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The thin film microstructure development of functionalized oligothiophenes with branched, thermally removable
groups at each end of conjugated cores with five, six, and seven thiophene rings was monitored during their
thermal conversion from solution processible precursors to insoluble semiconductor products. The change in
end group character provides a comparison of branched vs linear end group functionalization in oligothiophenes.
Near edge X-ray absorption fine structure (NEXAFS) spectroscopy confirmed that brarchedubstitutions

of the precursors strongly influenced the packing of the conjugated core. The quinque- and sexithiophene
precursors oriented perpendicular to the substrate, whereas the septithiophene precursor oriented parallel to
the substrate, providing one of the first examples of length dependence in oligothiophene orientation. This
dependence may be due to a packing mismatch between the conjugated cores and the branched end groups.
The convertible septithiophene exhibits four distinct microstructures as it converts from precursor to product
that correlate strongly with its field-effect hole mobility in field-effect transistors. The extent of septithiophene
order and the surface-relative orientation of its ordered phases clearly influence field-effect transistor
performance.

Introduction Recently, we introduced a new class of oligothiophenes
. . L designed with a precursor conversion strategy to facilitate

Organic semiconductors enable new applications and new ,cessing®2 The precursors are oligothiophenes substituted
modes of device production because they can be applied fromyy the terminab andw positions with branched activated esters.
vapors or solutions to form flexible films. Within these films,  1pege precursors can be dissolved in common solvents such as
conjugated semiconducting molecules can form a microstructure . oroform. cast or printe?? and then heated to remove the
where the prevalence of crystals, their size, and their molecular g pilizing ester end groups. The products of this conversion
orientation can influence hole or electron transpotThe most oyide high hole mobility in field-effect transistors (FETS),
desirable processing technique for organic semiconductors iScompared to other solution processed oligothiophenes. The
solution deposition, where the microstructure of the film is q1ecylar structures of precursors and products are shown in
formed during the dynamic assembly of molecules into a solid. g6 1. Soluble precursors provide a useful platform for
This assembly process 1 influenced by factlcs)rs including the gy,qying the effects of molecular design on microstructure
substrate chemistry’® substrate ten:ﬁpﬁratufé,‘ andtherate  hocqse the precursors are substituted with branched end groups,
of solvent removal if it is preserit:* However, the most  \ hareas the products are substituted with small, linear allyl
|m_portant factqr governing microstructure qevelopment is the groups. We exploit this changing end group character to develop
primary chemical structure of the organic semiconductor, 5 comparison of branched vs linear end group functionalization
because the strength and geometry of intermolecular interactiong, gjigothiophenes. Microstructure development is characterized
provide the driving force for crystallization. The strong influence o the thermal conversion from precursor to product for
of chemical structure has prompted much work in the molecular ., ertiple oligothiophenes with five, six, and seven thiophene
‘?'9.5'9” of organic semiconductors, Wherg variations in crystal- rings, enabling the correlation of primary chemical structure to
linity, packing style, and molecular orientation have been picrostructure for six distinct chemical species. Transitions at
successfully controlled by directed functionalizatién® The states of partial conversion are also evaluated.
oligothiophenes and oligoacenes have proven to be useful

starting motifs for developing guidelines for molecular design. To characterize thin film microstructure, we use near edge

X-ray absorption fine structure (NEXAFS) spectroscépy.
Orientation analysis relies on the carbon K-edge, where incident
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secant update (MoreHebdon) was used to fit the spectra. Fitted
peaks included an error function step convoluted to an expo-
o (F\\ o heat I\ nential decay for the ionization edge, Gaussian peaks before
4 t@j % —>/=/@R the edge, and asymmetric Gaussian peaks after the2&dge.

