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 งานวิจัยน้ีเตรยีมฟลมพอลิอิไมดที่มีซิงกออกไซดขนาดนาโนเมตรกระจายอยูโดยทําไดสอง
วิธีคือ หน่ึงการเติมสารประกอบซิงกลงในสารละลายพอลิเอมิกแอซิดและตามดวยปฏิกิริยาการ
สลายตัวทางความรอนใหไดซิงกออกไซดในเนื้อพอลิเมอร และสองการเติมอนุภาคนาโนของซิงก
ออกไซดลงในพอลิเมอรโดยตรง จากการทดลองพบวาการเติมสารประกอบซิงกทัง้ซิงกไนเตรด 
(Zn(NO3)2) และ zinc hexafluoroacetylacetonate (Zn(hfac)) สามารถถูกเปลี่ยนใหเปนนาโน
อนุภาคของซิงกออกไซดในเนื้อพอลิอิไมดโดยการสลายตวัทางความรอนขณะที่เกิดปฏิกิริยาการ
บมของพอลิอิไมดไดโดยสามารถยืนยันไดจากเทคนิค XRD และจากการศึกษาสมบัติทางความ
รอนของฟลมเหลานี้พบวาเสถียรภาพทางความรอนของฟลมสามารถเรียงไดตามลําดับดังน้ี ฟลมที่
ใสซิงกออกไซดโดยตรง (ZnO/PI) > ฟลมที่ไดจากการใส Zn(hfac) (Zn(hfac/PI) > ฟลมที่ไดจาก
การใสซิงกไนเตรด (Zn(NO3)2/PI) นอกจากนี้สมบัตใินการเปลงแสงนั้นพบวา ZnO/PI > 
Zn(NO3)2/PI > Zn(hfac)/PI จากภาพถาย TEM พบวาอนุภาคในฟลม ZnO/PI ที่ความเขมขนสูง 
(117 mol%) มีลักษณะเปนกลุมกอนที่มีขนาดเฉลี่ย 17 – 90 นาโนเมตร ซ่ึงมีลักษณะการกระจาย
ตัวทั่วเนื้อฟลมแตไมกระจายตวัในระดบันาโนเมตร  
 ขอเสนอแนะสาํหรับงานวิจัยน้ีคือหาสารที่ชวยในการกระจายตวัของอนุภาคซิงกออกไซด
ในเนื้อพอลิเมอร เพ่ือเพ่ิมสมบัติการเปลงแสงและความใสของเนื้อฟลมที่ได 
 
 คําหลัก : พอลิอิไมด; ซิงกออกไซด; นาโนอนุภาค; ฟลูออเรสเซนส; สมบัติเชิงความรอน 
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Abstract 
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 Polyimide (PI) films containing dispersed zinc oxide (ZnO) nanoparticles can be 
prepared from two methods; that is, adding zinc compound into poly(amic acid) solution 
(PAA, PI precursor), followed by thermal decomposition reaction to obtain zinc oxide in 
polymer matrix. The second method is to add ZnO nanoparticles directly into PAA solution. 
From the experiments, it was found that zinc nitrate (Zn(NO3)2) และ zinc 
hexafluoroacetylacetonate (Zn(hfac)) can be converted to be ZnO nanoparticles in 
polyimide matrix by thermal decomposition while polymer imidization occurs, which is 
confirmed by XRD technique. In addition, these hybrid films show the thermal stability in 
order as follows directly added ZnO into PI film (ZnO/PI) > thermally decomposed Zn(hfac) 
in PI (Zn(hfac/PI) > thermally decomposed zinc nitrate in PI (Zn(NO3)2/PI). Meanwhile, 
photoluminescence properties of these films are in the order as follows ZnO/PI > 
Zn(NO3)2/PI > Zn(hfac)/PI. From TEM images, high concentration of ZnO in ZnO/PI films 
(117 mol%) shows the aggregation of ZnO, whose average size is 17-90 nm, which are 
well distributed throughout the film but poorly dispersed in nanometer range. 
 Suggestion for the future study is to use the surfactant to disperse and stabilize 
ZnO nanoparticles in polymer matrix to enhance the photoluminescence and clarity of the 
film. 
  
คําหลัก : polyimide; ZnO; nanoparticle; fluorescence; thermal properties  
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Executive Summary 
 
1. ความสําคัญและที่มาของปญหา 

ในงานวิจัยน้ีเปนการพัฒนาความเขาใจและพัฒนาการทําพอลิอิไมดฟลมซ่ึงมีซิงกออกไซด
ขนาดนาโนเมตรกระจายอยางสม่ําเสมออยู โดยวัสดุน้ีมีศักยภาพที่จะนําไปใชในวัสดุเปลงแสง
พรอมทั้งมีสมบัติการกันรังสียูวี มีเสถยีรภาพทางความรอนสูง และเปนฟลมที่โปรงใสมาก 
พอลิอิไมด (polyimide) มีความแข็งแรงสงู มีสมบัติในการทนความรอนและสารเคมีดีเยี่ยม และ
สมบัติเชิงไฟฟาดีมาก ทาํใหมีการนํามาใชแทนสารอนนิทรียจําพวกแกวและโลหะในอุตสาหกรรม
หลายประเภทเชนอิเลคทรอนิกส และยานอวกาศ นอกจากนี้ยังสามารถที่จะถูกใชเปน optical 
waveguide ในงานโทรคมนาคมและเทคโนโลยีการสื่อสารโดยแสง (optical interconnect 
technology) เน่ืองจากสมบัติเชิงความรอนและเชิงแสงที่ดีเยี่ยมของวัสด ุนอกจากนี้ยังเปนวสัดุที่
สามารถใชเปน short-wavelength light-emitting diodes (LEDs) และ diode lasers ซ่ึงเปนวสัดุที่
มีความตองการมากในการแสดงภาพ (display) การเปลงแสง (illumination) และการเก็บขอมูล 
(information storage)  

