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Abstract
The study was made of the addition effect of phenol derivatives on the conductivity enhancement of PEDOT:PSS films prepared from the aqueous coating mixture of phenol derivatives and PEDOT:PSS. This study made it clear  that, 1) most of phenol derivatives used here had a good conductivity enhancement ability, of which SP values are around 15, 2) there is some electronic interaction between 26DMPC and PEDOT:PSS in the slurry and in the solid state, which makes the conjugate bond longer, resulting in the conductivity enhancement, 3) such interaction brings about the combination of PEDOT:PSS nano-particles and makes the PSS layer thinner, which might result in the conductivity enhancement of PEDOT:PSS.

1.
Introduction
Indium tin oxide (ITO) used as a transparent conductive material involves some problems such as poor mechanical flexibility, indium scarcity and high production cost. Many researchers have been studying new transparent conductive materials such as poly(3,4-ethylenedioxythiophene) (PEDOT:PSS), silver (Ag) nanoparticles, and nano-carbons such as carbon nanotube (CNT) and graphene as a substituent for ITO. PEDOT:PSS has been attracting considerable attention, since its thin film exhibits a high conductivity and transparency, but it has not conductivity and transparency enough to be replaced for ITO when it is coated as a thin film. Therefore, lots of secondary dopants such as ethylene glycol (EG) and dimethyl sulfoxide (DMSO), dimethyl formamide (DMF) have been proposed and applied to PEDOT:PSS for the conductivity enhancement1-4). Recently, the effect of phenol on the conductivity enhancement of PEDOT:PSS was studied. It was reported that the conductivity of PEDOT:PSS was improved to 1193 S/cm after treatment with phenol vapor and 1054 S/cm5). Most of secondary dopants are liquid, so dropping method and washing method have been applied to enhance the conductivity of PEDOT:PSS films. There is less study about the solid second dopants. The authors have been studying the effect of solid phenol derivatives on the conductivity of PEDOT:PSS. In this paper the effect of solid phenol derivatives on the conductivity enhancement of PEDOT:PSS in the coating method and its probable conductivity enhancement action mechanism will be discussed. 
2.
Experimental
2.1. 
Materials and regents
PEDOT:PSS aqueous solution was purchased from Sigma Aldrich company (now Merck company). Its concentration was 1.3% by weight, and the weight ratios of PEDOT and PSS in PEDOT:PSS were 0.5 wt% and 0.8 wt%, respectively. 28 kinds of phenol derivatives  (Pyrogallol, 2,6-Dihydroxymethyl-4-methylphenol (26DMPC), 2,4-Dihydroxymethyl-6-methylphenol (46DMOC), 4-Ethyl-2,6-dihydroxymethylphenol
(26DMPEP), 2-Ethyl-4,6-dihydroxymethylphenol
(46DMOEP), 1,4-Dihydroxy-2,6-dihydroxymethylbenzene
(26DMPMeHQ), 4-Ethyl-2,6-dihydroxymethylphenol
(26DMPFP), 2,6-Dihydroxymethyl-4-(methylthio)phenol
(26DMPSMe), 4-Isopropyl-2,6-dihydroxymethylphenol (26DMPIPP), 4-tert-Butyl-2,6-dihydroxymethylphenol (26DMPTBP), Bis(4-hydroxy-3-hydroxymethyl-5-methylphenyl)methane (DM-BIOC-F), 2,2'-Bis(4-hydroxy-3,5-dihydroxymethylphenyl)propane (TM-BIP-A), Bis(4-hydroxy-3,5-dihydroxymethylphenyl)sulfone (TM-BIP-S)
, 2,3,4,4'-Tetrahydroxybenzophenone
 (4HBP), 4,4'-Dihydroxydiphenylsulfone (BPS), 4,4'-Dihydroxydiphenylsulfide (P-S-P), 4,4'-Dihydroxydiphenylether (P-O-P), 2,4'-Dihydroxydiphenylsulfone (BPS-24), Bis(3,4-dihydroxy-6methylphenyl)methane (BI4MC-F), 2,6-[Bis(2,4-dihydroxyphenyl)]methyl-4-methylphenol (BIR-PC), 2,6-[Bis(2,3,4-trihydroxyphenyl)]methyl-4-methylphenol (BIPG-PC), Sulfonation product of 2,6-[Bis(2,4-dihydroxyphenyl)]methyl-4-methylphenol (BIR-PC-SOH), [Bis(3,4-dihydroxy-6methylphenyl)methyl]benzene (BI4MC-BZ). Bis(3,4-dihydroxy-6methylphenyl)-(3,4-dihydroxyphenyl)methane (BI4MC-34DHBZ), trans-3-[Bis(3,4-dihydroxy-6-methylphenyl)methyl]phenyl-2-propenoic acid (BI4MC-BZ-COOH), trans-3-[Bis(4-hydroxy-2,5-dimethylphenyl)methyl]phenyl-2-propenoic acid (BI25X-BZ-COOH), 9-(4-Hydroxybenzyl)-10-(4-hydroxyphenyl)anthracene (BIP-ANT), 9-(4-Hydroxy-3,5-dihydroxymethylbenzyl)-10-(4-hydroxy-3,5-dihydroxymethylphenyl)anthracene
(TM-BIP-ANT)) were used without further purification. The solubility parameters (SP) of the phenol derivatives were calculated according to the literature6,7). SP values of PEDOT and PSS were based on the literature8,9).
2.2. 
Preparation of PEDOT:PSS films treated with phenol derivatives 
PEDOT:PSS aqueous solution (1.3wt%) was mixed with aqueous phenol derivative solution (1.0wt%, partially added with small amount of iso-propylalcohol for dissolution), where the weight ratio of phenol derivative to PEDOT:PSS was changed from 0 to 4.0 (0.10, 0.25, 0.50, 1.0, 2.0, 4.0). The aqueous mixture was ultrasonically dispersed well and coated on the commercial glass substrate (2.0cm×2.0cm×1.0mm(thickness)) for an optical microscope. The coated glass plate was dried on the hot plate at 70℃ for 0.5 hr and heat-treated at the temperature of 120℃ for 0.5hr and 170℃ for 0.5hr. The thickness(t) of PEDOT:PSS films was calculated according to the following equation (Eq. 1) 

