.s.d. 2 nm.
e Thermal treatment was carried out as described in the text.
monochromator, focused on the sample and collimated
by a double set of slits giving a spot size of 0.2 � 0.2 mm.
The beam was monochromatized at energies ranging from
8 keV up to 12.4 keV. The samples were oriented by means
of a four-circle diffractometer with a motorized goniomet-
ric head. The X-ray beam direction was fixed, while the
sample holder could be rotated about the different diffrac-
tometer axes, in order to reach the sample surface align-
ment in the horizontal plane containing the X-ray beam
by means of laser light reflection. Subsequently it was pos-
sible to rotate the sample around an axis perpendicular to
this plane or, alternatively, vary the angle between beam
and surface (angle of incidence). Bidimensional diffraction
patterns were recorded with either a 2 M Pilatus silicon
pixel X-ray detector (DECTRIS Ltd., Baden, Switzerland) or
CCD camera (MAR research) of 165 mm diameter (both
positioned perpendicular to the incident beam, at a
variable distance, 133 up to 200 mm distance from the
sample), to record the diffraction patterns in reflection
mode. Sample and detector were kept fixed during the
measurements.

In the reported data, the sample inclination to the beam
was changed from x = �0.05� to x = 0.25�, in steps of 0.05�
to allow penetration depth all along the thickness [29],
yielding seven diffraction images (see Fig. S1 in Supple-
mentary data for details). The q resolution of 2D images
collected was estimated by means of Lanthanum hexabo-
ride powder (standard reference material 660a of NIST)
and it has been evaluated ranging from 0.2 to 0.3 nm�1

both for Qz and Qxy, in agreement with other synchrotron
measurements [30,31].

The same calibration standard allowed for the integra-
tion of 2D patterns using the software Fit2D [32] yielding
several series of powder-like patterns, corrected for geom-
etry, Lorentz, and beam polarization effects.

Peaks positions were extracted by means of the pro-
gram Winplotr [33]. CIF files for simulation of 2D patterns
were obtained from MATSTUDIO package [34].

NEXAFS spectroscopy was performed at the soft X-ray
beamline at the Australian Synchrotron. The TEY signal
was recorded via the drain current through the sample
with electron yield signals normalized to the incident pho-
ton flux using the ‘‘stable monitor method’’ [17]. The tilt
angles were determined by fitting Gaussian peaks to the
4 p⁄ peaks in the p⁄ manifold, plotting the sum of the area
of these four peaks vs the X-ray angle of incidence and fit-
ting to Eq. (9.16) of Stöhr [35]. Further details can be found
in previous publications [17].
Spin speedc Thicknessd Annealing Te

2000–3000 10–20 230� and 330�
2000–3000 10–20 230� and 330�
2500–3000 50 230� and 330�

ure indicated in Refs. [16,28].
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3. Results and discussion

3.1. General considerations

With the exception of the recent paper of Takacs et al.
[21] that reported on 20 nm thick films of P(NDI2OD-T2)
with medium Mn and high PDI, previous studies were per-
formed on films of large thickness (50–100 nm) [8–17]. In
this kind of samples bulk-effect tangles the study of the
configurations close to the substrate-polymer interface.
In fact, increased thickness leads to an augment in both
the amorphous component and mis-orientation along with
direction normal to the film and the reduction of crystallite
dimension [27]. Moreover the use of high Mn material, i.e.
300 kD [8,10,12], introduces the further complication of in-
chain defects and entanglements. Finally the relatively
high PDI (e.g. larger than 3–4) makes chain-folding easier,
leads to the formation of local disordered regions, and
results in reduced long-range order.

Therefore we examined films of small/medium Mn and
PDI polymers, namely 11KD/33KD and 1.8/2.2, labeled type
I and II respectively (see Table 1). After applying the proper
corrections according to Refs. [15,28], we estimated a poly-
merization degree of 10 and 30 units, corresponding to an
average chain length of 14 nm and 45 nm respectively,
while for type III films based on a batch with medium Mn

and large PDI such a correction was not applied, taking
the values from the literature [16]. In addition, better sur-
face homogeneity (namely a roughness less than 3 nm by
AFM analysis) is achieved limiting the thickness to less
than 12 nm.

The small Mn polymer is particularly interesting in view
of the absence of folding, therefore aiding the crystallisa-
tion/orientation in spite of the lack of strongly orienting
substrate [16,19], as recently reviewed by Brinkmann
[36] and demonstrated by Kohn et al. [37] in case of blend
of poly(3-hexylthiophene) P3HT and ([6,6]-phenyl-C61-
butyric acid methyl ester). Moreover this Mn range could
reduce the meandering of backbone as shown in larger
Mn materials [21].

Optimal conditions to evidence fine differences along
the thickness in variously treated films together with dif-
fraction data treatment are reported in Supplementary
data.

In particular, GIWAXS data from films of different
polymeric systems, namely polyimide [38], P3HT
[27,39], poly(9,9-di-n-octylfluorene-alt-benzothiadiazole)
[40], and poly(2,5-bis(3-tetradecylthiophen-2-yl)thieno
[3,2-b]thiophene) [41] indicate that below and over the
critical incidence angle the patterns significantly differ
allowing for determination of crystallite perfection and
dimensions and orientation (see below).

