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ABSTRACT: Poly(3-butylthiophene) (P3BT) is a much less studied conjugated polymer despite its high
crystallizability and thus excellent electrical property. In this work, morphology of P3BT at different crystalline
polymorphs and solvent/thermal induced phase transition between form | and Il modifications have been intensively
investigated by using optical microscopy, electron microscopy, differential scanning calorimetry, and X-ray
diffraction. It is shown that a direct deposition from carbon disulfide JC& fast evaporation results in P3BT
crystals in form | modification, giving typical whiskerlike morphology. In contrast, low evaporation rate from
CS; leads to formation of form Il crystals with spherulitic morphology, which is so far scarcely observed in
polythiophene. We further show the crystalline transition of P3BT crystals from form | to Il modification upon
controlled solvent vapor treatment (C-SVT), in which both the transition rate and the size of the spherulite obtained
depend on the vapor pressure and treatment time, respectively. We ascribe the driving force for this transition to
the stability differennce of these two modifications in CBowever, form Il transfers reversely back to form |

at about 159C via a solid-solid phase transition at elevated temperature. The transition behaviors of P3BT
crystals upon both solvent vapor treatment and thermal heating at its bulk state reveals that form Il instead of far
more commonly observed form | modification is the thermodynamically stable structure for P3BT at room
temperature.

Introduction crystals having~15 nm in height and 3640 nm in width were

Coni ted pol h ttracted t attention for thei successfully created in the film, in contrast to the usually
onjugated polymers have attracted great attention for their',, .o eq p3AT whiskers with only5 and~15 nm for height

potential applications in inexpensive organic electronic devices and width1%-2L respectively. In particular, these P3BT lamellae

by using solvent-based thin film deposition technolégyPoly- : ; : .
(3-alkylthiophene) (P3AT), as an important p-type semiconduct- adopt a flat-on orientation with respect to the substrétes.

ing polymer with high crystallizability, has been widely used ~ Polymorphism of polythiophene at its crystalline state has
in field-effect transistors (FET)® polymer solar cellg2 and been found on regioregular P3ATs with longer side cHairé

so on. For instance, polymer FETs based on poly(3-hexyl- such as poly(3-octylthiophene) and poly(3-decylthiophene)
thiophene) (P3HT) show very promising performance in both resulted mainly from the strong packing tendency of long
mobility and on-off ratio 2910 P3HT is also one of the most  substituted alkyl segment. There are two modifications, i.e.,
important electron donor materials in high-performance polymer forms | and Il associated with P3AT crystals. The main
solar cells, of which a power conversion efficiency as high as crystallographic difference between these two crystalline
4.4%-6.5% has been recently reported by a few grodgs. polymorphs is the shortea-axis repeat distance of form I

For another key member also in the same P3AT fadfily, compared with that of form |, which is attributed to interdigi-
poly(3-butylthiophene) (P3BT), however, is much less studied tation or tilting of the side chain&-2> However, prior to our
compared with P3HT. The main reason is due to its poor previous publicatiod® no form Il has been explicitly obtained
solubility in the common organic solvents and is thus difficult from P3AT with short alkyl group like P3BT, due mainly to
to perform film deposition for the fabrication of thin film the too weak interaction between the short butyl substitute
devices. Nevertheless, because of its shorter alkyl substitute onsegments. Nevertheless, as a highly crystallizable conjugated
the main backbone, its electrical conductivity and thus free polymer, the morphology and crystallization behaviors of P3BT,
charge carrier mobility should be higher than other poly- Which play a key role in determining its property (functionality)
thiophenes with longer side chaitfs1? Recently, we have  for thin film device applications, are still less understood.
reported that P3BT could be easily dissolved inz,@:“whi_ch_ On the basis of our previous work, in this paper we
paves the way for its potential applications in many thin film = gystematically studied various processes which could result in
devices since the preparation of the solution with enough {he thin P3BT film with different morphology and crystalline
concentration for thin film deposition has been overcome. OUr gircture as well as phase transition from conventional form |
further investigation shows that, as a good solveng i€@ble to Il upon solvent vapor treatment and reverse transition from
to induce P3BT to form crystals in a thin film with completely o || g | at elevated temperature by using optical microscopy,
d|fferent morphology from those typical whiskerlike crystals = gjoc4ron microscopy, differential scanning calorimetry and X-ray
obtained via using the other solvents. As a consequence, Iame”E"‘rdiffratction. We could eventually conclude that form Il, instead

