Lhagmi o154k 1

Journal of Functional Polymers

DOI: 10.14133/j. cnki. 1008-9357. 20180709002

BREHBENE (-CEEW) FEEAESENS 5 TFEERSZ N
x| ', MiEE, ALY, 2FEL
( FHMAEKRFHIELEZ, LE F5 266061)
BB LR GO (P3HT) ABFFME, BT . 5 - IR B 20 S % 5 T VA R
R P PTG 554 5 50 TR (OB 45 ). VAR PIHTIN 4 THEH RS2 AR (OB, 4 P3HTIA A1 5
AL VA PR B R S SRR FC [ P THEABE Y P T A0 55 4 0 S 2V L O B T L b A e, LA
ST P3HTHEMR J5 W PO P I T 6 V- 1 4 5 oA LA PR B0, eAb, VAR 2 O S B0 T3 ) ph T

Ty A il B 5 2
X@F: R G-TEED) ; #EH; 2T BflEA

hESHS:  R318.08 YaktirEm: A

Effects of Solvent Boiling-Point on Chain Structure and Molecular
Orientation in Poly(3-hexylthiophene) Thin Film

LIU Ke*, YANG Qing-lei, TANG Ya-ming, WANG Ze-hua
(College of Mathematics and Physics, Qingdao University of Science & Technology, 266061 Qingdao,
China)
Abstract: Poly(3-hexylthiophene) (P3HT) used in organic field effect transistors, polymer solar cells and so on has
been receiving continuous attentions. The conformation of individual chains and the degree of the n-r stacking are
considered to be the important factors to determine the device performance. As the solution-processing material,
there is no doubt that the solvent property such as solubility and boiling-point affects the structures in
poly(3-hexylthiophene) solid film. However, there is no consistent conclusion that which factor makes the main
contribution. In this work, by using Fluorescence correlation spectroscopy, UV-Vis spectroscopy, and
reflection-absorption infrared spectroscopy, the effect of the solvent property including solubility and boiling-point
on the P3HT lamellar structure in the solid film is investigated. Four different solvents-carbon disulfide, chloroform,
toluene, and chlorobenzene were employed. Here we find that P3HT molecules take the more extended

conformation in the good solvents of carbon disulfide and chlorobenzene which show the higher solubility to P3HT,
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compared to the poor solvents of toluene and chloroform. However, in the solid state, the solvent boiling-point
plays the important role in the lamellar structure. Firstly, the better backbone planarity comes from the film
deposited from the solution in which the solvent has higher boiling-point. Furthermore, the n-r interaction between
adjacent molecular chains is also improved with the increasing solvent boiling-point. Besides, the molecular
orientation is also affected by the solvent boiling-point. The prolonged solvent evaporation time attributed from the
higher boiling-point of toluene and chlorobenzene prefers to induce the “edge-on” orientation of P3HT, whereas the
“face-on” orientation exists in the film spin-coated from carbon disulfide and chloroform with lower boiling-points.
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Fig. 1 Schematic diagram of RAIR measurement
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Fig. 2 Time traces for 1 nmol/L P3HT dissolved in (a) carbon disulfide, (b) chlorobenzene, (c) chloroform, and (d)
toluene. Corresponding normalized autocorrelation curves for the samples are shown in (e)—(h). The solid lines

represent the fitting curves by Equation (1)
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Fig.4 UV-Vis absorption spectra of P3HT films spin-coated from different solutions (a) and the spectra of P3HT

solutions (b). The spectra are normalized to the maxima of the absorbance
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Fig. 5 Wavelength change of absorbance 1 and the change of intensity ratio of absorbance 3 to absorbance 1 as a

function of solvent boiling-point
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Fig.8 Change of intensity ratio of 6 (Cs-H) mode to vs (C=C) as a function of solvent boiling-point (The red line is
the result of the linear fit to the data points; The inset shows the schematic diagram of the “plane-on” orientation

and the “edge-on” orientation)
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Fig. 9 AFM topography images of P3HT film spin-coated from carbon disulfide (a) and chlorobenzene (b)
3 & R

(1) HETARBAFERM=ZGR L, PIHTH FASAEMBRER RBT MUK EE D REE RREH
&, MESHEARFPIHTH R BEEMTEZATSSNRM: A#HmlsS, TETEEST; BPNEESr
MHE/ER#EE.