To independently check the surface orientation of the
macromolecules even in the amorphous part [17], NEXAFS
spectroscopy was carried out onto selected films, the
results obtained from data collected in total electron yield
(TEY) mode together with the original diagrams are dis-
played in Supplementary data. Such a mode permits a sur-
face sensitivity of 3 nm, i.e. the last layers of thin films. The
average tilt angle of the conjugated backbone is measured
with respect to the surface normal, with the C1s to p⁄
transition dipole moment (TDM) perpendicular to conju-
gated ring planes. So for perfect edge-on to the substrate
hci would be 90� and for perfect face-on to the substrate
hci would be 0�. Of course even in the case of quite thin
films, the surface molecular orientation may not match
the bulk/interface molecular orientation [17].

In all reported cases, hci of the effective C1s to p⁄ TDM
of the polymer repeat unit is greater than 45�, and more
interestingly significantly larger than magic angle 54.7�,
which could correspond to a random distribution of tilt
angles rather than an actual orientational preference.
Hence, consistently in agreement with results of Ref.
[17], all films show a preferential edge-on molecular orien-
tation at the top surface, as expected.

For each sample, the parameters evaluated are: the size
of crystallite along with different crystallographic directions
(CD) expressed with average Lhkl (nm), the perfection of
crystallites according to Hosemann paracrystal model [42]
given by lattice fluctuation factor g(hkl) = (�d2

ðhklÞ=
�d 2
ðhklÞ � 1)1/2,

indicating the standard deviation of d(hkl) [27,29,42–44]
evaluated over more orders of CD, and non uniform strain
erms = (<e2>)1/2, where e = dd(hkl)/d(hkl), defined as root mean
square of the lattice variations in the sample [30,45].

Table S1 shows the d-spacing of the cell axis, while in
Fig. 2 2D images of type I films prepared on bare Silicon,
onto HMDS, and onto OTS and annealed at 230 �C are pre-
sented, along with the extracted IP and OP profiles. Table 2
presents the above-described physical quantities for films
annealed at 230 �C extracted from in-plane (IP) profiles
while Table 3 shows these quantities as extracted from
out-of-plane (OP) profiles. Tables 2 and 3 tabulate data
not only for type I films (2D images shown in Fig. 2) but
also for type II films (2D images shown in Fig. 3) and type
III films (2D images shown in Fig. S2).

Fig. 2 experimental two dimensional GIXS patterns of
P(NDI2OD-T2) type I films onto bare Si, HMDS, and OTS
annealed at 230 �C recorded at ai = 0.2�. Approximate Qxy

and Qz scales provided to allow comparison with OP-blue-
and IP-grey-profiles extracted from the images, properly
scaled and shifted for clarity, reported in Q-scale. The X-
ray wavelength is 0.12 nm.

3.2. Main features

Fig. 2 shows that irrespective of both the deposition
conditions and the thermal history, arcs at q = 0.25 A�1,
attributed to (100), are present, indicating multiple crys-
tallite orientations, as observed in previous studies, even
in greater extent for larger Mn polymers [10,11]. Only after
adequate thermal treatment over 330 �C does the reflec-
tion intensity significantly decrease, although not com-
pletely, as expected. This observation strongly suggests
that even in thin films (10 nm thick) some mis-oriented
lamellae are present. As a comparison, in Fig. 3 2D images
of type I films of polymer treated at 330 �C, and related
profiles IP and OP are presented.

The amorphous component, observed at 1.4 A�1, is gen-
erally small if incidence angles are less than 0.15� (see
Fig. S3 in Supplementary data) thus excluding diffraction
SiOx amorphous substrate [27,37], as reported by Schuett-
fort et al.[17] and also by Steyrleuthner et al. [46]. As a



Table 2
Crystallite size, g-factors, and d-spacing derived from in-plane profiles of 2D images of selected thin films annealed at 230 �C of P(NDI2OD-T2) onto different
self-assembled monolayers (SAM) covering Si substrate.

SAMa Profile
IP

L[100]
c g[100]

d100/200 g[100]
200/300 g[100]

300/400 erms
e d[001]

b L[001]
c g[001]

001/002 g[001]
002/004 erms

I 10K Si 230f 25 3.3 3.0 1.4 1.4 12 2.5 2.5 0.9
I 10KHMDS 230 25 4.3 1.8 1.6 1.3 1.405 11 2.5 3.1 0.8
I 10K OTS 230 26 4 1.6 1.395 12
II 30K Si 230 17 3.4 3.6 2.1 1.7 1.40 18 2.5 2.7 1.2
II 30HMDS 230 20 5.3 3.4 3.6 2.2 1.395 16 2.3 4.0 1.1
II 30K OTS 230 20 5 3.3 2.2 1.8 1.41 18 5.1 1.1
III Si 230 19 5.7 3. 3.6 2.0 1.39 10.5 2.5 4.6 1.4
III OTS 230 21 6.4 3.3 2.5 2.2 1.4 12.5 2.4 5 1.9

a The three issues indicate the Mn, the film substrate and the annealing temperature respectively, see text. The values of L and d are in nm, while g and e
are %. The Mn has been determined with correction using Ref. [28] (see text for the values).

b All the spacing are not corrected for refraction effects in view of negligible value calculated (�10�4).
c L is the average crystallite dimension as derived from Refs. [27,45]. The estimated standard deviation (e.s.d.) is �1 nm.
d ghkl is the lattice fluctuation factor according to Hosemann paracrystal theory, calculated over closest order (1–2, 2–3 etc).
e erms is the non uniform strain (%) which e.s.d. is 0.25.
f The incidence angle is 0.15� or in some cases 0.2� As the critical angle is close to 0.135� the penetration depth is well over the organic layer thickness.