of much more commonly observed form |, is the thermody-
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Scheme 1. Setup Used for Controlled Solvent Vapor Treatment polydispersion distribution index (PDI) of 2.29) was purchased from
(C-SvT)? Rieke Metals, Inc. Carbon disulfide (@Swas purchased from
L — Sinopharm Chemical Reagent Co. LteDichlorobenzene (ODCB,
o r anhydrous, 99%) was purchased from Sigma-Aldrich Co.

pP=0

Thin Film Specimen Preparation from CS, Solution. Thin
P3BT films were deposited from P3BT/gSolution with P3BT
concentration of 10 mg/mL through either the spin-coating or drop-
casting method. Spin-coating (using Laurell Spin Processor WS-
400B 6NPP Lite) was conducted on the precleaned glass cover
slides as the substrates under ambient atmosphere. A rotation speed
within 500—1000 rpm was used to achieve the thin film with
thickness of~120 nm. Drop-casting from the same P3BT{CS
solution was performed on precleaned glass cover slides (for optical
microscopy and TEM) or silicon wafers (for WAXD) under ambient
atmosphere or in a Petri dish with preplaced drops of &8/ent
S0 as to control the solvent evaporation rate via adjusting the amount
of CS; inside.

Controlled Solvent Vapor Treatment (C-SVT). The thin films
for C-SVT experiments were prepared by ustdichlorobenzene
(ODCB) as the solvent. P3BT is dissolved in ODCB at°8by
stirring for 30 min. Thus prepared and cooled solution to room
temperature is used for thin film deposition via spin-coating method
aforementioned.

2Lo is the effective length given by distance from the up edge of  For the experiment of controlled solvent vapor treatment (C-
the setup to the surface of the solvent at the bottom of the tube. The SVT), the pristine films were dipped into a long glass tube (6 cm
actual value ot in this work is 120 cm so as to achieve a stable and .~ 7’ : .
highly resolved gradient of solvent vapor presspre is the distance :jn d;??et?rthang &'20 cm 'rr: Iength% (If]onta'rl'ng solvenr;[. cgrbon
from the up edge of the setup to the specimen position. Solvent vapor 9ISUlllCe at the bottom, as shown in scheme L. Upon achieving an
pressure is given bp = L/Lo, wherep = 1 means saturated vapor  €quilibrium state through the diffusion of solvent vapor within the
pressurgy at a given temperature. tube, a gradient distribution of solvent vapor pressure along the
£ . tal Secti tube will be constructed, from saturated pressure at the bottom to

Xpermental section close to zero at the top. Therefore, all the process was paid much

Materials. Regioregular poly(3-butylthiophene) (P3BT) (97% attention so as to avoid interrupting too much to the vapor diffusion

head-to-tail regioregular conformatioiM,, = 39.4 kDa and equilibrium in the tube. After C-SVT, the film was dried in vacuum

c
asealoul ainssa.d Joden

Figure 1. Bright-field transmission electron microscopy (BF-TEM) images showing morphology of thin P3BT film directly deposited feom CS
solution at different solvent evaporation rates: (a) spin-coated from is@8tion; (b—d) drop-cast from CSsolution with an evaporation time