(2) BB SR MERIEAPIHTI 2 F B : BURIE 2 AR SRR IE L I EKSHEPIHTS FRE “i4
FLE” MBEAN, MEHRKERNZRUERM=SPREROPIHTERAR, 7FXRM “EHHAL” BE.

SE Mk :

[1] &R, ERH, B, 5. IR K& R SR RERT St RE ()], DhBEm 70 7544, 2004,
17(3): 535-541.

[2] ZHANG T, Yuan Y, CUI X, et al. Impact of side-chain length on the phase structures of P3ATs and P3AT:PCBM films
as revealed by SSNMR and FTIR [J]. Journal of Polymer Science Part B: Polymer Physics, 2018, 56(14): 751-761.

[3] YANG H, SHIN T, YANG L, et al. Effect of mesoscale crystalline structure on the field-effect mobility of
regioregular poly(3-hexyl thiophene) in thin-film transistors [J]. Advanced Functional Materials, 2005, 15(4): 671-676.

[4] GOFFRI S, MULLER C, STINGELIN-STUTZMANN N, et al. Multicomponent semiconducting polymer systems
with low crystallization-induced percolation threshold [J]. Nature Materials, 2006, 5(12): 950-956.

[5] KIM JY, LEE K, COATES NE, et al. Efficient tandem polymer solar cells fabricated by all-solution processing [J].
Science, 2007, 317(5835): 222-225.

[6] SIRRINGHAUS H, BROWN PJ, FRIEND RH. Two-dimensional charge transport in self-organized, high-mobility



10 S

conjugated polymers [J]. Nature, 1999, 401(6754): 685-688.

[7] PROSA TJ, WINOKUR MJ. Evidence of a novel side chain structure in regioregular poly(3-alkylthiophenes) [J].
Macromolecules, 1996, 29(10): 3654-3656.

[8] STREET RA, NORTHRUP JE, SALLEO A. Transport in polycrystalline polymer thin-film transistors [J].Physical
Review B, 2005, 71(16): 165202.

[9] HEFFNER GW, PEARSON DS. Molecular characterization of poly(3-hexylthiophene) [J]. Macromolecules, 1991,
24(23): 6295-6299.

[10] KIRIY N, JAHNE E, ADLER HJ, et al. One-dimensional aggregation of regioregular polyalkylthiophenes [J]. Nano
Letters, 2003, 3(6): 707-712.

[11] SCHARSICH C, LOHWASSER RH, SOMMER M, ef al. Control of aggregate formation in poly(3-hexylthiophene)
by solvent, molecular weight, and synthetic method [J]. Journal of Polymer Science Part B: Polymer Physics, 2012, 50(6):
442-453.

[12] YAMAMOTO T, KOMARUDIN D, ARAI M, et al. Extensive studies on mw-stacking of
poly(3-alkylthiophene-2,5-diyl)s and poly(4-alkylthiazole-2,5-diyl)s by optical spectroscopy, NMR analysis, light
scattering analysis, and X-ray crystallography [J]. Journal of the American Chemistry Society, 1998, 120(9): 2047-2058.
[13] BAO Z, DODABALAPUR A, LOVINGER AJ. Soluble and processable regioregular poly(3—hexylthiophene) for

thin film field—effect transistor applications with high mobility [J]. Applied Physics Letters, 1996, 69(26): 4108-4110.

[14] SCHWARTZ BIJ. Conjugated polymers as molecular materials: how chain conformation and film morphology
influence energy transfer and interchain interactions [J]. Annual Review of Physical Chemistry, 2003, 54: 141-172.

[15] LEE S, LEE JY, LEE H. Solvent effects on the characteristics of conductive and luminescent polymers [J]. Synthetic
Metals, 1999, 101(1-3): 248-249.

[16] KHAN ALT, BANACH MIJ, KOHLER A. Control of B-phase formation in polyfluorene thin films via
Franck—Condon analysis [J]. Synthetic Metals, 2003, 139(3): 905-907.

[17] HO PKH, CHUA LL, DIPANKAR M, et al. Solvent effects on chain orientation and interchain m-interaction in
conjugated polymer thin films: direct measurements of the air and substrate interfaces by near-edge x-ray absorption
spectroscopy [J]. Advanced Materials, 2007, 19(2): 215-221.

[18] CHANG J, SUN B, BREIBY DW, ef al. Enhanced mobility of poly(3-hexylthiophene) transistors by spin-coating
from high-boiling-point Solvents [J]. Chemical Materials, 2004, 16(23): 4772-4776.