Table 3
Crystallite size, g-factors, and d-spacing derived from out-of-plane profiles of 2D images of selected thin films annealed at 230 �C of P(NDI2OD-T2) onto
different self-assembled monolayers (SAM) covering Si substrate.

SAMa Profile
OP

L(100)
c g[100]

d100/200 g[100]
200/300 g[100]

200/300 erms
e d[020]

b L[020]
c

I 10K Si 230f 12 3.35 3.35 2.5 0.382 10
I 10KHMDS 230 25 4.3 2.6 2.5 1.9 0.384 3.5
I 10K OTS 230 15 2.7 3.3 1.6 0.378 4
II 30K Si 230 9.5 5 4.2 3.2 0.385 5
II 30 HMDS 230 10 0.389 3.5
II 30K OTS 230 10 4.85 4.05 3.4 0.387 4
III Si 230 10 0.382 4.
III OTS 230 9 6.8 4.3 4.4 0.388 4

a The three issues indicate the Mn, the film substrate and the annealing temperature respectively, see text. The values of L and d are in nm, while g and e
are %. The Mn has been determined with correction using Ref. [28] (see text for the values).

b All the spacing are not corrected for refraction effects in view of negligible value calculated (�10�4).
c L is the average crystallite dimension as derived from Refs. [27,45]. The estimated standard deviation (e.s.d.) is �1 nm.
d ghkl is the lattice fluctuation factor according to Hosemann paracrystal theory, calculated over closest order (1–2, 2–3 etc).
e erms is the non uniform strain (%) which e.s.d. is 0.25.
f The incidence angle is 0.15� or in some cases 0.2� As the critical angle is close to 0.135� the penetration depth is well over the organic layer thickness.
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matter of fact, thin films of P(NDI2OD-T2) display high
crystallinity [21]. The second evidence consists in the
slight shortening of the a axis in type I films as compared
with the corresponding type II samples and also with the
previously reported values [11,12,17]-only in Ref. [11] sim-
ilar values were reported- for films obtained from larger
Mn polymer batches, both in IP and in OP profiles (see
Table S1) [47]. Specifically the d(100) values derived in Refs.
[9,10,17,23,30] range from 2.45 to 2.5 nm and are larger
than the averaged value derived from the IP profiles of
most crystallized films (2.4 nm, see Table S1). An even
more pronounced contraction for all samples is observed
in the (020) reflection, whose d-spacing is close to
0.39 nm, consistently smaller than the values observed in
other films [11,12,16], which span from 0.392 to 0.4 nm.
In fact, from OP profiles shown in Fig. 3, a spacings of
0.389 nm -attributed to (0 2 0)- is derived. These observa-
tions clearly indicate that for type I films (see Table 1) a
closer packing is achieved.
It should be noted that for the case of films, obtained by
both casting or spin coating having thickness larger than
25 nm, some double arcs are recognizable in 2D images,
yielding a range of values for both [020] and for [004].
This observation suggests a separate crystallisation of
lamellae mis-oriented with respect to the substrate all
along the thickness (see Fig. S4 in Supplementary data).

Concerning the crystallite dimensions and their perfec-
tion, expressed by Lhkl and ghkl respectively, type I films
display, in general, slightly larger Lhkl values and shorter
ghkl as well as erms values, if compared with type II films
-larger Mn-, which 2D patterns together with extracted
profiles are shown in Fig. 4 – and also with the optimized
films reported in Ref. [30]. As an example, lines 3 to 5 of
Table 2 and line 4 of Table 3 are fully in agreement with
these observations.

The range order reduction even after proper thermal
treatment for type III films is significantly detected (see
2D images and extracted profiles in Fig. S2).



Fig. 2. Experimental two dimensional GIXS patterns of P(NDI2OD-T2) type I films onto bare Si, HMDS, and OTS annealed at 230 �C recorded at ai = 0.2�.
Approximate Qxy and Qz scales provided to allow comparison with OP-blue- and IP-grey-profiles extracted from the images, properly scaled and shifted for
clarity, reported in Q-scale. The X-ray wavelength is 0.12 nm. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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It should be mentioned that well-crystallized samples
(type I films), display smaller micro-structural parameter
(ghkl and erms) and larger (Lhkl) than those observed in
P3HT spin-coated films, see e.g. Ref. [48], showing a ten-
dency of P(NDI2OD-T2) backbone towards ordering on the
medium range, in spite of long mobile alkylic side-chains.

Moreover the Pseudo-Voigt mixing parameter, defined
as the weighted sum of Gauss and Lorentz curves in peak
profile description, is calculated to range from 0.58 to
0.68, indicating a prevalent Gaussian character with
respect to average values observed by Rivnay et al. [30]
for high Mn P(NDI2OD-T2) and by Prosa et al. [44] for
poly(3-didodecylthiophene) PDDT. [49]

A relevant features is that the L(001) value (related to
backbone extension) is close to overall polymer length for
type I film (14 nm), while for type II and type III films such
a value is less than half the calculated length (650 nm). This
observation indicates that in low Mn films the backbone
assumes a preferentially linear coherent conformation,
while for 33 kD films the presence of discontinuities, either
meandering [21] or conformational changes, namely ANTI
vs SYN -see below- should be inferred.

On the contrary the p–p stacking coherent length, L(020),
is very low, rarely exceeding 5–6 nm, indicating severe
faults in adjacent backbones, i.e. the intra-lamella
mis-match of chains observed by TEM study [21,23], possi-
bly due to partial disorder of branched alkyl chains, clearly
frustrating the overall charge transport [20] (see
Section 3.4).