of (b) ~5 s, (c) 5 min, and (d) 30 min. Insets of (a, b) and (c, d) are selected-area electron diffraction (SAED) patterns and cross-polarized optical
microscopy images, respectively.
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— & T = 7 Results and Discussion
E l E E ——30min
e'e € ----5s 1. Morphology and Crystal Structure of P3BT Prepared
s s g from CS; Solution through Different Solvent Evaporation
== < Rates.As we have reported elsewhéfeCS, has rather high
- 1 E E capability to dissolve regioregular P3BT at room temperature
5 S 8 so as P3BT/Cgsolutions with the concentration up to, e.g., 30
S g . mg/mL could be prepared. The obtained solution with such a
< = S high concentration still demonstrates a lovely orange appearance,
' l l which gives strong indication that rigid P3BT molecules have
/ been well dissolved in GSlt has already been suggested that
T the morphology of thin crystalline P3AT film deposited from
"-wl-..,.\...MI.,...\......:...w---u..l.,.\.....,. its solution is strongly dependent on the corresponding solvent
5 10 15 20 25 30 evaporation rate. As a general consequence, a slower solvent
2Theta (degrees) evaporation usually leads to higher crystallinity or/and less

defects in obtained crystald126Figure 1 shows morphology
of the thin P3BT film as prepared from the same P3BT/CS
solution but with different solvent evaporation rates. The nature

at room temperature for 24 h to remove residual solvent in the of fast solvent evaporat_lon asso_c_lated with the spln-_coatlng
film. method, together with high volatility of solvent €&aving

Characterizations. Wide-angle X-ray diffraction (WAXD) very low boil point 46(.)C. _at 1 atm), resul'_[s In very fast drying
profiles were obtained by using Bruker D8 Discover Reflector with process, and thus solidification of 'Fhe thin film could complete
X-ray generation power of 40 kV tube voltage and 40 mA tube Within a few seconds. Correspondingly, as shown by BF-TEM
current. The diffraction was recorded aa26 symmetry scanning i Figure 1a, no morphological feature could be resolved from
mode with scan angle@2within the range of 5-30°. this specimen. The SAED pattern as an inset shows two

TEM was performed on a JEOL JEM-1011 transmission electron discernible diffraction rings, which correspond to the reflections
microscope operated at 100 kV. Thin films were first floated on from crystallographic (100) and (020) planes associated with
deionized water and then transferred onto copper grid. The samplesform | modification!31° The rather weak reflections of (020)
were dried at room temperature for 24 h before TEM experiments. planes but somehow strong reflections from (100) planes hints

Polarized optical microscopy (POM) investigations were carried the P3BT crystallites are mainly adopted “plane-on” orientation
out by a Carl Zeiss A1lm microscope. with their 7—z stacks piled up on the thin fillhHowever, short

Scanning electron microscopy (SEM) was performed on a XL30 fibril (Figure 1b) dominates the main feature of the drop-cast
ESEM-FEG, FEI Co. film upon a bit increased evaporation time te5 s. The

DSC curves were performed on TA Q100 DSC, both the heating corresponding SAED pattern only shows enhanced diffraction
and cooling rates were set to 2@/min. ring contributed from crystallographic (020) planes of form I.

Figure 2. WAXD profiles of thin P3BT films deposited from GS
solution with different solvent evaporation times.

Figure 3. Optical microscopy (OM) images showing morphology of P3BT film upon @&por treatment at different pressures for given time:

(a) bright-field (BF) OM image of the pristine film spin-coated from ODCB solution; (b) BF-OM image of the film uperv&®r treatment at