- waste acid
Carbon K-edge NEXAFS spectra were collected for seven

n=567 incident angles@, from 20" to 70°. Peaks were fit to each of
Figure 1. Reaction scheme for the thermally convertible oligoth- these spectra, and the areas of certain peaks were fit to a
iophenes. trigonometric relationship for an azimuthally averaged surface-

relative orientation of the resonances (essentially, a linear fit of
intermolecular arrangement, so it cannot discriminate betweenpeak area vs c699).23 The two resonances used to find the

packing styles such as the herringbone or cofacisiack!®® conjugated core orientation were the carboarbon 1s— 7*
However, NEXAFS measurements can describe the substrate-of the core at 285.4 eV, which defines the conjugated plane (or
relative orientation of the oligothiophene long axis anorbitals “ring plane”) orientation, and the carbewcarbon 1s— o* at

in the source-drain plane of organic field-effect transistors 294 eV, which roughly defines the long axis orientation. The

(OFETSs). This aspect of the crystalline microstructure can be actual fits were nonlinear to a dichroic ratl®,which is defined

related to the hole or electron transport capability of an organic in previous work?® The maximumR is ~0.7, which indicates

semiconduct@r® and, in some circumstances, can be correlated a perfectly edge-on conjugated plane (applied to tte

to the field-effect mobility measured in OFE¥S. resonance) or a horizontal long axis (applied to tbe
From studying the microstructure development of convertible resonance). The minimuiR is —1.0, which indicates a plane-

oligothiophenes with NEXAFS spectroscopy, we find that the on conjugated plane or a vertical long axis. A detailed

bulky, branched end groups of the precursors strongly influence description of experimental and data analysis methods for

the packing of the conjugated core, whereas the small allyl end NEXAFS spectroscopy of organic semiconductors is available

groups of the products do not. These results add to previously elsewheré?

described oligothiophene structtigroperty relationships, where

linear a-, w-substitutions are understood to have almost no Orientation Trends of Precursors and Products

influence on the orientation of the conjugated cB¥&27 The , ) ) ) ) ,

branched end groups of the precursors studied here cause a ver%{ Trend with Conversion. The first step in correlating orienta-

different oligothiophene microstructure than has been previously '0" W_ith moleqular design is attribut_ing qrientations to the
described and also provide one of the first examples of a changlng_ chemical structures of the qllgothlophenes durmg the
dependence of orientation on core length progression of the conversion reaction. We have previously

characterized the thermolysis reaction using a NEXAFS analysis
of alkene formation and carbonyl loss as a function of treatment
temperaturé®2! As-cast films of the precursors pre-T5, pre-
The synthesis and purification of the symmetriaa, T6, and pre-T7 exhibit a small amount of end group loss. The
w-substituted quinque-, sexi-, and septithiophene oligomers (T5, precursor films exhibit no further conversion until the treatment
T6, and T7) with thermally removable ester solubilizing groups temperature exceedsl25°C and end group thermolysis begins.
have been previously describ&®! Their primary chemical The extent of thermolysis increases from 125 to 2€5and
structures are shown in Figure 1. The purified precursor solids remains essentially constant at temperatures above@28s
were dissolved at 23 mg/mL in anhydrous chloroform  shown in Figure 2c. The apparent reaction rate depends on the
(Aldrich). (Certain equipment, instruments, or materials are oligothiophene core length. The shorter pre-T5 converts to
identified in this paper in order to adequately specify the greater extents at lower temperatures than the longer pre-T7.
experimental details. Such identification does not imply recom- Because the leaving group chemistries are similar for the two
mendation by the National Institute of Standards and Technol- oligothiophenes, this difference in reaction rate may be related
ogy, nor does it imply that the materials are necessarily the bestto differences in molecular motic.
available for the purpose.) Films were sptoast from these The development of molecular orientation from precursor to
solutions onto ozone-cleaned, 105 nm thick Siléat had been  product can be followed by quantifying the orientations of key
thermally grown on highly n-doped (by phosphorus) silicon resonances within the NEXAFS spect&?Figure 2 shows the
wafers. A typical precursor film thickness was30 nm as long axis (a) and conjugated plane orientations (b) of the
measured by laser ellipsometry. Precursor films were heatedconjugated cores, quantified by their dichroic ratRysas they
on a Brewer Sciences hot plate to temperatures between 50 an¢hange with temperature. The shortest oligomer, T5, is vertical
300°C in a nitrogen atmosphere. The samples were heated foras-cast, then passes through an isotropic regime at the onset of
20 min and then cooled. During conversion, the organic thermolysis, and finally becomes vertical after full conversion.
semiconductor autophobically dewetted, resulting in sparse, tall The intermediate oligomer T6 exhibits similar behavior, with