นอกจากนี้ซิงกออกไซด (zinc oxide, ZnO) เปนสารกึง่ตัวนําที่มีประโยชนมากเนือ่งจากมี
พลังงาน exciton binding สูง ซ่ึงถูกแสดงโดยการเปลงแสงออกมาอยางมีประสิทธภิาพเมื่อมีการ
กระตุนดวยแสง ถาผลึกซิงกออกไซดที่เปลงแสงไดโดยมีอนุภาคขนาดนาโนเมตรกระจายตวัอยาง
สมํ่าเสมอในวสัดุพ้ืน (matrix) ที่ยืดหยุนได วัสดุชนิดใหมน้ีจะมีประโยชนมากและมสีมบัติเชิงแสงที่
เฉพาะตวัซ่ึงมีแนวโนมที่จะถูกใชในอุตสาหกรรมเทคโนโลยีทางภาพ (visual technology) และการ
แสดงภาพ (display industry) เน่ืองจากในปจจุบันวัสดเุปลงแสงทีใ่ชในผลติภัณฑตาง ๆ ทั้ง LED 
(light emitting diode) และผลิตภัณฑในเทคโนโลยทีางภาพอื่น ๆ ยังมักเปนสารอนินทรียซ่ึงไมมี
ความยืดหยุน ทําใหวัสดุชนิดใหมน้ีสามารถที่จะถูกนํามาใชในงานไดหลากหลายมากขึ้น 
 
2. วัตถุประสงค 

โครงการนี้ศึกษาผลกระทบของขนาดและการกระจายตวัของอนุภาคขนาดนาโนเมตรของ
ซิงกออกไซดในฟลมพอลิอิไมดที่มีตอสมบัตใินการเปลงแสง โดยในงานวิจัยน้ีจะมีการเปรียบเทยีบ
ขนาดและการกระจายตวัของอนุภาคเมื่อมีการเปลี่ยนวธิีการเตรียมฟลมพอลิอิไมดที่มีนาโนอนุภาค
ของซิงกออกไซดอยู ทั้งน้ีเพ่ือการพัฒนาวัสดุเปลงแสงที่มีประสิทธิภาพสูง และสามารถลดตนทนุ
ในการผลติ  
 
3. ระเบียบวิธวีิจัย 
3.1 รวบรวมขอมูลของเอกสารที่เกี่ยวของ (literature review) และเตรียมสารเคมี อุปกรณที่
เกี่ยวของ 
3.2 จัดซื้อมอนอเมอร และนํามาทําใหบริสุทธิ์ และทําใหแหง 
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3.3 เตรียมสารละลายพอลิเอมิดแอซิด (poly(amic acid), precursor ของพอลิอิไมด) โดยผสม
มอนอเมอรตาง ๆ เขาดวยกนัในอัตราสวน 1:1 โดยโมล ภายใน glove box เพ่ือไมใหมอนอเมอร
สัมผัสกับออกซิเจนและความชื้น ในงานวจัิยน้ีจะมีการเลือกใชมอนอเมอร 4 ชนิด เพ่ือหาชนิดที่ทํา
ใหการเปลงแสงของอนุภาคซิงกออกไซดทําไดอยางมีประสิทธิภาพ โดยมอนอเมอรที่มีหมู 
dianhydride ที่ใชในงานวิจัยน้ีคือ 4,4'-(hexafluoroisopropyllidene)diphthalic anhydride (6FDA) 
เปนมอนอเมอรที่มีฟลูออรีนในโครงสรางโมเลกุล และมอนอเมอรที่มีหมู diamine ที่ถูกเลือกมาใช
ในงานวิจัยน้ีมี 3 ชนิดคือ 2,2'-bis(trifluoromethyl)-4,4'-diaminobiphenyl (TFDB), 4,4'-
Diaminodiphenyl Ether (ODA) และ 4,4'-Methylenebis(cyclohexylamine) (DCHM) ซ่ึงการ
เลือกใชมอนอเมอร 3 ชนิดนี้เน่ืองจากมอนอเมอรแตละชนิดมีสูตรโครงสรางโมเลกุลตางกัน ทําให
พฤติกรรมการเปลงแสงเม่ือถูกกระตุนดวยแสงยวูีตางกัน   
3.4 เตรียมสารละลายพอลิเอมิดแอซิดที่มีสารประกอบซิงกกระจายตวัอยูโดยการเตรียมสารละลาย
น้ีจะปรับเปลีย่นวิธีการใสซิงกออกไซด 2 วิธีและเปรยีบเทียบผลนั่นคือ 