0.94 for 24 h, inset is a zoom-in image showing the film is actually composed of small spherulites; (c, d), cross-polarized OM (POM) images of
the film upon C$ vapor treatment at0.96 and~0.98, respectively, for 12 h. All the images have the same scale bar.
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Figure 4. Dependence of average size of P3BT spherulites created in S&Dm

its film on the vapor pressure employed for the treatment. £ _ =

The disappearance of reflections from (100) planes and signifi-
cantly enhanced reflections from (020) planes imply that the
P3BT crystallites in Figure 1b adopt “edge-on” orientation with
their m—x stacks parallel to the thin film. The different
orientations ofr—ax stacks within polythiophene crystallites with
respect to the thin film have been reported on P3HT with
different regioregularities or different deposition methods, where
“plane-on” orientation is observed in P3HT with lower regio-
regularity spin-coated from chloroforf-owever, upon further
increased evaporation time and thus slower evaporation f CS
solvent, P3BT crystallizes into spherulites and their size is still
dependent on the solvent evaporation rate (Figure 1c,d). As has
already been reported by us, the lamellae of the spherulites
interestingly adopt “flat-on” orientation with main P3BT
backbones perpendicular to the film plane and these crystals
take form Il instead of | modificatio®?

As further confirmed by X-ray diffraction shown in Figure
2, the film with short solvent evaporation time% s) only gives
single diffraction peak at@= 6.88, which is corresponding
to (100) reflections of form I. In contrast, for the film obtained
upon a very long evaporation time of ca. 30 min, its XRD profile
is mainly dominated by the diffraction peaks associated with
form 1l P3BT crystals, accompanied by the presence of small
amount of form | structure.

Upon slow solvent evaporation the concentration of polymer
gradually increases until a critical supersaturation reaches, which
subsequently induce nucleation of form 1l P3BT crystals. Similar
to that of crystallization behaviors of the polymer upon cooling
from the melt with different cooling rates, a relatively faster
solvent evaporation rate usually generate more nuclei as a
consequence of the higher supersaturation, which results in more
spherulites and correspondingly smaller size. In contrast, an
extremely low evaporation rate only allows generation of a few _ _
nuclei which gradually grow into very large spherulites. As the _. . o N o .
evaporation rate further_ increases, more nL_JcIel are generatedgr'ggrgf%3g$ f'!’lIrEnlv;r(l)nr:]a?;?nslh%vvl|In3p%rna(él:tgré§rr1§2|r?tna{) :glcae,[?vsel";'th
which however develop into P3BT crystals with form | structure  ow vapor pressurp = 0.94: (a) pristine film spin-coated from ODCB
as a kinetically controlled result. This gives strong suggestion solution; (b, c) treated for 8 and 24 h, respectively. Insets are
that the development of P3BT spherulite with form 1l modifica- corresponding SAED patterns.
tion from CS solution is a thermodynamically favored process.

The typical whiskerlike crystals with form | modification is still the thermodynamically stable form compared with form
obtained from fast evaporation rate is however a kinetically !l from solvent CS.

controlled morphology. Generally, the dependence of crystalline 2. Morphology and Phase Evolution of P3BT upon
form of obtained P3BT crystals on the solvent evaporation rate Controlled Solvent Vapor Treatment. As has already been
should be relevant to the thermodynamic stability of the various pointed out in our previous publicatidhalthough the different
forms directly crystallized from this solvent. Therefore, we doubt crystal forms of P3BT could be obtained through controlling
whether the far more commonly obtained form | P3BT crystal the solvent evaporation rate, the large-scale homogeneity of the




2066 Lu et al. Macromolecules, Vol. 41, No. 6, 2008

SVT)), which entitles the samples with different morphology
including crystallinity, crystallographic structure, and orientation
of these crystals in the thin film. For the convenience, here we
use a combinatiorp( f) to describe the detailed parameters used
during the C-SVT process in this work, wheyeepresents GS
vapor pressure andrepresents the treatment time (Scheme 1).