	     t = (Wc－Wg)/d･S 
	(1)


Wc:Weight of coated glass plate (g), Wg:Weight of glass plate (g)
d:Calculated density of coated layer (g/cm3), S:Area of coated layer (cm2)
2.3. 
Characterization of PEDOT:PSS films

2.3.1. Measurement of surface resistivity (Rs) and volume resistivity (ρ) 
The Rs values of the PEDOT:PSS films formed on the glass plate were measured by the four-point probe device Loresta-GP (MCP-T610, Mitsubishi Chemical Co. Ltd.) and Model152 (Treck Japan co. ltd.) under the following condition; temperature: 20-25 ˚C, humidity: 45-60 %, voltage: 100 V. The volume resistivity (ρ) was calculated from Rs value and the film thickness(t) according to the following equation (Eq. 2).
	ρ (Ω･cm) = Rs (Ω/□) × t (cm)
	(2)


2.3.1. Measurement of particle size and zeta(ζ)-potential 
The particle-size and ζ-potential of aqueous PEDOT:PSS/phenol derivative mixture dispersion were measured by the use of the ζ-potential & size analyzer with a titrator, ELS-Z (Photal Otsuka electronics Co. Ltd in Japan), keeping the concentration of PEDOT:PSS constant (conc.; 0.060 %) and changing the weight ratio of phenol derivative to PEDOT:PSS from 0.020 to 0.10wt%. 
UV spectra of PEDOT:PSS/phenol derivative/water suspension with the different weight ratio of phenol derivative to PEDOT:PSS and heat-treated PEDOT:PSS films were measured by UV spectrometry (JASCO UV-650). 