1. ใชวธิีการสลายตวัของสารประกอบซิงก หรือเกลือของซิงก ใหไดซิงกออกไซดขณะบม
ฟลมพอลิเอมิก แอซิดในตูอบความรอนสงูเพ่ือใหเกิดปฏิกิริยาอิมิไดเซชั่น (Imidization) และ
เปลี่ยนเปนฟลมพอลิอิไมด ซ่ึงในงานวิจัยน้ีไดเลือกใช Zinc hexafluoroacetylacetonate 
dehydrate (Zn(hfac)), Zinc acetylactonate hydrate (Zn(ac) และ Zinc Nitrate Hexahydrate 
(Zn(Ni)) เปนสารตั้งตนซิงก โดยผูเสนอขอทุนไดทดลองเบื้องตนขณะทําวิจัยทีญ่ี่ปุนกับอาจารย 
Ando และสามารถทําใหสารประกอบเหลานี้เปลี่ยนเปนนาโนอนุภาคซิงกออกไซดไดในขณะบม
ฟลมสารละลายพอลิเอมิก แอซิดใหไดฟลมพอลิอิไมดออกมา 

2. ใสอนุภาคขนาดนาโนเมตรของซิงกออกไซด (ที่จัดซื้อมา) ลงในสารละลายพอลิเอมิดแอ
ซิด โดยใส stabilizer (ในงานวิจัยน้ีเลือกใชสาร 3-[Tris(trimethylsiloxy)silyl]propyl methacrylate 
(TPM) เปน stabilizer) ลงไปพรอมกันเพ่ือใหซิงกออกไซดกระจายตวัไดดี (จากนั้นทําการทดสอบ
เวลาที่อนุภาคสามารถกระจายตัวและแขวนลอยอยูในสารละลายพอลเิอมิก แอซิดกอน เพ่ือจะทํา
ใหรูวา stabilizer ชนิดที่เลอืกมา ทําหนาที่ไดดี และอนุภาคสามารถแขวนลอยอยูไดนานพอที่
สารละลายพอลิเอมิก แอซิด จะถูกบมเปลีย่นเปนฟลมแข็งของพอลิอิไมดไดโดยนาโนอนุภาคไม
เกาะกลุมกัน และเม่ือฟลมเปนของแข็ง นาโนอนุภาคของซิงกออกไซดจะถูกตรึงไวโดยฟลม) 
3.5 เตรียมฟลมพอลิอิไมดที่มีอนุภาคขนาดนาโนเมตรของซิงกออกไซดกระจายตวัอยูโดย 

1. หยดสารละลายพอลิเอมิดแอซิดลงบนแผนซิลิกอนซึง่วางบนเครื่อง spin coater ที่ตั้งอยู
ในบริเวณที่ปลอดฝุน เพ่ือไมใหสิ่งแปลกปลอมตกลงบนฟลม ทําใหสมบัติเชิงแสงของฟลม
เปลี่ยนไป 

2. ตั้งคาความเร็วในการหมุนของเครื่องเพื่อใหไดความหนาของฟลมที่สมํ่าเสมอและ
สามารถควบคุมความหนาของฟลมไดดวยความเรว็รอบและเวลาในการหมุน 

3. นําฟลมที่ไดพรอมแผนซิลิกอนไปบมโดยปรับเปลี่ยนสภาวะตาง ๆ (อุณหภูมิ, กาซใน
ตูอบ และเวลาในการบม) เพ่ือใหสารประกอบซิงกเปลีย่นเปนซิงกออกไซดที่เปลงแสงได
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ประสิทธิภาพสูงสุด จะไดฟลมพอลิอิไมดซ่ึงมีอนุภาคขนาดนาโนเมตรของซิงกออกไซดกระจายตัว
อยู  
3.6 ทดสอบสมบัติของฟลมที่เตรยีมได โดยศึกษาสมบตัิในการเปลงแสง สมบัติเชงิกล เชิงความ
รอน การเปลีย่นแปลงโครงสรางของหมูฟงกชันของ stabilizer และศึกษาขนาด, การกระจายตวั
และลักษณะของซิงกออกไซด  
3.7 วิเคราะหขอมูล จัดทํารายงาน นําเสนอผลงาน 
 
4. แผนการดําเนินงานวิจัยตลอดโครงการในแตละชวง 6 เดือน 
 

กิจกรรม ไตรมาส1 ไตรมาส2 ไตรมาส3 ไตรมาส4 ไตรมาส5 ไตรมาส6 ไตรมาส7 ไตรมาส8 

รวบรวมขอมูลวิจัยที่
เกี่ยวของ 

        

เตรียมอุปกรณและ
สารเคม ี

        

เตรียมพอลเิอมิด แอซิด 
(PAA) 

        

เตรียมฟลมโดยใส
สารประกอบซิงก 

        

เตรียมฟลมโดยใสอนุภาค
ขนาดนาโนเมตรของ ZnO 
และ stabilizer 

        

วิเคราะหสมบตัิของซิงก
ออกไซดและฟลม 

        

สรุปผลและจัดทํารายงาน         
 
5. ผลงาน/หัวขอเรื่องที่คาดวาจะตีพิมพในวารสารวิชาการระดับนานาชาติในแตละป 
ปที่ 1 ชื่อเรื่องที่คาดวาจะตพิีมพ  Effect of zinc precursor on thermal and light emission 

properties of ZnO nanoparticles embedded in polyimide films via thermal 
decomposition process    