Homogeneous thin P3BT film could be easily obtained via
the spin-coating method from is-dichlorobenzene (ODCB)
solution, as verified by optical microscopy and TEM shown in
Figure 3a and Figure 5a, respectively. These thin films are
actually composed of long whiskerlike crystdl&-33of P3BT
b with homogeneous distribution throughout the whole film. The
5 10 15 20 25 30 spherulite of P3BT is su_bsequently achieve_d upon exposure to

2Theta (degree) solvent C$ vapor. The size of these spherulites is nevertheless
) ] ] dependent on the solvent vapor pressures applied. As shown in
E'g“ge'gi' fx\r/Az)E% Fzg)’f';?]q?)fj%?;sf'f'g? ggoh” (gf’ vapor treatment at Figure 3b, spherulites with rather small size arouneh2are
obtained from the film treated at (0.94, 24 h). However, these

thin film cannot be ensured due to the intrinsic disadvantage of small and even immature spherulites throughout the whole film
sample preparation via static casting. Therefore, it would be endow the thin film with integrity and homogeneity within large
better to have the homogeneous thin films first prepared by spin-area. The spherulites could be increased to ca. 15 apth2
coating. These films are then undergone solvent vapor higher vapor pressures, e.g., (0.96, 12 h) and (0.98, 12 h),
treatment®-27-31 with controlled vapor pressure and treatment respectively, as employed for the treatments. Figure 4 gives the
time (here we call it “controlled solvent vapor treatment” (C- plot of average diameters of P3BT spherulites obtained vs the

(100) Form |
(100) Form I

Intensity

Hfa_r.ln i
1000y GE 9.9

RN A . L ulenss e
Figure 7. Scanning electron microscopy (SEM) and TEM images showing evolution process of P3BT crystals from form | to [| modification upon
CS; treatment at elevated vapor presspre= 0.96. (a) SEM image demonstrating the coexistence of the two modifications in the film after a
treatment of 4 h. (b) SEM image showing a complete morphology of a spherulite after 12 h treatment, which hints the transition has almost
completed. (c) TEM image and corresponding SAED pattern (d) confirm the crystal structure of form Il and orientation of lamellae associated with
the spherulite.
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vapor pressure applied during the treatment. The increased vapor
pressure on the one hand enhances mobility of P3BT molecules
within the film and, on the other hand, results in more solvent
molecules absorbed into the film, and only those nuclei larger
than critical size of form Il could survive and eventually grow
up into larger spherulites, as suggested by the Kelvin (or Gibbs
Thomson) equatioff-3®> Consequently, the size of achieved
P3BT spherulites increases with £&por pressure used for | e |
the treatment. 0 P, P, P; 1

The transition mechanism from whiskerlike crystals t0 Figure 8. Schematic illustration showing the dependence of crystal-
lamellae associated with the spherulites upon solvent vaporlization rate of form Il Reysei1) and dissolution rate of form Riissor-1)
treatment could be interpreted in terms of crystal nucleation ?%hg V?{)OF pres;gre; ?egoégigg:ssttﬁéﬂgg g(ilsjt?él;tiogiﬁfé?tc?f ;?;fl\;
and g_rowth. M|crosqop|cally, this transition is actually c_arned at anyzfornnqjssk.”For Pgsé)?'trgated by ©&por at room tgmperatu?/el P
out via reorganization or recrystallization process with the ~ 094 R~ 0.96-0.98, and P~ 0.98-1.0, as determined in this
presence of solvent GSwhich should be strongly related to  work.
the different stability (solubility) of forms | and 1l in the solvent.
Anyway, form | of P3BT crystals should be dissolved first upon
exposed to the solvent vapor, followed by the formation of form
Il crystals. However, no phase transition could be observed at
vapor pressurp < 0.94, which hints that P3BT crystals in form
| are not dissolved by the vapor and this form is still the stable
one at this vapor pressure. 8J/g