The values of Tables 2 and 3 suggest that the reduced
polymer length and polydispersity (see Table 1) is benefi-
cial to get deep insight onto crystal structure and
orientations.

Specifically in thick films (30–50 nm) the IP and OP pro-
files yield d(h00) values near to 2.5 nm and to 2.4 nm
respectively, clearly indicating a mis-match of lamellae
along with the thickness, confirmed by the poor crystallite
size along [020] direction – about 4–5 nm –, see Table 2.
However for 10 nm films, where a mostly single lamellae
is expected to be observed, the observation in many cases
of short L(020) has to be ascribed to the above mentioned
reasons.

3.3. Orientation and thickness effect

In order to study variation of both order and orientation
as a function of depth into the film, 2D images measured at
different incidence angles (ai) are compared. The quantita-
tive evaluation of the orientation according to Baker et al.
[50] is in this case prevented due to insufficient amount



Fig. 3. Two dimensional GIXS measurements of P(NDI2OD-T2) type I films onto Si, HMDS, and OTS treated at 330 �C recorded at ai = 0.2�. Approximate Qxy

and Qz scales provided to allow comparison with OP-blue- and IP-grey-profiles extracted from the images, properly scaled and shifted for clarity, reported in
Q-scale. The X-ray wavelength is 0.12 nm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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of material in diffraction. In fact, considering both the sub-
strate dimension (<0.4 cm2) and experimental conditions,
for complete film penetration [29] the amount of diffract-
ing material is smaller than 10 ng, hence the larger orders
of [h00] display too small an intensity in specular reflec-
tion conditions. Furthermore the first order suffers from
reflectivity tails, hence could not be used for further
analysis.

Moreover, even in the case of identically prepared sam-
ples examined with the same experimental conditions, sig-
nificant differences in scattered patterns are observed.
Hence to evidence possible fine differences, we resort to
comparison of 2D images of the same film at diverse ai,
although with different scattering yield (IP versus OP) –
properly corrected for the volume fraction involved in
the diffraction – [51]. In this respect we consider the ratio
between the areas of pure peaks, i.e. free of reflectivity tails
and any overlap with peak belonging to different (hkl). To
this end, the ideal choices are (100) in IP and (200) in OP
profiles. The relative ratio between the neat areas of two
peaks, measured both below (ai = 0.05� or 0.1�) and above
(ai = 0.15�) the critical angle – namely a penetration depth
of 5–6 nm and 180 nm respectively [29]-, represent a reli-
able parameter to map the orientation as a function of
depth into the films. In this regard, it should be mentioned
that idealizing perfect macromolecule orientation in the
film, the ratio should tend towards 0 in case of fully
edge-on macromolecules and towards 1 for totally face-
on macromolecules.

The profile of annealed powders of both I and II sam-
ples, where the orientation of crystallite is generally con-
sidered random [52], was taken as reference check, with
the ratio between integrated areas of (100) and (200)
peaks calculated trough an appropriate background sub-
traction. Such a ratio consistently ranges between 10.3
and 10.5 according to the slight difference in evaluating
background counts [53].

In Table 4, the results of the procedure applied to a ser-
ies of selected films are reported. The ratio varies both
according to the thermal treatment and importantly depth
sensitivity. We can effectively note that lower values are
generally calculated for melt annealed samples (indicating
that such films are more edge-on), while for the same films
increased incidence angle (corresponding to probing dee-
per into the film) results in a larger ratio. In this respect
the occurrence for melt-annealed films of the lamella ori-
entation change (from face-on up to edge-on) [10,11], is
expected to increase the intensity of (h00) in OP with a



Fig. 4. Two dimensional GIXS measurements of P(NDI2OD-T2) type II films onto bare Si, HMDS, and OTS treated at 230 �C recorded at ai = 0.2�.
Approximate Qxy and Qz scales provided to allow comparison with OP-blue- and IP-grey-profiles extracted from the images, properly scaled and shifted for
clarity, reported in Q-scale. The X-ray wavelength is 0.12 nm. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

W. Porzio et al. / European Polymer Journal 61 (2014) 172–185 179

M
A

CR
O

M
O

LE
CU

LA
R

N
A

N
O

TE
CH

N
O

LO
G

Y

simultaneous decrease of (h00) in IP. Significantly the top
of the film in all samples is consistently found to have
more pronounced edge-on character.

This orientation change is partially frustrated by silan-
ization effect, i.e. the interaction of both HMDS and OTS
with alkyl chains of P(NDI2OD-T2), detailed in Ref. [27].
In fact the annealing time for this samples is doubled with
respect to the one necessary for bare SiOx substrates (1 h
vs 20 min at 330 �C). Two exemplary cases are indicated
in Table 4, I OTS with prolonged time of annealing and I
HMDS, highly speed spin-coated subjected to insufficient
thermal treatment time. (Compare lines 2 and 4 with lines
6 and 8 of Table 4). Remarkably the former exhibits com-
plete ‘‘lamella flip’’, while the latter mainly edge-on ori-
ented remains essentially unvaried after annealing.

Although a trend towards lamella flip all along the
thickness is indeed observed, especially in type II and III
films; it should be considered that in the grazing condi-
tions the air-exposed layers tend to assume edge-on orien-
tation [17], while in the bulk flat-on orientation has been
evinced [17], therefore the ratio should augment with the
penetration depth, as indeed detected and are in agree-
ment with results reported in Ref. [21]. Such a distinct
edge-on surface orientation has so far only been evidenced
by NEXAFS spectroscopy, so the observation of a different
surface orientation with GIWAXS is a significant results
and confirms the crystalline nature of this surface layer.