         ชื่อวารสารที่คาดวาจะตีพิมพ Journal of Materials Research (impact factor : 1.912) 
ปที่ 2 ชื่อเรื่องที่คาดวาจะตพิีมพ  Effect of the origin of ZnO Nanoparticles Dispersed in 

Polyimide Films on their Photoluminescence and Thermal Stabilit 
    ชื่อวารสารที่คาดวาจะตีพิมพ Journal of Applied Polymer Science (impact factor : 
1.306) 
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สวนที่ 1 
 

Effect of zinc precursor on thermal and light emission properties of ZnO 
nanoparticles embedded in polyimide films via thermal decomposition process 

 
A. Anongnat Somwangthanaroj*,a, K. Suwanchatchaia, S. Andob, W. Tanthapanichakoonc 
 
a Department of Chemical Engineering, Faculty of Engineering, Chulalongkorn University, 
Bangkok 10330, Thailand 
b Department of Chemistry and Materials Science, Tokyo Institute of Technology, 
Tokyo 152-8552, Japan 
c National Nanotechnology Center, National Science and Technology Development 
Agency, Pathumtani 12120, Thailand 
 
Abstract 

A novel nanocomposites consisting of fluorinated polyimide (PI) films and zinc 
oxide (ZnO) nanoparticles, from which green light emission is observed, have successfully 
been prepared. The embedded ZnO nanoparticles in PI films are prepared by adding two 
separate zinc compounds in poly(amic acid) (PAA) solution followed by thermal curing to 
convert PAA to PI. The added zinc hexafluoroacetylacetonate dihydrate (Zn(hfac)) and 
zinc nitrate hexahydrate (Zn(NO3)2), are converted by thermal decomposition to 
semicrystalline ZnO nanoparticles, which is confirmed by XRD technique. The green light 
emission of the nanocomposite films irradiated by UV light is caused by the intrinsic 
defects in ZnO crystallites. The PI films embedded with ZnO from Zn(NO3)2 emits much 
higher fluorescent intensity than their counterparts from Zn(hfac). In addition, the 
Zn(hfac)/PI film is thermally more stable than the Zn(NO3)2/PI one. From TEM images, the 
size of ZnO nanoparticles in PI films derived from 28 mol% Zn(hfac) is much larger than 
those from 59 mol% Zn(NO3)2.  

 
Keywords: A. Nano composite; A. Polymer-matrix composites (PMCs); B. Thermal 
properties; luminescence 
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1. Introduction 
Polyimide (PI) provides strong, astoundingly thermal and chemical resistance, high 

thermoxidative stability, high modulus and excellent electrical properties, but it lacks 
sufficient properties required for optical light-emitting applications. Therefore, new kinds of 
PI have been developed [1]. One approach is to add fluorine atoms in the skeletal 
structures of PIs which modifies several properties such as radiation durability against UV 
light, transparency in the visible and NIR regions, lower the glass transition temperature 
and increase thermal expansion coefficient. As a result of these exceptional thermal and 
optical properties, the fluorinated PI has potential as optical waveguides in 
telecommunication and optical interconnect technologies. 

 
Zinc oxide ( ZnO ) is an n-type semiconductor, which has a band gap of 3.4 eV 

and a large exciton binding energy of 60 meV. Violet electroluminescence is observed for 
specially prepared ZnO at room-temperature, and blue LED is successfully demonstrated 
[2].  ZnO nanoparticles can be deposited directly onto PI film by pulse laser deposition [3, 
4] or by using a stabilizer to prevent aggregation of directly added ZnO nanoparticles [5-7]. 
In addition, PI films containing metal oxide nanoparticles can be prepared by embedding 
thin metal film on a quartz substrate, coating them with poly(amic acid) (PAA) solution and 
thermal curing the materials [8]. The PI films containing ZnO nanoparticles show a broad 
absorption peak around 374 nm corresponding to exciton absorption; therefore, the optical 
band edge would be above 370 nm which is close to the bulk value [9]. It is reported that 
the uniform dispersion of metal or metal oxide nanoparticles in PIs improves their radiation 
durability, transparency, refractive indices and birefringence properties [10].   

 
In contrast to the aforementioned methods, this study proposes a novel in-situ 

thermal decomposition method to synthesize ZnO nanoparticles embedded in PI films. 
Metallic nanoparticle dispersed in fluorinated PI films is prepared by thermal curing of 
PAAs containing metallic salts or organometallic complexes, which are subsequently 
decomposed to yield either zero-valent metal or metal oxides via thermal curing process 
[11]. 

 
In this study PI films embedded with uniformly dispersed ZnO nanoparticles are 

prepared following Sawada and Ando’s method [11]. More specifically, the zinc complex or 
zinc salt of interest is dispersed in PAA solution and decomposed during the thermal 
imidization process. The main focus of this investigation is to develop a better 
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understanding and a promising way of creating a new series of PI films embedded with 
uniformly dispersed ZnO nanoparticles. These highly transparent films have high potential 
for optical light-emitting applications together with UV-resistance.  
 