3.
Results and discussion
3.1. 
Addition effect of phenol derivatives on the conductivity of PEDOT:PSS films 
The volume resistivity of PEDOT:PSS was dependent on the species of added phenol derivative. Fig. 1 shows the relationship between the volume resistivity of PEDOT:PSS/phenol derivative and the SP values of phenol derivatives. Most of phenol derivatives showed the decrease of volume resistivity of PEDOT:PSS, but a few phenol derivatives had no conductivity enhancement effect. At any rate phenol derivative with the SP value of around 15 decreased the volume resistivity of PEDOT:PSS in spite of some exceptions. This result is almost the same as the case of diol addition effect study10). This is possibly related to some interaction between PEDOT:PSS and phenol derivatives, resulting in the conductivity enhancement of PEDOT:PSS.
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Figure 1. Relationship between SP values of phenol derivatives and ρ values of phenol derivatives/PEDOT:PSS films (phenol derivatives/PEDOT:PSS ratio = 0.20 (g/g).
Fig.2 shows the addition effect of 26DMPC on the ρ values of PEDOT:PSS films. Its ρ value decreased with the increase of 26DMPC and became lowest around the 26DMPC/PEDOT:PSS ratio of 0.5. The surplus addition of 26DMPC increased the ρ value, since 26DMPC is nonconductive. Then the proper addition of phenol derivative is effective for the decrease of resistivity (increase of conductivity) of PEDOT:PSS. 
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Figure 2. Addition effect of 26DMPC on the ρ values of 26DMPC/PEDOT:PSS films.
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Figure 3. UV-Vis spectra of 26DMPC/PEDOT:PSS films with its ratio of 0 to 3.0 (PEDOT:PSS conc. = 0.20 wt%).
3.3. 
Study on the mechanism for the addition effect of 26DMPC on the conductivity enhancement of PEDOT:PSS 
3.3.1. 
Characterization of 26DMPC/PEDOT:PSS solid films 
The color of 26DMPC/PEDOT:PSS solid films was dark blue and changed a little into light blue with the increase of 26DMPC. Fig.3 shows UV-Vis spectra of 26DMPC/PEDOT:PSS films on the glass slide. PEDOT:PSS and 26DMPC in the solid state had an absorption at the wavelength of 289 and 288 nm, respectively, which overlapped and appeared single peak in 26DMPC/PEDOT:PSS films. In addition, a new shoulder peak appeared around the wavelength of 350 nm, which was attributable to the interaction of PEDOT:PSS with 26DMPC. The new broad shoulder peak at a longer wavelength means that the conjugated bonds of PEDOT:PSS became longer with the increase of 26DMPC, which resulted in the decrease of resistivity, that is, increase of conductivity. That is why 26DMPC is effective for the conductivity enhancement of PEDOT:PSS.
3.3.2. 
Characterization of 26DMPC/PEDOT:PSS/IPA/water solution  
PEDOT:PSS is not perfectly dissolved but nano-dispersed in water, IPA and IPA/water mixture, since PEDOT:PSS is nano-particle. Fig 4 shows the UV-Vis spectra of 26DMPC/PEDOT:PSS in IPA/water solution (PEDOT:PSS=0.02 wt%, IPA conc. = 75%). PEDOT:PSS and 26DMPC in the solution had an absorption at the wavelength of 290 and 288nm. In addition, PEDOT:PSS had two very small shoulder peaks at the wavelength of 285 and 296nm. The two shoulder peaks disappeared with the increase of 26DMPC, but a new peak appeared at the wavelength of 296nm at the 26DMPC/PEDOT:PSS weight ratio of 0.5. This new shoulder peak moved at a little longer wavelength with the increase of 26DMPC (291 nm). This new peak at a longer wavelength means the presence of interaction between PEDOT:PSS and 26DMPC, which is attributable to the evolution of phenoxide ion (PhO-). 
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Figure 4. UV-Vis spectra of 26DMPC/PEDOT:PSS with its ratio of 0 to 3.0 in IPA/water slurry (PEDOT:PSS conc. = 0.020 wt%).
Fig.5 shows the change of the average particle size of PEDOT:PSS with the addition of 26DMPC in the IPA/water (IPA=75%) slurry (PEDOT:PSS conc. = 0.20 wt%). The particle size of PEDOT:PSS increased with the increase of 26DMPC. In particular, its particle size got almost twice as large as the initial. This increase of the particle size is considered to be attributable to the coupling of PEDOT:PSS nano-particle, which is promoted by the addition of 26DMPC. 
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Figure 5. Change of the particle size of PEDOT:PSS with the increase of 26DMPC in IPA/water slurry (PEDOT:PSS conc. = 0.20 wt%).
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Figure 6. . Change of the ζ-potential of PEDOT:PSS with the increase of 26DMPC in IPA/water slurry (PEDOT:PSS conc. = 0.20 wt%).
Fig.6 shows the ζ potential change of PEDOT:PSS in the IPA/water slurry with the increase of 26DMPC. The ζ-potential changed to a smaller minus value from -45mV with the increase of 26DMPC, which means the minus charge of the shell of PEDOT:PSS particle got lower by the addition of 26DMPC.  It is considered that the outer shell of PSS layer in the PEDOT:PSS particle got thinner by the addition of 26DMPC. 

3.3.3. Mechanism for the effect of 26DMPC on the conductivity enhancement of PEDOT:PSS 
As mentioned above, when 26DMPC is added into the PEDOT:PSS solution, the interaction between them produces the phenoxide ion (PhO-) of 26DMPC which can act as a dopant. Therefore, PSS bonded with PEDOT is easily freed from PEDOT, where PSS/PEDOT ratio decreases to result in the increase of conductivity. At that time PSS layer gets thinner, where PEDOT:PSS nano-particles are easily coupled to become larger than the initial. 

4.
Conclusions

The study of the addition effect of phenol derivatives, in particular 26DMPC, on the conductivity of PEDOT:PSS disclosed that  

1) most of phenol derivatives used here had a good conductivity enhancement ability, of which SP values are around 15.  

2) there is some electronic interaction between 26DMPC and PEDOT:PSS in the slurry and in the solid state, which makes the conjugate bond longer, resulting in the conductivity enhancement.

3) such interaction brings about the combination of PEDOT:PSS nano-particles and makes the PSS layer thinner, which might result in the conductivity enhancement of PEDOT:PSS.
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