Experimental Section

domains separated by low, persistent terraces-& gholecular less vertical orientation than pre-T5 in its precursor and a similar
layers that covered most of the surface area of the; SiO orientation to T5 in its product. The longest oligomer T7 exhibits
dielectric. a different behavior, where it is oriented horizontally and plane-

NEXAFS spectroscopy was performed at the NIST/Dow soft on (at 100°C) before conversion, passes through an isotropic
X-ray materials characterization facility at the National Syn- regime, and then assumes a vertical orientation. We consider
chrotron Light Source (NSLS) of Brookhaven National Labora- the pre-T7 orientation at 10 to be the precursor equilibrium
tory. Carbon K-edge partial electron yield (PEY) spectra were orientation; the as-cast orientation differs, as we discuss later
collected at a grid bias of-50 V for a surface-weighted in this report. The orientation trends in Figure 2a and b are
sampling depth ofx6 nm® For PEY spectra, the experimental interpreted in Figure 2c with illustrations of the molecular
standard uncertainty of the incident energy+6.15 eV, and orientation tendency with respect to the substrate plane. In
the yield uncertainly ist2%. Six peaks were simultaneously general, the development of orientation proceeds in three
fit to the PEY carbon K-edge NEXAFS spectra. A multivariate stages: (1) the cores are oriented as-cast, (2) they pass through
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a 021 —a— T5 long axis (o) end groups. Previously reported-, w-substituted oligoth-
Filiioenn el iophenes featured linear alkyl end grot{g¥ 2" (or linear
00T standiing i perfluoroalkyl end groug$), whereas these precursors have

comparatively bulky, branched end groups. These precursors
exhibit a new oligothiophene molecular design effect: branched
o-, w-substitution can cause the microstructure to be sensitive
to core length and in some cases leads to horizontal, plane-on
oligothiophene packing.
T : . T T . The unusual orientation shift of the precursors with core
% et wpasivpgy length may be caused by a packing mismatch between the cores
and the end groups. In lineat, w-alkyl-substituted oligoth-
iophenes, the end groups tilt relative to the vertical conjugated
cores to allow the end groups to densely pack without disrupting
core—core interactiong>2® The branched end groups of the
precursors studied here may be too large to allow close core
packing. The saturation field-effect hole mobilities of precursor
A T5 conj. plane (*) films suggest that there is a shift in the quality of precursor
0.4 i}jgg:: s::::g"; core packing with a changing core length. The vertical phase
. : : ) . of pre-T6 exhibits a mobility of=10~* cn?/(V s),2* whereas
50 100 el 0 the horizontal, plane-on phase of pre-T7 (after heated to 100
°C) exhibits a mobility of~1073 cnm?/(V s), indicating that the
pre-T6 may have frustrated core packing whereas pre-T7 may
have closer core packing.

The differences in packing behavior and chemical structure
dependence among unsubstituted, linearly end-substituted, and
o . P s T P branched end-substituted oligothiophenes may be reconciled by

Treatment Temperature (°C) elaborating upon a conceptual model proposed by Garnier et

al.25In this model, the microstructure is directed by the interplay
; of two forces: (1) ther affinity of the cores and (2) the
segregation of the dissimilar cores and end groups. This model
treats the microstructuring of oligothiophenes as a form of self-
assembly, where the spatial organization of the crystal lattice
is assisted by the thermodynamics of phase segregation at the
molecular level. In unsubstituted oliogothiophenesaffinity
is the most dominant driving force, and it results in the typical

\ -h vertical close packing. In linearly substituted oligothiophenes,
— } : H both 7 affinity and phase segregation are satisfied by a
microstructure where the end chains pack into lamellae that are
segregated from the lamellae of vertical close packed cores. The
added segregation driving force is believed to cause linearly

¥
4 : &W"’% substituted oligothiophenes to form larger crystals than unsub-

stituted oligothiophene¥:25:27.33

50 100 150 200 250 300 For branched, end-substituted oligothiophenes, the bulkiness
TEwment IS meseRhANL) of the aliphatic portion may make simultaneous lamellar
Figure 2. Orientation trends for T5T7 series with thermal treatment.  segregation and close core packing more difficult. For pre-T5
(a) Tren_ds in_the Iong axis orient'ation. (b) Tre_nds i_n the conjugated gnqg pre-T6, the segregation force may be stronger than
plane orientation. Typical uncertainty for the orientation measurement affinity, causing the molecules to orient vertically despite poor