2. Materials and methods 
Materials  

The fluorinated polyimide used in this study is synthesized from 4,4’-
(hexafluoroisopropyllidene) diphthalic anhydride (6FDA) and 2,2'-bis(trifluoromethyl)-4,4’-
hexafluoropropane diaminobiphenyl (TFDB) as shown in Figure 1. Monomers are purified 
by sublimation process before use. In this process, the dianhydride and diamine react in a 
dipolar aprotic solvent N,N-dimethylacetamide (DMAc) obtained from Aldrich Chemical Co. 
Zinc nitrate hexahydrate (Zn(NO3)2·6H2O) (99.9% purity) and zinc 
hexafluoroacetylacetonate dehydrate (Zn(hfac)) (98% purity) are also obtained from Aldrich 
Chemical Co and are used as received. 
 
Preparation of poly(amic acid) solution 

As shown in Figure 1, 6FDA/TFDB-PI is prepared by the reaction between 6FDA 
and TFDB, which have six fluorine atoms in both monomers. More specifically, TFDB is 
completely dissolved in N,N-dimethylacetamide (DMAc) solvent to give a clear, colorless 
solution. Then an equimolar amount of 6FDA is slowly added to the solution with stirring to 
obtain a 15 wt% poly(amic acid) (PAA) solution.  The solution is gently stirred at room 
temperature for 24 h. Poly(amic acid), which contains carboxamide and carboxyl group is 
obtained from the reaction between dianhydride from 6FDA with diamine from TFDB as 
shown in Figure 1. The detailed preparation of poly(amic acid) (PAA), the precursor of the 
polyimide, and the thermal, mechanical, and chemical properties of this polyimide have 
been described elsewhere.[1] 
 
Preparation of the ZnO/PI films 

5 – 59 mol% of either Zn(NO3)2·6H2O or Zn(hfac) is added into the above PAA 
solution at the desired molar concentration of ZnO and stirred overnight. Note that the 
concentration of ZnO in PI films is expressed as a percentage by mole of the ZnO 
comparing to the repeating unit of PI. All the synthesizing and mixing procedures are 
performed in nitrogen atmosphere. The PAA solution is then spin-cast onto a clean dry 
silicon substrate to obtain a thin layer of solution of uniform thickness. The PAA layer is 
then cured at 350 ~ 390ºC in nitrogen atmosphere or in vacuo according to the following 
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steps: 70ºC, 30 min, ramp up to 350ºC in 1 h and isothermal at 350 ~ 390ºC for 1 h. The 
heat treatment promotes dehydration and ring closure, which converted PAA to polyimide. 
In this study, the PI films containing nanoparticles of ZnO obtained from thermal 
decomposition of Zn(hfac) and Zn(NO3)2 are designated as Zn(hfac)/PI and Zn(NO3)2/PI, 
respectively. 
 
Measurements 
 Nanoparticle ZnO/PI films and pure PI film (6 – 20 µm thickness) are 
characterized by wide-angle X-ray diffraction (XRD) at ambient temperature on X’Pert-
MPD (PANalytical, Netherlands) with CuKα radiation of wavelength 1.54 Å. 
Thermogravimetric analysis (TGA, TA Instruments SDT Q-600) is used to determine the 
degradation temperature at heating rate 20 °C·min-1 from 35 to 1000°C under nitrogen 
atmosphere. The transmission and reflectance spectra in the visible and near-infrared 
regions (Vis-NIR, λ = 200 – 2000 nm) of the PI films on substrate are measured using a 
U-3500 spectrophotometer (Hitachi, Japan). Photoluminescence (PL) scans are carried out 
with a fluorescence spectrophotometer F-4500 (Hitachi, Japan). Three-dimensional contour 
plots provided the maximum spectral information. Cross-sectional transmission electron 
(TEM) micrographs of ZnO-doped PIs are taken with TEM 200CX (JEOL, Japan). The PI 
films are embedded in epoxy resin and sectioned into a thickness of 60 nm with a 
Reichert-Jung Werke ultramicrotome.  
 
3. Results and discussion 

The XRD characterization results are depicted in Figure 2. The XRD peaks, which 
correspond to the {100}, {002}, {101}, {110} and {103} basal diffraction of ZnO, are 
indicative of crystal structure of ZnO nanoparticles [12, 13]. The 6FDA-TFDB polyimide 
(PI) film prepared from a PAA containing 28 mol% of Zn(hfac) shows the most distinct 
peaks indicating the existence of ZnO crystal structure in the polyimide film. Though the 59 
mol% Zn(NO3)2/PI film shows broad peaks with low intensity, it is confirmed that Zn(NO3)2 
dissolved in PAA solution is successfully converted to ZnO nanoparticles by thermal 
decomposition. However, the 5, 10 and 15 mol% Zn(NO3)2/PI film do not show any XRD 
peaks because the nanoparticles precipitated in the other samples are supposed to be too 
small in size or they possess only imperfect crystalline structures and too little amount of 
ZnO below the detection limit of the diffractometer which is consistent with the report of 
Sawada and Ando [11] and Chiang and Wang[14]. Only the selected XRD patterns 
showed here exhibit the crystal structure of ZnO.   
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For thermal stability characteristics of nanocomposite films, the presence of ZnO 
nanoparticles in PI films affects the degradation temperature (Td), which is defined as the 
temperature of the samples at 5 wt% loss, of ZnO/PI film. It is found that the Td of 
Zn(NO3)2/PI are lower than those of Zn(hfac)/PI. Figure 3a shows the thermogravimetric 
profiles of Zn(hfac)/PI films. The Td of these hybrid films decrease when adding Zn(hfac) 
nanoparticles directly into the films. Addition of 5 to 20 mol% of Zn(hfac) into PI films 
decrease the Td by 24 oC to 97 oC. Furthermore, figure 3b shows the thermogravimetric 
profiles of Zn(NO3)2/PI films. As can be seen, the addition of 5 mol% of Zn(NO3)2 into PI 
films decrease the Td of hybrid films compared to the pure PI. However, adding more 
amounts of Zn(NO3)2/PI from 5 to 20 mol% decrease the Td by 61 oC to 107 oC. 
Interestingly, the Zn(hfac)/PI and Zn(NO3)2/PI films prepared at the same concentration but 
show the different thermogravimetric profiles. For example, at 15 mol% of ZnO content, 
the Td of Zn(hfac)/PI decrease only by 54 oC compared to 102 oC in the case of 
Zn(NO3)2/PI. Obviously the Zn(hfac)/PI film has better thermal stability than the 
Zn(NO3)2/PI film. The difference between the Td of Zn(hfac)/PI and that of Zn(NO3)2/PI film 
is caused by the origin of ZnO nanoparticles. Since metallic salts added into PI films 
induced oxidative degradation of polyimide, the Td of Zn(NO3)2/PI film decreases 
dramatically[11, 14]. This result is consistent with Hsu et al’s[6] and Chiang and 
Whang’s[14].  
 