Larger Mn and related polydispersity of type II or III
films cause larger values of the ratio and greater variation
according to incidence angle with respect to type I sam-
ples, possible reasons are below indicated.

The polymer pack in ‘‘globuli’’ either in non solvent or
in solvent medium, as evinced in Langmuir–Schäfer film
preparation [54] and mostly in a detailed photophysical
study [46]. Such a pre-aggregation in solution is stronger
for higher Mn samples, due to reduced system solubility
[23]. Therefore spin-coating deposition, a non-equilibrium
technique where centripetal forces (and shear stress) flat-
ten the macromolecular ‘‘globuli’’ to the substrate
[23,46], promotes face-on aggregates in films [21].

Conversely lower Mn macromolecules, more solvated in
solvent medium, aggregates to a lesser extent, hence are
facilitated to form edge-on microstructure in spin-coated
films.

Indeed polymeric systems, displaying orientation and
crystallinity variation along with the thickness, have been
observed, particularly for thicker films, and have been
attributed to either interaction with the substrate or to a
tendency of the polymer to arrange differently from the
substrate interface, especially when embedded in



Table 4
Ratios of neat areas of (100) (IP) and (200) (OP) in selected films from 2D
images measured at different incident angles (ai).a

Sampleb ai Ratioc

I OTS 230 �C 0.1� 11.1
I OTS 230 �C 0.15� 13.0
I OTS 330 �C 0.05 0.06⁄

I OTS 330 �C 0.15 0.10⁄

I HMDS 230 �C 0.05� 2.0
I HMDS 230 �C 0.15� 5.7
I HMDS 330 �C 0.05� 5.0
I HMDS 330 �C 0.15� 6.5
I Si 230 �C 0.15� 11.0
I Si 330 �C 0.15� 0
II HMDS 230 �C 0.05� 10.1
II HMDS 230 �C 0.15� 20.0
II HMDS 330 �C 0.10� 1.2
II HMDS 330 �C 0.15� 2.1
II OTS 230 �C 0.10� 11.4
II OTS 230 �C 0.15� 24.2
II OTS 330 �C 0.10� 0.1
II OTS 330 �C 0.15� 0.2
III Si 230 �C 0.05� 10.0
III Si 230 �C 0.15� 25.0
III Si 330 �C 0.05� 4.1
III Si 330 �C 0.15� 6.0

a The integration range in different IP and OP profile was carefully
evaluated to yield the comparison homogeneous (see text). Films yielding
too weak intensities to give reliable integrated intensities were
disregarded.

b The three issues indicate the Mn, the film substrate, and the annealing
temperature respectively, see text.

c The values labeled with asterisk are subject to strong uncertainties.
The incidence angle values reported (0.05�, 0.10�, 0.15�) correspond to a
penetration depth of 5 nm, 6 nm, 180 nm respectively (see text) to be
compared with the film thickness <12 nm, 20 nm, and �50 nm for I, II, III
respectively.
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Fig. 5. Comparison of Synchrotron XRD powder spectra of polymer
annealed at 230 �C (solid line) and at 330 �C (broken line). The bars
indicate [00l] reflections.
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amorphous matrix, so called bulk effect [17,26,37,38,40]. In
fact type II and III films, thicker, exhibit markedly such
effect, while in type I films this trend is weaker (compare
also Tables 2 and 3, and previous paragraph).

On the other hand, a variation of the backbone orienta-
tion along the thickness is observed even in very crystalline
aggregated macromolecules, and different reasons have
been put forward according to specific polymeric system
under investigation [20]. In this regard films of P3HT [39]
display long macromolecules, ‘‘tie molecules’’ in fringed
micella model [20]; they connect differently oriented
lamellae, and at air-interface an orientation change occurs
(from edge-on to flat-on). While films of (poly(2,5-bis(3-
tetradecylthiophen-2-yl)thieno[3,2-b]thiophene)) [55] as
well of P(NDI2OD-T2) clearly affected by the drying condi-
tions, show the opposite trend [17], namely from flat-on to
edge-on.

3.4. Phase attribution and packing model

The polymorphic behavior of P(NDI2OD-T2) identified
by Brinkmann et al. [16] in films obtained by epitaxy
growth as well as in rubbed films [19], recently confirmed
also in regio-regular films [23], has been checked in case of
materials having either small Mn or reduced PDI, specifi-
cally type I and II films and powders. In this respect, few
indications can be evinced by comparing 2D images of
films annealed at 230 �C and 330 �C respectively. The rele-
vant observation is that in case of spin coated and drop- or
zone-cast films the intensity ratio between (100) and
(200) is largely unbalanced towards first order, differently
from what reported in Refs. [16,19] for both the two
phases. A possible explanation is the alkyl chain disorder
tendency of the P(NDI2OD-T2) system [21] – i.e. low range
order – resulting in a persistently appearance of (100)
reflection, at the expenses of the subsequent orders. The
observation of no mixed index peaks corroborates the
hypothesis of multiple alkyl chains conformations, limiting
the order extension. However significant differences in the
integrated intensity of (00l) reflections are also observed,
possibly indicating a preference to a definite phase in
accordance with Brinkmann findings [16,19], see below.