[19] KLINE RJ, MCGEHEE MD, TONEY MF. Highly oriented crystals at the buried interface in polythiophene thin-film
transistors [J]. Nature Materials, 2006, 5(3): 222—228.

[20] PORZIO W, SCAVIA G, BARBA L, et al. Depth-resolved molecular structure and orientation of polymer thin films


https://pubs.acs.org/doi/10.1021/ma951510u
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.71.165202
https://pubs.acs.org/doi/10.1021/ma00023a035
https://pubs.acs.org/doi/10.1021/nl0341032
https://pubs.acs.org/doi/10.1021/ja973873a
https://pubs.acs.org/doi/10.1021/ja973873a
https://pubs.acs.org/doi/10.1021/ja973873a
https://www.annualreviews.org/doi/abs/10.1146/annurev.physchem.54.011002.103811
https://www.annualreviews.org/doi/abs/10.1146/annurev.physchem.54.011002.103811
https://www.sciencedirect.com/science/article/pii/S0379677903002443
https://www.sciencedirect.com/science/article/pii/S0379677903002443
https://pubs.acs.org/doi/10.1021/cm049617w
https://pubs.acs.org/doi/10.1021/cm049617w
https://www.sciencedirect.com/science/article/pii/S0014305710004726

X3, S EFIPE RN IR (3-CUBEMEWY ) B PYBESS A S 00 BUE A RS R 11

by synchrotron X-ray diffraction [J]. European Polymer Journal, 2011, 47(3): 273-283.

[21] KLINE RJ, MCGEHEE MD, KADNIKOVA EN, et al. Dependence of regioregular poly(3-hexylthiophene) film
morphology and field-effect mobility on molecular weight [J]. Macromolecules,2005, 38(8): 3312-3319.

[22] CHO S, LEE K, YUEN J, ef al. Thermal annealing-induced enhancement of the field-effect mobility of regioregular
poly(3-hexylthiophene) films [J]. Journal of Applied Physics, 2006, 100(11): 114503.

[23] SALAMMAL ST, MIKAYELYAN E, GRIGORIAN S, et al. Impact of thermal annealing on the semicrystalline
nanomorphology of spin-coated thin films of regioregular poly(3-alkylthiophene)s as observed by high-resolution
transmission electron microscopy and grazing incidence x-ray diffraction [J]. Macromolecules, 2012, 45(13): 5575-5585.
[24] WANG D, YORDANOV S, PAROOR HM, et al. Probing diffusion of single nanoparticles at water-oil interfaces [J].
Small, 2011, 7(24): 3502-3507.

[25] KUMAR P, MEHTA A, MAHURIN SM, et al. Formation of oriented nanostructures from single molecules of
conjugated polymers in microdroplets of solution: the role of solvent [J]. Macromolecules, 2004, 37(16): 6132-6140.

[26] RIGLER R, ELSON E. Fluorescence correlation spectroscopy: theory and applications [M]. Springer Verlag, 2001,
75-81.

[27] Thipphaya C, Andreas B, Kaloian K, ef al. Diffusion in polymer systems studied by fluorescence correlation
spectroscopy [J]. The Journal of Physical Chemistry B 2009 113 (11), 3355-3359.DOI: 10.1021/jp809707y.

[28] CHEN SA, NI JM. Structure/properties of conjugated conductive polymers. 1. Neutral poly(3-alkythiophene)s [J].
Macromolecules, 1992, 25(23): 6081-6089.

[29] YANG C, ORFINO FP, HOLDCROFT S. A phenomenological model for predicting thermochromism of
regioregular and nonregioregular poly(3-alkylthiophenes) [J]. Macromolecules, 1996, 29(20): 6510-6517.

[30] BROWN PJ, THOMAS DS, KOHLER A, et al. Effect of interchain interactions on the absorption and emission of
poly(3-hexylthiophene) [J]. Physical Review B, 2003, 67(6): 064203.

[31] ZHAO K, XUE L, LIU J, et al. A new method to improve poly(3-hexyl thiophene) (P3HT) crystalline behavior:
decreasing chains entanglement to promote order—disorder transformation in solution [J]. Langmuir, 2010, 26(1):
471-4717.