ZnO is widely used as inorganic fillers but also known as a wide band gap 
semiconducting material, which has potential uses in optical applications. By introducing 
ZnO nanoparticles in the PI matrix, ZnO/PI nanocomposite with controlled properties could 
be expected. The fluorescence spectra observed for the pure PI films and PI containing 5 
mol% ZnO nanoparticles from Zn(hfac) are shown in Figure 4. By adding only 5 mol% of 
Zn(hfac) into PAA solution, followed by thermal cure to obtain Zn(hfac)/PI film, 
fluorescence emission at visible wavelength is enhanced by 6 times compared to that of its 
matrix. The emission peak is also shown red-shift, i.e., fluorescence emission is shifted 
from 491.2 nm to 497.6 nm with ZnO containing in PI film. Note that the intensity of 
fluorescence emission from excitation wavelength in the range of 300 nm does not change 
because these fluorescence emissions come from polyimide matrix.  

 
The effects of ZnO concentration from Zn(hfac) and Zn(NO3)2, respectively, in PI 

film on the fluorescence and absorbance are presented in Figures 5a and 5b. As 
expected, the existence of ZnO in PI films enhances the fluorescence emission. By adding 
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only 5 mol% of ZnO from either Zn(hfac) or Zn(NO3)2 into PI film, fluorescence emission 
intensity at the visible wavelength 497.6 nm, which is excited at 417 nm for Zn(hfac)/PI, 
and 488.8 nm, which is excited at 406.8 nm for Zn(NO3)2/PI) is 6.0 and 18.4 times higher 
than that of pure PI film, respectively. In fact, emission spectra of both nanocomposites 
and pure PI films excited at around 300 nm are approximately the same in both 
wavelength and intensity (data not shown). Therefore, the excitation wavelength of ∼ 410 
nm is suitable for nanocomposite films to exhibit green light emission. Furthermore, the 
emission peak of Zn(NO3)2/PI film is displaced to shorter wavelength (hypsochromic shift) 
with much higher intensity than that of Zn(hfac)/PI film, whereas the emission peaks of the 
former are 3.1 times of those of the latter. The visible light emission of ZnO is caused by 
oxygen vacancy and interstitial zinc of ZnO [15-17]. Note that no XRD peak is observed 
from 5 mol% Zn(NO3)2/PI films. Since visible emission could not be obtained from 
amorphous ZnO, the visible emission from this film, which dominates the 
photoluminescence (PL) spectra, should come from an imperfect crystal structure or 
excessively small size of ZnO nanoparticles [18].  

 
As the concentration of ZnO nanoparticles from Zn(hfac) increases from 0 to 28 

mol%, figure 5a shows that all samples exhibited absorption spectra in the range of 300 – 
370 nm. Above 370 nm, only the absorbance of pure PI was quenched in the visible 
region. As the concentration of ZnO nanoparticles from Zn(hfac) increases from 5 to 28 
mol%, the fluorescent intensity decreases from 6.0 to 4.3 times compared to that of pure 
PI, although the wavelength of the excitation peak of all films is approximately the same. 
The fluorescence could be absorbed by the other molecules. This is consistent with the 
appearance of an increase in the absorption in the visible region (above 370 nm).  

 
Similarly, the effects of ZnO concentration from thermal decomposition of Zn(NO3)2 

in PI films on the absorbance and fluorescence of Zn(NO3)2/PI films are shown in Figures 
5b. Zn(NO3)2/PI films of all concentrations exhibit broad absorption in the range of 300 – 
370 nm. The absorption above 370 nm gradually increase as the concentration of 
Zn(NO3)2 increase. Adding only 5 mol% of Zn(NO3)2 to the PI film shows 18.4 times higher 
intensity in the visible region that pure PI film. In addition, the intensities of 10, 15 and 59 
mol% Zn (NO3)2/PI are 20.9, 21.6 and 5.1 times of that of pure PI film. The fluorescence 
emission intensity of 59 mol% Zn(NO3)2 decreases owing to the aggregation of ZnO 
nanoparticles (confirmed by TEM). Moreover, the emission peak of 59 mol% Zn(NO3)2/PI 
films was red shifted when compared to those of the other hybrid films, which may also be 
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attributed to the aggregation of ZnO nanoparticles. This result is consistent with the 
appearance of the increasing absorption above 370 nm. In addition, the light emission of 
Zn(hfac)/PI films are also red shifted compared to that of pure PI. This phenomenon could 
be explained by the quantum confinement mechanism and interactions between the 
oxygens of ZnO and functional groups in PI. 