Indeed, Schuettfort et al. [11] and Rivnay et al. [12]
reported that thermal annealing over 200 �C provokes not
only a dramatic change in morphology but also in struc-
tural features, clearly evinced from different peak presence
in both IP and OP projections of 2D images, as demon-
strated also in above data (see Fig. 3 and already cited
Tables). Unfortunately phase 1 and 2 (according to Brink-
mann [16,19]) differ only for small d-spacing variation,
making it hard to extract from XRD 2D-images of both
films and powders an unambiguous attribution of 3D
phases.

In fact the examination of spectra of thermally annealed
powders at different temperatures, i.e. 230 �C and 330 �C,
for both polymers, Mn = 11 kD or 33 kD, gave essentially
the same cell parameters, as shown in Fig. 5; although a
contraction of both a and b axes was observed (as in thin
films), specifically 62.45 nm and 0.389 nm were derived
from (100) and (020) spacings respectively.

In light of this, we resort to 2D images simulations to
provide insight concerning both 3D phase and macromole-
cule configuration in differently prepared films.

Indeed a detailed study on supramolecular packing
compared with 2D simulation appeared recently [24], con-
firming different configurations of the repeating unit inside
the macromolecules [11,21,56], i.e. T2 and NDI2OD moie-
ties can assume S, SA, and A configurations (shown in
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Scheme 1). These were evaluated modifying two monomer
models calculated by Fazzi [56] from fine ab initio calcula-
tions, using MATSTUDIO package [34]. Also the relative
calculated energies were similar [21], hence the assump-
tion of presence of all these configurations along with the
backbone, especially for larger Mn is reasonable, as well
as the coexistence of different configurations along with
the macromolecules.

However a clear cut parameter should be considered i.e.
the repeating length, which is close to 1.42 nm for S and A
but doubled for SA configuration, excepting the possibility
of severe in-chain disorder which can modify the macro-
molecular directionality (e.g. meandering, bending) [21].
This assumption is in striking contrast with the experimen-
tal data since in all structural studies so far reported, the
present one included, no 2.8 nm spacing could be recog-
nized, hence we are inclined to exclude this possibility
especially in type I films. However the possibility of the
co-presence in the macromolecular backbone of different
configurations should be considered [24], originating both
the observed short range order and the chain meandering
[21], especially for materials with larger Mn.

2D images of type I films were chosen in view of short
macromolecular length, i.e. low Mn, which hinders chain-
folding or meandering formation [21], in fact unexpected
match between calculated crystallize size (L[00l] = 12 nm)
and macromolecular chain length derived from Mn
Table 5
Comparison among ratio of integrated intensities extracted from simulated and
namely configuration ANTI-ANTI and SYN–SYN (SS), backbone orientation with re

Phase 1

(hkl) DOb

ANTI–ANTI SYN–SYN

n-NDIc r-NDI n-T2c r-T2 n-T2d n-NDI

(020) 0.170 0.164 0.070 0.095 0.122 0.205
(001) 0.880 0.022 0.590 0.640 0.131 2.070
(200) 1 1 1 1 1 1
(300) 0.170 0.164 0.086 0.099 0.134 0.600
(400) 0.018 0.020 0.006 0.008 0.011 0.047
(500) 0.004 0.003 0.000 0.000 0.0002 0.030
(002) 0.001 0.004 0.001 0.000 0.080 0.140
(004) 0.009 0.004 0.005 0.006 0.0004 0.001

Phase 2
ANTI–ANTI SYN–SYN

n-NDIc r-NDI n-T2 r-T2 n-T2d n-NDI

(020) 0.200 0.218 0.108 0.114 0.122 0.210
(001) 0.002 0.011 0.124 0.103 0.131 0.100
(200) 1 1 1 1 1 1
(300) 0.190 0.210 0.098 0.127 0.134 0.640
(400) 0.020 0.034 0.011 0.010 0.011 0.166
(500) 0.004 0.006 0.000 0.000 0.0002 0.045
(002) 0.100 0.074 0.073 0.066 0.080 0.029
(004) 0.001 0.000 0.001 0.003 0.0004 0.024

a The ratios are referred to (200) for convenience the backbone direction is dif
width has been considered similar for all crystallographic directions, allowing
experimental data trend. The backbone orientation is referred to naphtalene-bis(
plane (substrate film).

b DO stands for direction-orientations n = a versus while r = reverse.
c NDI and T2 mean naphtalene-bis(dicarboximide) and bithiophene respectiv
d Two significant cases of P2212 arrangement are reported to exemplify the im

when in the model is introduced disorder (see text).
(�10 units, 14 nm) is observed, see Table 2. Moreover such
films displayed both the largest crystallite size and small-
est internal disorder along a and b axes, assuring the max-
imum range of order for both [h00] and [00l]
crystallographic directions (see Table 2).

To produce simulated 2D images Breiby’s program [57]
was run on CIF files produced with MATSTUDIO [34] in dif-
ferent packing arrangements of two distinct phases
[16,19]. The unit cell has been accordingly chosen while
the monomer geometry has been supplied by Fazzi [56].
The possibility of co-presence of both S and A configura-
tions is taken into account in view of poor energy differ-
ence. However two different approaches could be
considered (i) distinct crystals of each configuration (ii)
crystal constituted by mixing S and A; in view of calcula-
tion ease, the former approximation was chosen firstly.