To further illuminate the detailed morphology evolution
process during the treatment, Figure 5 gives TEM micrographs
of the thin films upon vapor exposure for different times at vapor
pressurep = 0.94, which is the minimum pressure to induce
this transition. Upon a treatment of 8 h, P3BT spherulites have Form | from ODCB
nucleated as their nuclei randomly dispersed in the thin film a
with background of form | whiskers (Figure 5b). After a
treatment of 24 h, P3BT spherulites with a size ef4lum
appear on the film. However, as also shown on this image, there
are still certain amount of whiskerlike form | crystals staying
together with these spherulites. X-ray diffraction profile (Figure
6a) confirms that both form | and Il crystals are actually
coexistent upon the treatment at (0.94, 24 h). By resorting to
the Debye-Scherrer equation, the crystal size along given
crystallographic planes could be estimated. Correspondingly,
the size along crystallographeaxis (or [100] direction) for
both the original whiskerlike crystals in form | and new
developed spherulites are determined to be 4.6 and 13.2 nm,
respectively. This result again confirms that the size of form |l
P3BT crystals is much larger than that of ford#ffas directly
evidenced along the [100] direction using TEM and AFM
measurements.

However, P3BT is able to nucleate and grow toward form |l l b
crystals within shorter timefo4 h at slightly elevated vapor A
pressurep = 0.96. As shown by SEM in Figure 7a, the T T T T 1
overlapping between whiskers of form | crystals and the 5 10 15 20 25 30
nucleated spherulites of form Il on the thin film can be clearly 2Theta (degree)
observed, as indicated by the arrows inserted. As treatment timeFigure 9. (a) DSC heating thermograms of P3BT crystals slowly

o ; .-~ Crystallized from Cg solution (upper trace), a second heating trace
is increased to 12 h, those spherulites grow up by depleting after cooling down to room temperature from the melt (middle trace),

form | whiskers surrounded and eventually no remaining anq p3BT crystals crystallized directly from ODCB solution (lower
whiskers can be obviously observed (Figure 7b). TEM observa- trace). (b) XRD profile showing form | modification of P3BT crystals,
tion on thus obtained spherulites (Figure 7c) shows their much which is initially prepared via slow solvent evaporation from,CS
more pronounced lamellae individually than those lamellae Solution, followed by heating to 18tC and finally cooled to room
obtained upon a treatmentgt= 0.94, as shown in Figure 5c. temperature. Inset shows sample preparation scheme.

The corresponding electron diffraction pattern (Figure 7d)  Therefore, for the treatment employed vapor pressure below
confirms the majority of the lamellae adopt flat-on orientation p = 0.94, almost no transition could be observed. For the
with respect to the film plane and these lamellae grow along treatments with vapor pressures in betwpen 0.94 and 0.96,
crystallographid-axis. As further proved by the X-ray diffrac-  the transition from | to Il modification does take place, which
tion profile given in Figure 6b, the P3BT film experienced a even could be a complete transition provided that long enough
treatment at vapor pressupe= 0.96 for 24 h has already time is given. Nevertheless, for the treatments performed at too
resulted in almost complete transition from form | to Il high vapor pressure, e.gp,> 0.98, any forms of P3BT crystals
modification. will be definitely dissolved by the too much solvent absorbed
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Figure 10. (a) Comparison of UVvis absorption spectra of the same P3BT film composed of form Il crystals obtained via solvent vapor treatment
and of form | crystals transferred from form Il upon cooling from T&to room temperature. (b) Bright-field TEM image and (c) corresponding
SAED pattern of form | P3BT crystals, obtained from form Il upon heating. SAED pattern reveals that the P3BT lamellae adopt a flat-on orientation
andsz— stacking (020) (shown by arrow) is along elongated direction of the crystals.