 
Figure 6 shows the TEM micrographs, respectively, of 28 mol% Zn(hfac) and 59 

mol% Zn(NO3)2 in 6FDA-TFDB polyimide matrix. The size of ZnO nanoparticles derived 
from 28 mol% Zn(hfac) is much larger than those from 59 mol% Zn(NO3)2. These smaller 
ZnO nanoparticles from Zn(NO3)2 gives rise to higher fluorescent emission intensity than 
the bigger ZnO nanoparticles from Zn(hfac) (from photoluminescence data). Note that no 
ZnO nanoparticles are observable in the TEM micrographs of the other ZnO/PI films in this 
study possibly due to the limitation of TEM resolution. 
 
4. Conclusions 

In this study, Zn(NO3)2/PI films emits stronger green fluorescence and yields 
smaller ZnO nanoparticles dispersed thoroughly in the film. The introduction of 15 mol% of 
Zn(NO3) in PI would be the optimal concentration to give high fluorescent intensity. 
However, Zn(NO3)2/PI films are thermally less stable than the Zn(hfac)/PI ones. In addition, 
only broad typical patterns of ZnO crystallites are observed in the XRD and TEM for high 
concentration of both Zn(hfac) and Zn(NO3)2 added into PAA solution due to the very 
small particle sizes and low degree of crystallization of ZnO nanoparticles, though the 
distinct green-light fluorescence originating from ZnO are observed around 480-490 nm.  
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Figure captions 
Figure 1. Preparation process of poly(amic acid) and  polyimide 
Figure 2. XRD patterns of pure 6FDA-TFDB polyimide film. PI containing ZnO 

nanoparticles from thermal decomposition of Zn(NO3)2 hexahydrate and 
Zn(hfac) 

Figure 3. Thermogravimetric profiles of PI containing ZnO nanoparticles from thermal 
decomposition of (a) Zn(hfac) (b) Zn(NO3)2 hexahydrate. 

Figure 4. Comparison of photoluminescence between pure PI and 5 mol% Zn(hfac) in    
polyimide films      

Figure 5. Effect of ZnO concentration on absorbance and fluorescence of (a) Zn(hfac)/PI 
films and (b) Zn(NO3)2/PI films 

Figure 6. TEM micrographs of ZnO in PI film (a) 28 mol% Zn(hfac)/PI (2.94 wt% ZnO) (b) 
59.7 mol% Zn(NO3)2/PI (6.26 wt% ZnO) 
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Abstract: Polyimide (PI) films containing dispersed ZnO nanoparticles were prepared 

from both zinc nitrate hexahydrate (designated as Zn(NO3)2/PI) and ZnO nanoparticles, 2-
nm average primary size (ZnO/PI). This work shows how the origin of ZnO affects both the 
photoluminescence and thermal decomposition of the film. The presence of ZnO derived 
from Zn(NO3)2·6H2O was confirmed by x-ray diffraction technique. The fluorescent 
intensities from Zn(NO3)2/PI and ZnO/PI were much higher than that from pure PI films. 
When the ZnO concentration exceeded a certain saturation level, the emission intensity 
decreased due to the undesirable aggregation of ZnO. At the same concentration, ZnO/PI 
exhibited higher emission intensity than Zn(NO3)2/PI. All samples prepared under nitrogen 
emitted higher intensity than their counterparts prepared under argon. The ZnO/PI film was 
thermally more stable than the Zn(NO3)2/PI one. From TEM images of 117.6 mol-% 
ZnO/PI films, the ZnO aggregates, whose average size was 17-90 nm, were well 
distributed throughout the film but poorly dispersed in nanometer range. 
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Introduction  
Polyimide was firstly reported by DuPont Co in 1960s and has been widely-known 

with its trade name of Kapton.1 It shows a variety of superior properties such as 
thermoxidative stability, high modulus, excellent electrical properties, and chemical 
resistance but also showed insufficient properties important for optoelectronics and display 
technology such as poor radiation durability against UV light, transparency, chemical and 
thermal stability properties.1 Introduction of fluorine atoms to PI improves several 
properties such as lower dielectric constants, higher thermal and chemical stability, 
radiation durability against UV light, good transparency in the visible light and NIR regions, 
lower refractive indices, and lower glass transition temperature of polyimides.1 As reported 
by numerous researches, fluorinated PIs have been typically prepared from 4,4’-
(hexafluoroisopropyllidene) diphthalic anhydride (6FDA).2-4 These 6FDA PIs show good 
transparency and lower dielectric constants than those prepared from other nonfluorinated 
dianhydrides.1 The fluorinated PIs, which are suitable for optical light-emitting applications, 
exhibit high radiation durability in the UV (λ = 200~380 nm) region, high transparency in 
the visible (λ=380~740 nm) and near infrared (NIR) regions (λ=740~2500 nm).  

