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The hidden structural properties of semicrystalline payiiiims are revealed by nanofocused x-ray scattering stueray
cross-correlation analysis (XCCA) is employed to difffastpatterns from blends of poly(3-hexylthiophene) (P3mith gold
nanoparticles (AuNPs). Spatially resolved maps of ori@rtal distribution of crystalline domains allow us to digfuish sample
regions of predominant face-on morphology, with a contirsansition to edge-on morphology. The average size staltine
domains was determined to be of the order of 10 nm. As comparmistine P3HT film, the PS3HT/AuNPs blend is characterized
by substantial ordering of crystalline domains, which carirfgluced by Au nanoparticles. The inhomogeneous struofute
polymer film is clearly visualized on the spatially resoleghoscale 2D maps obtained using XCCA. Our results sugoast t
the observed changes of the polymer matrix within crystalliegions can be attributed to nanoconfinement in the presen

gold nanoparticles.

1 Introduction

cal features of these polymers are mixtures of poor, diserte
and well organized, crystalline domaiidl Commonly, it

Semicrystalline conjugated polymers are promising costis assumed that a higher degree of crystallinity substintia

effective candidates for organic electronic devicés Poly-
thiophenes, in particular poly(3-hexylthiophene) (P3HtBe

improves device efficiend?15 Controlling the morphology
and orientation of the crystalline domains in polymer filgs i

Fig. 1(c)], are among the most popular conjugated polymerg crucial step for the fabrication process, since it deteesi

used in organic electronics, in particular, for organicdfiel
effect transistors (OFET) and solar cell applicatibfis Typi-
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key electronic properties of the material, such as charge ca
rier mobility and charge separation, and defines the overal!
device performancet®16

The crystalline domain sizes of P3HT can be varied in the
range of tens to few hundreds of nanometers, depending o~
preparation techniqué$1’18 In many cases two predomi-
nant morphologies, termed face-on and edge-on, can be ols-
served for pristine P3H¥1% They are defined by a different
orientation of crystalline domains with respect to the $uatte.
P3HT lamellae stack parallel to the substrate in the case cf
face-on domains [Fig. 1(a)], and perpendicular in the céise o
edge-on domains [Fig. 1(b)]. The shortest distance between
P3HT layers, calledtt stacking distance, is equal fy2,
whereb is a unit cell parameter [Fig. 1(a),(b)]. Mixed ori-
entation of domains also occurs, especially in non anneale-
samples. Generally, it is assumed that the face-on orientat
is favorable for photovoltaic applications, while the edge
orientation of domains enhances OFET performé&neg®

P3HT films can be prepared using various methods, for e'.-
ample, drop-casting, spin-coating, dip-coating or dicet!
crystallization, leading to a different degree of crystety
and preferred orientation of P3HT domairts?%:22 The for-
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mation of a particular morphology of the film is defined by spatially-resolved coherent x-ray scattering experimettt a
macromolecular parameters (molecular weight, regiosrgul nanofocused x-ray beam, in combination with the x-ray cross
ity, polydispersity, etc), sample growth conditions (etgm-  correlation analysis (XCCAP—43 A nanosize x-ray probe
perature, coating speed) and post-processing (e.g., lannearovides access to the local structure of a polymer film, anc
ing)1:510.12.13,15.20-28 |t has been demonstrated that thermal XCCA gives information on orientational ordering on a large
annealing of the grown films results in better crystallirsityd  length scales. XCCA is a newly developed technique for struc
improved charge carrier mobility14.20.25.23 tural characterization of partially ordered samffed’. As it

will be shown in our paper, this approach provides inforovati
which is complementary to results of conventional smallang
x-ray scattering (SAXS) or grazing incidence x-ray diffian
(GIXD) experiment$®26,

This paper is organized as follows. The description cf
the experimental setup, sample preparation and measuteme:,
scheme are presented in the second section of the papee. In t:
third section results of the data analysis are presenteeevh
the average and spatially resolved structural properfiéseo
film are considered separately. The conclusions section con.
pletes the paper.