Ris £5%. (c) Extent of conversion with temperature. Precursors with ki H f T7 theaffini fh
smaller cores convert to a greater extent at lower temperatures: theCO'® Packing. However, for pre-T7, tieaffinity of the cores

range shown represents all three materials. (d) lllustrated interpretationsMay become stronger than the segregatiorj force. The C|Pse
of the orientations measured in a and b. packed pre-T7 cores may then adopt a horizontal orientation

because the end groups prevent close vertical core packing. The
an isotropic transition, and (3) they become oriented after shift in precursor orientation with increasing core length may
conversion. The orientation of the precursors depends on thearise from this interplay ofr interactions and segregatiein
oligothiophene core length, but the orientation of the products particular the increasing strength afinteractions and their
does not. redirection of microstructure despite molecular level phase

Trend with Precursor Core Length. The precursor orienta- ~ Mixing.

tion shifts from vertical to horizontal as the oligothiophene core  Trend with Product Core Length. In contrast to their
length is increased. This result contrasts with previous reports precursors, the products T5, T6, and T7 exhibit very similar
of a-, w-substituted oligothiophenes, which describe only a orientations. The core orientation of the product is consistent
vertical orientation such as that of pre-T5, regardless of core with the vertical, lamellar order achieved for unsubstituted or
length. Vertical orientation has also been reported for unsub- linearly substituted oligothiophenes. There is no dependence of
stituted oligothiophenes, such asquater-,o-sexi-, ando-oc- core orientation on whether the core is composed of an odd or
tithiophene, which pack in a herringbone arrangeniéftThe even number of thiophene rings. Odd/even effects in unsubsti-
unusual orientation behavior of these precursors is due to theirtuted® and substituteld thiophene oligomers have been reported

Dichroic Ratio, R for a*

-0.6+

T

0.6

0.4+

0.2

I edge-on

99 | piane-on

-0.24

Dichroic Ratio, & for n*

la]
o

Conversion
= =
o

o
(=1

dfrs &

T6 £

disorder witf
some edge-on harizontal
preference =, plane-on

i




10648 J. Phys. Chem. B, Vol. 110, No. 22, 2006 DeLongchamp et al.

(the odd oligomers appear to have two crystalline polymorphs),
but these differences appear to be substrate temperature de 20 o il
pendent® and disappear at higher substrate temperatures. j
Because the products are generated at high substrate tempere  1.57 \
tures (200°C), the odd polymorphs may not appear in these ——————
convertible systems. We conclude that the terminal allyl group 1.0 S
of the products may be viewed as a short linear substitution,
and the microstructure that results is analogous to that of linearly £ 54 incident
substituted or unsubstituted oligothiophenes. 5 @e}m

The product oligothiophenes are similar to previously char- § . — 40°J
acterized oligothiophenes, and their orientations determined by = ?g:
NEXAFS spectroscopy can be compared to the orientations of £ 257 a0°
other oligothiophenes that were determined by X-ray diffraction. * 204
Most X-ray diffraction investigations of unsubstituted and ——
linearly substituted oligothiophenes report an “essentially verti- 1.5 e —
cal” core orientatiot931:3¢ These reports are based on the
correspondence of the molecular long axis length with the out- e
of-plane diffraction spacing. NEXAFS measurements provide 0.5-
independent orientation measurements of the long axis and
conjugated plane orientations relative to the substrate. Although 00 T T T T

280 285 280 295 300 305

the o* resonance orientation in Figure 2a is an excellent
indicator of trends in long axis orientation, it includes off-axis _. .
9 Figure 3. NEXAFS spectra of T7 before and after conversion. The

contributions from the cis nature of the backbone and its top spectra are for the sample treated at (D0and the bottom spectra
orientation is not the molecular orientation. In contrast, e 4re for the sample treated at 280. The uncertainty of the PEY signal
resonance orientation in Figure 2b includes no off-plane is +2%, and the uncertainty of the photon energy-8.15 eV
contributions. The conjugated plane dichroic radmf ~0.6 . o . .