In the absence of any peak attributable to hkl reflection
in experimental data, we disregarded the choice of triclinic
cell adopted by Lemaur [24] while an arbitrary low crystal
symmetry was adopted, (monoclinic P21). Indeed, neither
in films nor in powders could peaks attributable to (010)
(d = 0.78 nm) be recognized, while (020) reflection could
always be assigned (d = 0.39 nm). In this view after fixing
the repeating unit at a value of b/4, eight different cases
for each phase were considered: namely combining S or
A configuration, two opposite macromolecule directions
–labeled normal and reverse, due to non centrosymmetric
experimental profiles considering crystal in P21 packing in different cases,
spect to b axis, backbone direction, and phase (1, 2).a

Powder annealed at 230 �C

r-NDI n-T2 r-T2 n-NDId

0.180 0.097 0.073 0.256 0.75
0.930 1.318 0.470 0.486 0.70
1 1 1 1 1
0.530 0.333 0.021 0.600 0.16
0.045 0.024 0.022 0.105 0.08
0.036 0.004 0.000 0.047 0.01
0.079 0.084 0.075 0.114 0.10
0.000 0.001 0.001 0.059 0.13

Powder annealed at 330 �C

r-NDI n-T2 r-T2 n-NDId

0.242 0.086 0.129 0.256 0.48
0.450 0.141 0.437 0.486 0.27
1 1 1 1 1
0.680 0.304 0.500 0.600 0.13
0.102 0.023 0.031 0.105 0.07
0.045 0.003 0.013 0.047 0.01
0.133 0.062 0.069 0.114 0.075
0.054 0.023 0.038 0.059 0.12

ferent in the assumption of P21 packing, as a first approximation the peak
for only a linear increment as a function of 2-theta angle, according to
dicarboximide) (NDI) and bithiophene (T2) moieties more flat towards ac

ely.
provement of the matching between observed and calculated intensities
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Fig. 6. Models of crystal packing in P21 space group approximation, as
derived from MATSTUDIO of P(NDI2OD-T2) in ANTI-ANTI (top) and SYN-
SYN (bottom) configurations for phase 1 and 2 respectively.
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space group –, and planarity of NDI2OD or T2 with respect
to the substrate (see Fig. 2).

In the calculated models the alkyl chain conformations
were considered similarly to those whose energy had been
minimized in Ref. [24].

The intensity of the relevant peaks, (h00), (0k0), and
(00l) was considered and calculated for both IP and OP
profiles. To enable suitable comparison, normalization to
(200) reflection was chosen, as the first order is always
observed with excessively large intensity, making unfeasi-
ble the comparison with any model. In the simulation the
peak width was set slightly increasing as a function of 2-
h� value, following the experimental trend. Fixing the tor-
sion angle s between NDI2OD and T2 moieties close to
46� [56] (see Fig. 1), two possibilities can be considered
in model building: macromolecules with NDI2OD or with
T2 more flat-on in the ac plane. Indeed the steric repulsions
oblige to conceive situations where neither NDI2OD nor T2
can be really flat; on the other hand long alkyl branched
chains can assume a lot of distinct conformations, hence
a severe uncertainty occurs.

In Table 4 the integrated intensities of significant reflec-
tions normalized to (200) calculated for different models
and packings and corresponding integrated intensities of
annealed powders, as derived by adequate background
subtraction (confirmed by reference to the spectrum of
solid polymer cast by pouring methanol into chloroben-
zene solution), are reported. The original integrated inten-
sities values are reported in Table S3. A general mis-match
is observed between observed and calculated data, hence
only on these bases a conclusion could not be achievable,
even restricting the analysis to the most intense peaks;
however it should be noted that co-presence of both the
configurations in the crystal is quite possible in view of
the similar calculated energy [21,24,56].

Confirmation of the non-unique configuration comes
from the models in P2212 approximation for phase 2
reported in Table 5 (columns 5 and 10); in fact considering
a crystal constituted by 50% of macromolecules running
along a direction and 50% along the opposite one, as a con-
sequence of crystal static disorder along with the c axis, the
sequence of calculated intensities gets closer to the exper-
imental ones. Indeed the limit of this assumption in form
of possible multiple side-chain conformations has already
been mentioned. In this view the comparison between
simulation and experimental data have to be considered
qualitative only, due to the quite unfavorable ratio
between experimental data and parameters to be
optimized.

Moreover the recent study on NDI2OD and T2 moieties
conformations with respect to ac plane (substrate) [17]
allows us to select according to thermal treatment, namely
phase 1 preferentially NDI2OD flat or phase 2 preferential
T2 flat. Nevertheless no univocal trend can be achieved
unless more situations (backbone direction, S versus A
configuration, and NDI2OD versus T2 orientation) should
be properly taken into account. In this frame, taking S
and A configurations, a closer match between Integrated
intensities and calculated ones, fixing NDI2OD more flat,
is found for powders annealed at 230 �C, assuming a phase
1 packing, and for the corresponding powders annealed at
330 �C, assuming phase 2 arrangement. A further support
to this approximation, the [00l] intensity sequence com-
pletely follows the literature findings [16,19,23] (see
Fig. 5). Namely in phase 1 I(001) P I(002) � I(004), while in
phase 2 I(001) < I(002) � I(004).

As an example best significant models in the approxi-
mation of P21 space group are drawn using MATSTUDIO
package [34] and shown in Fig. 6: A configuration in phase
1 (top) with a = 2.48, b = 0.79, c = 1.410 nm, and b = 90�;
and S in phase 2 (bottom) with a = 2.45, b = 0.79,
c = 1.418 nm, and b = 99�.