2 Experimental

The x-ray experimentwas performed at the GINIX endstation
P10 beamline, PETRA Iff. The experimental details are de-
scribed elsewhefé. The sample area of 2040 um? was
scanned with a nanobeam [2@@B00 nn? (FWHM), photon
energy 13 keV] on the 20 40 raster grid with a um step size

in both directions and with the total numberMf= 800 sam-

Fig. 1 Two types of predominant orientation of semicrystalline ple positions. Cryogenic COO_"”Q in combination Wit_h _Sh_Ofl
P3HT domains with respect to a substrate, the face-on (a) and exposure times of .G sec per image were used to minimize

edge-on (b) orientations. (c) Repeating unit of the P3HTmelr radiation damage.
chain. (d) Gold nanoparticles stabilized with fluorene \dsives The sample was spin-cast from a blend of P3HT (molecular
(AUNPs-SFL). weight 449 kg/mol; PDI 1.22; regioregularity- 98%) with

gold nanoparticles. Gold nanoparticles 6f 3 nm in size sta-

Together with pristine P3HT, its blends of various compo-bilized with fluorene derivatives (AuNPs-SFL) have been pre
sitions emerge as another important class of hybrid materipared and characterized in analogy to recent repotfs®?
als with attractive structural and electronic properfe€€3  Briefly, AUNPs-SFL nanoparticles have been prepared start-
In this work we analyzed structural variations of the P3HTing from HAuUCl, - 3H,O in molar ratio 1 : 1 with the syn-
host matrix upon small addition of gold nanoparticles stabi thetic thiol 9,9-didodecyl-2,7-bis(acetylthio phenyhghyl)
lized with fluorene derivatives (AuNPs-SFL) [see Fig. 1(d)] fluorene®?. A solution of the fluorene dithiol (0.062 mmol for
Such systems have been extensively investigitétiand are  each sulphur functionality) in toluene (9 mL) was vigorgusl
considered to be attractive for optoelectronic applicetidue  mixed with an aqueous solution containing the gold preaurso
to their optical absorption and emission properties, asagel (0.128 mmol, in 4 mL of deionized water) and tetraoctilammo-
solubility35-37. nium bromide (0.152 mmol) in 9 mL of toluene. After adding

It is important to characterize the structure of tihetcon-  the reducing agent NaBH1.271 mmol) the mixture was al-
jugated P3HT network on the nanoscale, since charge trantowed to react for 3 h at 2&. The solid product AUNPs-SFL
port and charge separation are governed by the nanoscales recovered and purified; elemental analy®s$: C 39.97,
morphology of a polymer fil¥?338  Various techniques, H 5.18, S 5.50. UV-ViCHCl3), Amax (nm): 330, 530. X-ray
such as x-ray, electron or neutron scattering, atomic foriee  photoelectron spectroscopy (XPS) and transmission electr
croscopy and transmission electron microscopy, are used tmicroscopy (TEM) analysis reported in R& supported the
experimentally characterize the sample morphology on difchemical structure of AUNPs-SFL herein reported. The solu-
ferent length scalést?293% To study structural variations in  bility of AuNPs-SFL nanoparticles has been checked: the cc!
semicrystalline P3HT films on the nanoscale we performedoid suspension has a concentration limit of 2 mg/mL. The so-
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Fig. 2 (a),(b),(c) Diffraction patterns measured at three déffempositions of the polymer film, indicating the presengb)(and absence (c) of
the face-on oriented P3HT domains. Diffraction patterns(f and (c) were measured at the sample positions indi¢ateig. 3(c) by a
black square, circle and triangle, correspondingly. Asamv(a) and (b) indicate orientation of the (200) peaks. (jenble averaged radial
intensity profile((l(q,9))¢)m-

lution was not filtered prior to spin coating, therefore affar ~ proposed iR’. One can clearly see in Fig. 2(d) tf200) and
tion of aggregates cannot be completely excluded. A 5 mg/m{300) peaks atj= 0.82A~! andq = 1.2 A~1, respectively.
blend solution (P3HT:AuNPs-SFL = 10:1 by weight) in chlo- These peaks are defined by the unit cell parameetdrcrys-
roform was spin cast on rectangular shaped grids with a 15 nrtalline P3HT domains [see Fig. 1], and suggest the presdnce =
thick SkN4 membranes (Dune Sciences, Inc.), with the spinthe face-on morphology in the sample. The strongest peak at
ning speed of 800 rpm. The drying process is rather fast fog = 1.65 A1 may contain scattering contribution from both
chloroform solution and typically films are dry after 60 sec- c— andb—planes, since the andb lattice parameters have
onds spinning. The time interval between sample fabripatio very close value®. Due to the fact that crystalline domains
and x-ray measurements was about few hours. may have different orientations in the illuminated sampéaa

An x-ray dataset consisting & = 800 diffraction patterns  this peak is often considered &320)/(002) 16 Finally, the
was measured. The data were corrected for background scateak located aj = 2.68A 1 is defined by scattering from the
tering and polarization of incident x-rays. Typical diffteon  (111) set of atomic planes of gold. The corresponding scatte:-
patterns corresponding to two different positions on thm-sa ing ring at higher momentum transfer values is partiallybles
ple are shown in Figs. 2(a)-2(c). It is readily seen that theon the diffraction patterns shown in Figs. 2(a)-2(c).