for the products corresponds to a tilt of the conjugated plane impart diffusivity to the pre-T7 and allow it to assemble into a
normal of ~78 from surface normal, assuming a single More thermodynamically preferred orientation. There is no
molecular orientation that is azimuthally averaged. This small @nalogous transition in pre-T5 or pre-T6, possibly because their
tilt is consistent with the essentially vertical orientation found higher diffusivities allow them to assemble into oriented
for other oligothiophenes by X-ray diffraction. The deviation Microstructures before the casting solvent evaporates.

from a perfect vertical orientation may indicate a slight ~ TO fully characterize the restructuring of T7, atomic force

preferential tilt of the conjugated plane or, more likely, some Microscopy (AFM) images were collected for films that had
distribution in orientation due to disordered regions or grain Peen heated and cooled, as shown in Figure 4. The as-cast films

Photon Energy (eV)

boundaries. exhibit a grainy texture of soft, unconnected plates with a length
scale of 106-200 nm. After heating to 78C, the plates fuse
Behavior of T7 into a network of ribbons with a length of 26@00 nm, a width

of 40—60 nm, and a height of 2020 nm. This morphology

Of the convertible oligothiophenes, T7 exhibits the most change of pre-T7 is correlated to its nonchemical orientation
comprehensive reorientation from precursor to product. This transition. The ribbon long axes appear to be oriented predomi-
reorientation is highlighted in Figure 3, which shows incident nantly within the substrate plane. Ribbonlike supramolecular
angle-dependent NEXAFS spectra of films before and after organization has been reported for other sexithiophenes that were
conversion. The reversal of conjugated plane orientation is a-, w-substituted with chiral penta(ethylene glycol) chains; these
indicated by the change in angle dependence of thesttvo  molecules formed ribbons that were longer and less branched
resonances near 285 eV, and the reversal of long axis orientatiorthan those of pre-T# The dimensions of the pre-T7 ribbons
is indicated by the change in angle dependence ofahe  do not correspond to molecular dimensions, and the molecular
resonance at 294 eV. T7 also differs from the shorter convertible orientation cannot be directly determined from the AFM images.
oligothiophenes in that the T7 product does not lose its vertical However, the NEXAFS measurement indicates that the sep-
orientation above 258C. The vertical orientation of T7 is more  tithiophene conjugated plane normal is oriented perpendicular
stable because it experiences less coverage loss at high temto the long axes of the ribbons (and perpendicular to the surface),
peratures! not parallel to them as is typical for rods or ribbons of

The precursor pre-T7 exhibits an orientation transition that conjugated molecules: 37 The ribbons become soft terraces
is not related to chemistry. The as-cast pre-T7 exhibits a slight midway through conversion at 17& and, finally, become sharp
tendency toward horizontal, edge-on orientation, buRkelues terraces after full conversion. The terrace height corresponds
are near zero, indicating that the molecules may be mostly well to the~3 nm length of vertically oriented T7 molecules.
disordered. At temperatures between 75 and A@ppre-T7 Guidelines for molecular design are especially useful if the
assumes a horizontal, plane-on orientation. This second orientamicrostructure that results from a specific primary chemical
tion of the precursor is stronger than the as-cast orientation, structure can be correlated to performance in devices. The
and it is likely that the material has become significantly more saturation field-effect hole mobility of T7 is strongly correlated
ordered. During casting, pre-T7 may assume a mostly amor-to its molecular orientations determined from NEXAFS and its
phous phase where packing is arrested due to the low moleculaisurface morphology determined from AFM. The variation in
diffusivity of pre-T7 and the high volatility of the casting field-effect mobility with treatment temperature is shown in
solvent, chloroform. Work with sexithiophene films has shown Figure 5. As-cast, the films exhibit a low mobility 6104
that kinetically favored phases can be created in a similar way cm?(V s), which corresponds to a disordered microstructure
using fast evaporative depositidhHeating above 50C must and a surface morphology of soft, unconnected plates. At
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b)
75°C

d)
250°C

a)

disorder with horizontal

some edge-on plane-on vertical

edge-on

Figure 4. Variation of the T7 surface morphology with treatment temperature. AFM images are>x 1 um and indicate height with a 20 nm
range.

4 to pack with its core parallel to the substrate plane. Future work
will examine the effects of replacing the oligothiophene core
with other aromatic moieties to change the packing force of
affinity without significantly altering molecular dimensions.
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