Since the simulated 2D images are clearly more
crowded compared with the experimental ones; (see
Fig. S5 in Supplementary data), we resorted to consider
only the calculated reflections clearly recognized in the
experimental 2D data in order to simplify the reader view.
Indeed it should be considered the chemical constitution of
this polymer system i.e. layers of rigid backbones sepa-
rated by flexible alkyl side chains, leads to unregistered
stacking of two-dimensional sheets, suggesting non unique
conformation of side alkyls, as already detected in semi-
rigid macromolecular systems such as poly(9,9-dioctylflu-
orenyl-co-bithiophene) [58] and, to a lesser extent,
poly(9,9-di-n-octylfluorene-alt-benzothiadiazole) [40].
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Moreover the co-presence of intra-lamella A and S mac-
romolecules promptly account for unregistered adjacent
polymeric layers, due to differently positioned alkyl chains.
If long range order could be reached, profiles from best
crystallized type I films should display most of (hkl) peaks
detected by Brinkmann [16,19], as the peak overlap has
been ruled out for both phase 1 and phase 2, by choosing
appropriate experimental conditions (see Supplementary
data). As a matter of fact, only in films obtained by either
epitaxy growth [16] or rubbing procedure [19], properly
annealed, hkl reflections were observed, confirming a
reduced lateral order in such a complex polymer.
Fig. 7. 2D images experimental (exp) -left- and simulated (sim) -right- as referre
(b). Sim 2D are oriented along [020] (a) and [100] (b) respectively. Comparison o
2D a, b with profiles from simulated 2D; phase 1(top), phase 2 (bottom): powde
The bars indicated q values of considered reflections based of simulated unit cell
with asterisk is due to SiOx diffraction. (For interpretation of the references to c
article.)
In Fig. 7 a comparison of experimental and simulated
2D images is presented. IP and OP profiles from powders,
films, and simulations are also compared. The clear Bragg
rods in the simulated 2D images – see second and fourth
images on the top of Fig. 7 –, less evident in the corre-
sponding experimental ones, are due to ‘‘perfect crystal
approximation’’ in Breiby’s program [59].

In the middle and bottom parts of Fig. 7, profiles of
powder samples (blue trace) are compared with experi-
mental IP (orange trace), simulated IP (black trace), exper-
imental OP (red trace), and simulated OP (green trace) for
phase 1, in the P21 A model, and for phase 2, in the P2212 S
d to as phase 1(annealed at 230 �C) (a) and to phase 2(annealed at 330 �C)
f powder profiles and OP and IP profiles extracted from corresponding exp
rs (blue), exp IP (orange), sim IP (black), exp OP (red) and sim OP (green).
, which can slightly differ from the experimental ones (see text). The peak
olor in this figure legend, the reader is referred to the web version of this
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model. The orientation [020] and [100] were assumed for
phase 1 and 2 respectively, as derived by intensity trend of
(00l) reflections (see above). A right trend of peak intensi-
ties is evidenced for both the two phases.

Remarkably, this approach is intended to indicate an
approximate packing in the crystal of both phases in the
complex case of co-presence of distinct configurations (S,
A) in the film, while the presence of mixed situations, i.e.
SA configuration or errors in each one (a S in A-chain or
viceversa) is disregarded in view of the backbone length
(near to 10 monomers), realistically preventing either
bending or meandering.
4. Conclusions

Through a careful synchrotron investigations on thin
film (12–50 nm thick) of semi-rigid P(NDI2OD-T2), evi-
dence of fine differences among polymer samples having
various Mn and PDI has been found. Utilizing grazing inci-
dence diffraction with varied depth sensitivity, differences
in both crystal size and perfection [25] along with the
thickness of the film have been presented, demonstrating
the high crystallinity of the film although confined to short
range.

In well crystallized low Mn films, evidence of closer
packing (compared to the 30 kD and larger polydispersed
samples) is clear, together with a greater crystal size and
reduced intra-crystalline disorder according to Hosemann
[42], resembling those observable in epitaxially grown
films [16].

Concerning the crystallite orientation with respect to
the substrate, some dispersed orientation of the lamella
is evidenced by the persistent presence of (100) peak.
Examining the relative amount of IP and OP lamellar scat-
tering, we have found direct evidence for increased edge-on
character at the polymer/air interface as previous detected
by NEXAFS spectroscopy.

Of the three possible backbone configurations, shown in
Scheme 1, the ANTI–SYN should be ruled out in view of
anomalous main-chain repetition, 2.8 nm, never being
experimentally observed. While the other two should be
taken into account, due to small energy difference [24];
the present data does not enable distinction between the
two.

Simulation of 2D patterns, based on the two phases pro-
posed by Brinkmann [16] and considered in pseudo mono-
clinic arrangement, (P21) indicated a huge number of peaks
as compared with any film pattern, clearly confirming a
lack of long range order, possibly due to multiple confor-
mations of branched side-chains. A good match between
the observed powder data and simulated profiles could
also not be achieved, even considering crystal static disorder
in the P2212 approximation, because of possible co-crystal-
lisation of ANTI–ANTI and SYN–SYN configurations.

Experimental patterns of films annealed at 230 �C and
of films annealed at 330 �C best match phases 1 and 2
respectively, assuming the proper orientation, i.e. (020)
and (100) respectively, with the 2D simulated according
to Breiby’s approach [57]. A complex mis-matching
between simulated and experimental profiles is observed,
indicating co-presence of different situations in crystalline
part of the film, i.e. S or A configurations, backbone direc-
tion, and NDI2OD versus T2 orientation [24].

On the other hand the results of the present paper rep-
resent a strong confirmation of the suggestions indicated
by Dunitz [60], i.e. the relevance of entropic contribution
in crystal packing.
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