[32] SCHARSICH C, LOHWASSER RH, SOMMER M, et al. Control of aggregate formation in poly(3-hexylthiophene)
by solvent, molecular weight, and synthetic method [J]. Journal of Polymer Science Part B: Polymer Physics, 2012, 50(6):
442-453,

[33] SCHERF U, LIST EJW. Semiconducting polyfluorenes-towards reliable structure-property relationships [J].
Advanced Materials 2002, 14(7): 477-487.

[34] MCCULLOCH 1, HEENEY M, BAILEY C, et al. Liquid-crystalline semiconducting polymers with high


https://www.sciencedirect.com/science/article/pii/S0014305710004726
https://pubs.acs.org/doi/10.1021/ma047415f
https://pubs.acs.org/doi/10.1021/ma047415f
https://pubs.acs.org/doi/10.1021/ma300906v
https://pubs.acs.org/doi/10.1021/ma300906v
https://pubs.acs.org/doi/10.1021/ma300906v
https://pubs.acs.org/doi/10.1021/ma048917w
https://pubs.acs.org/doi/10.1021/ma048917w
https://pubs.acs.org/author/Cherdhirankorn,+Thipphaya
https://pubs.acs.org/author/Best,+Andreas
https://pubs.acs.org/author/Koynov,+Kaloian
https://pubs.acs.org/doi/10.1021/ma00049a001
https://pubs.acs.org/doi/10.1021/ma9604799
https://pubs.acs.org/doi/10.1021/ma9604799
https://pubs.acs.org/doi/10.1021/la903381f
https://pubs.acs.org/doi/10.1021/la903381f

12 heem 1%

charge-carrier mobility [J]. Nature Materials, 2006, 5(4): 328-333.

[35] WU Y, LIU P, ONG BS, et al. Controlled orientation of liquid-crystalline polythiophene semiconductors for
high-performance organic thin-film transistors [J]. Applied Physical Letters, 2005, 86(14): 142102.

[36] LI G, SHROTRIVA V, HUANG 1, et al. High-efficiency solution processable polymer photovoltaic cells by
self-organization of polymer blends [J]. Nature Materials, 2005, 4(11): 864-868.

[37] FRANCIS SA, ELLISON AHIJ. Infrared spectra of monolayers on metal mirrors [J]. Journal of Optical Society of
America, 1959, 49(2): 131-137.

[38] ZHANG J, ZHANG D, SHEN D. Orientation study of atactic poly(methyl methacrylate) thin film by SERS and
RAIR spectra [J]. Macromolecules, 2002, 35(13): 5140-5144.

[39] ZHANG Y, MUKOYAMA S, HU Y, et al. Thermal behavior and molecular orientation of poly(ethylene
2,6-naphthalate) in thin films [J]. Macromolecules, 2007, 40(11): 4009-4015.

[40] DONG H, LI H, WANG E, et al. Molecular orientation and field-effect transistors of a rigid rod conjugated polymer
thin films [J].Journal of Physical Chemistry B, 2009, 113(13): 4176-4180.

[41] CURTIS MD, NANOS JI, MOON H, ef al. Side chain disorder and phase transitions in alkyl-substituted, conjugated
oligomers. relation to side-chain melting in P3ATs [J]. Journal of American Chemistry Society, 2007, 129(48):
15072-15084.

[42] WANG X, YUAN Y, HAN L, et al. Effect of solvent annealing temperature on crystal modifications and phase
transition behavior of regioregular poly(3-octylthiophene) [J]. Chinese Journal of Polymer Science, 2014, 32(9):

1158-1166.

[43] YUAN Y, ZHANG Y, CUI X, et al. Rotation-assisted formation of poly(3-butylthiophene) nanowires:
morphology, microstructure, and electrical property [J]. Journal of Polymer Science Part B: Polymer Physics, 2018,
56(14): 1027-1034.


https://www.osapublishing.org/josa/abstract.cfm?uri=josa-49-2-131
https://pubs.acs.org/doi/10.1021/ma011717p
https://pubs.acs.org/doi/10.1021/ma011717p
https://pubs.acs.org/doi/10.1021/ma070021e
https://pubs.acs.org/doi/10.1021/ma070021e
https://pubs.acs.org/doi/10.1021/jp811374h
https://pubs.acs.org/doi/10.1021/jp811374h
https://pubs.acs.org/doi/10.1021/ja076235t
https://pubs.acs.org/doi/10.1021/ja076235t

	[2] ZHANG T, Yuan Y, CUI X, et al. Impact of side-
	[14] SCHWARTZ BJ. 