on the samples. As a result, the homogeneity of the film will will be dissolved with further increased vapor pressure above
be completely destroyed resulted from the dewetting between P, which is very close to the saturated vapor pressure of CS
the film and substrates as the occurrence of an instability at room temperature.
associated with the thin liquid film, e.g., Rayleigh instabifify3° As a post-treatment method particularly suitable for thin film
To rationalize this strong dependence of the crystallographic to carry out morphology optimization, both the appropriate vapor
transition on solvent vapor pressure applied, those parametergressure and treatment time depending on the materials involved
including dissolution of form | crystals and crystallization of in the thin film should be deliberately chosen so as to carry out
form Il crystals from the solution are introduced for consider- the treatment. These considerations are highly comparable to
ation. It is correspondingly proposed that this transition has to another much popular treatment method thermal annealing,
be initially induced by the dissolution of form I in the solvent. where annealing temperature and time should be also prede-
As shown in Figure 8, the crystallization rate of formRgsti) termined according to the melting point of the materials.
is assumed to be increased with vapor pressure at low vaporSimilarly, one of the most important criterions to choose an
pressure. Despite of much high stability of form Il crystal in appropriate vapor pressure is the stability (or solubility) of the
CS; vapor, it will be eventually dissolved at extremely high material (or its specific phase) in the solvent. For instance, the
vapor close to saturated pressure. Therefore, for the treatmenthin regioregular poly(3-hexylthiophene) (P3HT) film starts to
with vapor pressure in betwedh andP,, form | crystals are dissolved in Cg vapor atp = 0.73 where the film color
gradually dissolved, and those dissolved part simultaneously gradually changes from dark purple to orange. This dissolution
transits to Il modification. For vapor pressure higher tiffan point (p ~ 0.73) is much lower than that of P3BP ¢ 0.98)
form | is dissolved completely within a very short time, and because of longer substituted side chain on the main poly-
thus a thin liquid layer is first obtained, followed by crystal- thiophene backbone, which leads P3HT more easily to be
lization of P3BT from the solution, and eventually form Il dissolved by C&even in the same crystalline state.
modification is achieved. Vapor pressure pdatis a critical 3. Reverse Phase Transition of Form Il Back to |
value whereRyyse-1 = 0. P3BT crystals in any modifications ~ Modification upon Heating. As a relatively thermodynamically
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stable form prepared from slowly evaporated,G8lution or
upon solvent Cgvapor treatment, the thermodynamic behavior
of form Il P3BT crystal upon heating process could reflect
whether this observed behavior is only valid for the behavior
from the solution by using solvent @8r a general character-
istics of form Il in the all cases including thermodynamics in
its bulk state without any solvent. As shown in Figure 9a, DSC
heating curves of form Il P3BT crystals as prepared from slowly
evaporated CSsolution shows two endothermic transitions with
AH 19 J/g and 29 J/g, respectively. XRD profile has
confirmed the pristine sample is mainly composed of form Il

crystals. Therefore, the first endothermic peak at heating trace

Poly(3-butylthiophene) 2069

increase the property of this polythiophene. The sesidlid
transition at elevated temperature from type Il to | structure
could also be employed to fabricate form | crystals eventually
with high crystallinity and flat-on lamellae orientation in the
thin film via constructing highly crystalline form Il modification
as the initial state.

Acknowledgment. This work was supported by National
Natural Science Foundation of China (Grant No. 20604029).
X.Y. thanks the Fund for Creative Research Groups (Grant No.
50621302) for financial support.

should be attributed to a phase transition. For the samplesReferences and Notes

prepared from ODCB solution or from melt crystallization, only
an endothermic peak around 280 which is associated with
the melting temperature of P3BT crystals (form 1) is observed.
To further disclose this transition around 158 of form II,
the sample was heated to 18CQ, where the transition has
completed. Afterward, the sample was cooled to room temper-
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trace is actually a solidsolid phase transition of Il to |
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with different crystallographic forms and solvent/thermal in-
duced phase transition between conventional forms | and Il by
using, e.g., POM, TEM, SEM, DSC, and XRD. Form |
modification of P3BT, which is the most frequently observed
phase with typical whiskerlike morphology, is directly deposited
from CS solution with fast solvent evaporation. In contrast,
slow solvent evaporation from GSolution results in P3BT
crystals in form Il modification. Form | will be gradually
transferred to form Il upon controlled solvent vapor treatment
by using C$. This transition is actually induced by the different
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