film is inhomogeneous, i.e. it has different structure atfiié$ The average characteristics of orientational order in the
sample positions. film were determined in Ref?, where enhanced orientational

order of P3HT domains was reported. We would like to
3 Results and discussion note, that similar analysis of diffraction data measureunnfr

pristine P3HT films prepared by the same fabrication pro-

We first determine the average structure of the film and thefocol did not reveal any orientational order in the system
continue with a spatially resolved analysis of nanoscate va (Se€ section 1.1 in the ESI This brings us to the conclu-
ations of the film properties. The detailed analysis of the avSion that in P3HT/AuNPs blends orientational order of crys-
erage structural properties was presented in our previaus pf@lliné domains is induced by Au nanoparticles. This obse.
per*’. Here we provide the main results of our analysis thatvation is supported by recent experiments, where improved

will be necessary for complete understanding of the sampl€rystallinity and orientational order were reported forioas
structure. P3HT blend$!53 In the present case, a possible origin of ori-

entational order is the effect of the pendingB»5 aliphatic
groups on the fluorene spacer of AUNPs, that induces non cc
valent interaction with the P3HT polymer chains. This self
To determine the average structure of the film we first anaassembly mechanism occurs in analogy to long-chain alka
lyzed the ensemble-averaged intensity. The radial intensi nethiols adsorbed onto gold surfaces.

((1(a,9))¢)m averaged over the full dataddtin the range of The results of the ensemble-averaged XCCAre defined
0.6A-1 < q<29Alis presented in Fig. 2(d). Our diffrac- by average nanoscalstructural properties of the sample due
tion data suggest that the average structure of crystaline to the nano-sized x-ray probe applied in the experiment. A:
mains can be described with a monoclinic unit cell with pa-
rametersa = 157 A andb =c = 7.6 A, similar to the model «The(100) reflection was covered by the beamstop.

3.1 Spatially averaged structural properties

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-8 |3
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the same time, the diffraction patterns shown in Figs. 2¢d) a and 3(b), and the phase difference in the range of angle-
2(b) clearly indicate structural variations in differerarfs of  80° <Ay, < 90°. This suggests a presence of a certain prefer-
the sample. The major difference between these diffractiorntial P3HT morphology in this region, that preserves aagul
patterns is determined by tf{200) and (300) peaks present orientation of the200) and (020)/(002) peaks with respect

in low g-region, that can be attributed to the face-on orientato each other at each particular position. Since our samples
tion of P3HT domains [Fig. 2(a),(b)]. Both peaks are absentvere prepared in the same way as in R&fwhere the face-

in Fig. 2(c) where only th€020)/(002) scattering ring can on oriented domains were mainly observed, we conclude theau
be observed, that is characteristic for the edge-on otienta  the face-on morphology is preferential in this region. listh
Therefore, it is important to characterize the structur¢hef — case, the main contribution to the pealqat 1.65A 1 is de-
polymer film at each separate position defined by the x-rafined by thec-planes [i.e., by th¢002) peak]. As one can see

probe. in Fig. 3(c), two separated areas of the sample are charact.r
ized with dominating face-on morphology but different orie
3.2 Spatially resolved structural properties tations, indicated with two arrows in Fig. 3(d). Quite naiily

these regions coincide with the areas in Fig. 3(a) where the

To determine spatially resolved nanoscale informatioruabo magnitudesi»(cgo0)| are large since the face-on morphology
the structure of the film we analyzed diffraction pattern@me j, the given scattering geometry is primarily associateith wi
sured at different spatial positions of the sample. The mea200) peak.

sured intensity distributiohq) on a diffraction pattern can be ) ) _ o
considered in a polar coordinate system, where the momen- The second region of the film [blue points in Fig. 3(c)]
tum transfer vectoq = (q, ¢) is defined by the radiaj and 'S characterized with a larger spread of the phase differenc

angularg components. The scattered intendity;, ) can be ~ 90° <Ay <80". One can see in Figs. 3(a) and 3(b), that bot*
expanded into angular Fourier series as vector fields are characterized with a smooth change of the

- magnitudes and orientations of the vectors. At the same time
1(a,¢) = lo(q) +2 z lIn(q)| cos(ng + yn), (1) distribution of the magnitudes of the vectors in Fig. 3(b) is
A=1 more uniform than in Fig. 3(a). It is about 50% of the vectors

wherelq(q) are, in general, complex Fourier components ofi" Fig- 3(a) have magnitudes smaller thaf81of the largest
intensityl (g, ¢) with the amplitudedin(q)| and phaseg,. To vgqor, wh|Ig _Iess tha}n 5% of the vector_s in Fig. 3(b) sat|§fy
analyze local orientational distribution of domains weedtty ~ Similar condition. This all suggests that in the secondaegi
applied Eq. (1) and determined the phagesf the dominant & mlx_e_d orientation of domains is observed, and a continuor's
second order Fourier componehi&y). This Fourier compo- f[ran5|t_|0n from the fgce-on towards the edgg-on morpholog;,
nent has the largest contribution in the spectrum and itsgha 'S achieved by rotation of the face-on domains aroundtihe
determines local orientation of P3HT domains in the fiim  @Xis [see Fig. 1]. Itis important to note, that such a coriolus

We determined the distribution of orientations of crystall ~ c@n be drawn only from a simultaneous analysis of both vec
P3HT domains across the sample using two-dimensional (20" fields [Fig. 3(a) and Fig. 3(b)] associated with two peake
vector fields shown in Figs. 3(a) and 3(b). Each vector inWhile separate analysis of each peak does not reflect a rea
these figures is defined by the amplitude and phase of theiStribution of domain types.
Fourier componenl;(q), determined at the positions of the A smooth distribution of the phases and magnitudes ot
(200) [Fig. 3(a)] and(020)/(002) [Fig. 3(b)] peaks, respec- the Fourier componentl(q) across the sample shown in
tively. Figs. 3(d) and 3(e) represent all available orienta Figs. 3(a) and 3(b) indicates a substantial orientationdéio
tions shown in Figs. 3(a) and 3(b) in the form of angular dia-in the polymer film and suggests applicability of the spéatial
grams. The distribution of the magnitudes and orientatadns resolved XCCA to such a system. As a step further, we ap-
the vectors in Figs. 3(a) and 3(b) shows that the film is nofplied the cross-correlation function (CCEJq,A) to individ-
uniform. As it follows from Figs. 3(d) and 3(e), all phases ual diffraction patterns to access hidden structural festof
are distributed in the angular range of 164 ¢{*°” < 164 the film with an increased accuracy (see section 1.2 in the
in Fig. 3(a), and in the range of 1% w£020>/(002> <90 in ESIM. Wlthln this approaph, the two-point CGE{(q,A) can
Fig. 3(b). A comparison of vector orientations in Figs. 3(a)P€ determined for each diffraction patterrfast
and 3(b) allows us to divide the sample area into two major
;eglons [see Flg(.zig(())c)] a(zgzoogjj(loré%to the value of the phafse. di C(a,0) = (1(q, )1 (q, ¢ +A)>¢ ’ )
erenceldyn = ¢, — calculated at each spatial
position.

Thefirst region [red points in Fig. 3(c)] is characterizediby whereA is the angular coordinate, ahh, ¢) is the measured
strong correlation between the vector orientations inR3¢s)  intensity. The CCFC(q,A) can be analyzed using a Fourier

4| Journal Name, 2010, [vol] 1-8 This journal is © The Royal Society of Chemistry [year]
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Fig. 3 Spatial distribution of orientations of crystalline P3Hdmdains across the film, determined by the phaﬂ?go) and w§020)/ (002) ¢

the Fourier components(dzoo) (2) andl2(do20/002) (b), respectively. Each vector in the plotted vector fielois@sponds to a certain position
on the sample, with the vector length proportional to the ahasgiof the respective Fourier component. Black lines aottgad to guide the
eye. (c) Two sample areas with predominant face-on (redgcamd mixed (blue points) orientation of crystalline damsaA black square,
circle and triangle in (c) indicate sample positions wheffeattion patterns shown in Figs. 2(a-c) were measuredyudar distribution of all
observed orientations in the vector fields (a) and (b) is shiovpolar coordinates in (d) and (e), respectively. Arrowéd) specify two major
in-plane orientations of the face-on domains in the sample.

series decomposition similar to Eq. (1), observed in the angular averaged profit€a)| = (1(0,¢)) ¢,
that is usually analyzed in scattering experiments. Fomexa
_ ad ple, the peak indexed §402) on the|l»(q)| profile can be
C(q,4) =Co(q) + ZnZlCn(Q) cogna), 3) clearly separated from th@02) peak in Fig. 4(c), and is not

visible in Fig. 4(d), indicating slightly different orieation of
whereC,(q) are the Fourier components of the CCF, which arethe face-on domains at these positions. This cannot be eas-

directly related to the Fourier components of intensif) ily identified from the|lp(q)| profiles shown in Figs. 4(a) and
as’%-43 C,(q) = |In(q)[2 for n £ 0, andCo(q) = (1(q, §))3 for  4(b).
n=0. We determined the positions of the centggsand magni-

The Fourier components of intensity were determined usindudes|lh(qo)| of different peaks irjlo(q)| and|l(q)| profiles
the relationl,(q)| = /Cn(q). In Fig. 4 the magnitudes,(q)| as a function of the probe position on the sample. Thesc
of the Fourier components of the orders- 0 andn =2 are  peaks were fitted with a Lorentzian function (see Fig. 4)
presented as a function gffor two diffraction patterns mea- |In(q)| = b+$- ya-[(q—go)%+ V2] %, wherebis a background
sured at different sample positions with the predominacgfa correction,s is a scaling coefficienty, is half-width at half-
on morphology. One can see that tpelependence df,(q)| maximum (HWHM) of the peak, ang is a center of the peak.
provides additional structural details that can not beatliye  Analysis of the(200) peak on thdlp(q)| profile (see section

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [voll, 1-8 |5
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Fig. 4 Fourier components of intensity of the orders: 0 (a),(b) anch = 2 (c),(d) as a function afj, calculated for two diffraction patterns
measured at two sample positions with face-on morphologyves (a) and (c) correspond to the position indicated byeldsdquare in

Fig. 3(c), and (b) and (d) correspond to the position markih avcircle in Fig. 3(c). Black and red curves corresponchtogxperimental
data and results of Lorentzian fits, respectively (see.téxthe case oh = 0 a linear background contribution has been subtracted.

1.3in the ESH), gives the average positional correlation length4  Conclusions
& =21/ of the order of 10 nm. This value is in agreement

with a characteristic size of P3HT crystalline domafi. The x-ray scattering experiment with a nanofocused bear:
in combination with XCCA allowed us to reveal details of

the nanoscale structure of semicrystalline films cast fromr
P3HT/AuNPs blend. We explored spatially resolved and aver
In Fig. 5(a) a 2D map of the magnitudgs(do)| of the Au  age properties of the films by 2D mapping various structure!
(111) peak is shown, determined from the fit of fiel 1) peak ~ parameters. One of the prominent results obtained in ouk wo,
on thellp(qg)| profile. As one can see, gold nanoparticles areis orientational distribution of crystalline domains tbdowed
not uniformly distributed across the film, the regions withhh ~ us to distinguish sample regions with predominant facerah a
gold concentration correspond to large values of Ad1) mixed orientation of domains. Our results suggest that a con
peak magnitude. A 2D map of the P3HU02) peak cen- tinuous transition between different morphologies is azbd
ter positiongg determined from thé,(q)| profile is shown in by rotation of the domains around thexis defined along the
Fig. 5(b). One can clearly see a smooth variation of(0G2) P3HT backbone.
peak position, that indicates changes of the unit cell patam The polymer film is characterized by substantial orienta-
c across the film in the range from54 A to 7.62A. Inthe  tional ordering of crystalline domains. As a result of oualan
regions with higher gold concentration tf@02) peak slightly ~ ysis we conclude that orientational order of P3HT domains
shifts to lowerg. This observation suggests that Au nanoparti-can be induced by Au nanopatrticles. Spatially resolved 27D
cles could influence the structure of P3HT crystalline regjo maps show inhomogeneities in the spatial distribution of Au
particularly increase the-spacing in the P3HT backbone [see nanopatrticles, where the regions with a high concentratic:
Fig. 1]. of AuNPs coincide with regions where structural changes oi

6| JournalName, 2010, [vol]l.1-8 This journal is © The Royal Society of Chemistry [year]
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Fig. 5 Spatially resolved 2D maps of (a) magnitudtg{do)| of
Au (111) peak on theélp(q)| profile, (b) positiong of the P3HT 5
(002) peak determined on th&(q)| profile.

P3HT matrix are observed. The average size of crystallineg
domains was determined to be of the order of 10 nm.

The obtained results demonstrate that XCCA provides valu-
able information about the structure of partially ordereat m
terials, complementary to the conventional SAXS or GIXD
analysis. Spatially resolved analysis of the Fourier speaut
CCFs allows to observe structural features hidden in the avt1
eraged SAXS intensity, and to determine nanoscale vamiatiol2
and interplay between different film parameters. It is an ir-
replaceable tool to observe local structural changes inTP3H
conjugated network induced by Au nanoparticles. As shown
here, XCCA has a significant potential to be used as sensitivés
tool for nanoscale characterization of nanocomposite rrate 15
als. The dependence of the polymer structure on the size#sha
of nanoparticles and blend composition are among the neteva
tasks that can be studied by means of XCCA. 17
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