 
Nanocrystals of semiconducting materials have been extensively studied in the 

past decade for use in light emitting diodes5 and photovoltaic solar cells6. An n-type 
semiconductor with a band gap of 3.4 eV and an exciton binding energy of 60 meV, zinc 
oxide (ZnO) is a versatile material with many applications including antireflection coating, 
transparent electrodes in solar cells, gas sensors, varistors, light emitting diodes and 
surface acoustic wave devices. At room temperature, ZnO emits ultraviolet (UV) 
luminescence,7 and violet electroluminescence and blue light-emitting LED were 
successfully produced8. Therefore, much attention is now focused on the light emission 
properties of ZnO.  

 
Combining ZnO nanoparticles with a polymer should enhance its optical properties 

such as fluorescence and radiation durability. ZnO/polymer composites have been 
produced with different polymer matrices, such as poly(vinylpyrrolidone)9 and 
poly(hydroxyethyl methacrylate).10 Therefore we are interested in the uniform dispersion of 
ZnO in PI films because of the expected superior optical characteristics such as high 
fluorescence, high transparency, and high radiation durability, which are suitable for 
applications in optoelectronics, light emitting diodes, photonics and flat-panel display 
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industries. This work shows how the origin of ZnO affects both the photoluminescence and 
thermal decomposition of the film. 

 
Experimental Part 
 
Materials 
As shown in Figure 1, a fluorinated polyimide, 6FDA/TFDB, which exhibits good optical 
properties and high transparency, was synthesized from 4,4’-(hexafluoroisopropyllidene) 
diphthalic anhydride (6FDA) and 2,2'-bis(trifluoromethyl)-4,4’-hexafluoropropane 
diaminobiphenyl (TFDB). Monomers were purified by sublimation process before use. In 
this process, the dianhydride and diamine reacted in a dipolar aprotic solvent N,N-
dimethylacetamide (DMAc) obtained from Aldrich Chemical Co. Zinc nitrate hexahydrate 
(Zn(NO3)2·6H2O) (99.9% purity) was also obtained from Aldrich Chemical Co.  Zinc oxide 
nanoparticles with average primary diameters of about 2 nm were obtained from Meliorum 
Technologies, USA, and used as received. 
 
Preparation of poly(amic acid) solution 
As shown in Figure 1, 6FDA/TFDB-PI was prepared by the reaction between 6FDA and 
TFDB, which have six fluorine atoms in both monomers. More specifically, 6FDA was 
completely dissolved in N,N-dimethylacetamide (DMAc) solvent to give a clear, colorless 
solution. Then an equimolar amount of TFDB was slowly added to the solution with stirring 
to obtain a 15 wt.-% poly(amic acid) (PAA) solution.  The solution was gently stirred at 
room temperature for 24 h. Poly(amic acid), which contains carboxamide and carboxyl 
group was obtained from the reaction between dianhydride from 6FDA with diamine from 
TFDB as shown in Figure 1. 
 
Preparation of the ZnO/PI films 
Either Zn(NO3)2·6H2O or ZnO nanopowder with an average primary diameter of about 2 
nm was added into the above PAA solution at the desired molar concentration of ZnO. All 
the synthesizing and mixing procedures were performed in argon atmosphere. Then the 
PAA solution was spin coated onto a glass substrate at 1000 to 1500 rpm for 15 sec to 
give a thin film. The film was dried at 70oC for 1 h in either nitrogen or argon atmosphere 
and thermally imidized at curing temperature in the range of 300 to 350oC for 1 h in either 
nitrogen or argon atmosphere, and then cooled down to room temperature. Note that there 
were two ways of preparing PI films embedded with ZnO nanoparticles. First, ZnO 
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nanoparticles were added directly to the PAA solution. Then the PAA was imidized, and 
the resulting nanocomposite film was designated as ZnO/PI.  In the second method 
Zn(NO3)2·6H2O was added to the PAA solution and subsequently converted to ZnO at 
elevated temperatures with thermal imidization of PAA. The resulting nanocomposite film 
was designated as Zn(NO3)2/PI. Note that the concentration of ZnO in PI films was 
expressed as a percentage by mole of the ZnO comparing to the repeating unit of PI.  
 
Measurements 
The luminescent property of the films was characterized by a Luminescence Spectrometer 
(Perkin Elmer LS 50) at room temperature using a xenon lamp as the light source. The 
wavelengths for excitation were in the range of 250-450 nm, and the fluorescent emission 
was detected in the range of 350-600 nm. The optical absorption property was 
characterized by a spectrophotometer (Hewlett Packard 8452A diode array) at room 
temperature. The wide-angle x-ray diffraction measurements (XRD) were carried out at 
ambient temperature using a Siemens D500 diffractometer with CuKα radiation and Ni 
filter in the 2-theta range of 20-70o with a resolution of 0.02 degree·min-1. The glass 
transition temperature was examined using a differential scanning calorimeter (DSC, 
diamond DSC Perkin Elmer) between 50oC and 460oC at a heating rate of 20oC·min-1 
under nitrogen atmosphere. Thermogravimetric analysis (TGA, TA Instruments SDT Q-
600) was used to determine the degradation temperature at heating rate 20 °C·min-1 from 
35 to 1000°C under nitrogen atmosphere. The transmission electron microscopy (TEM) 
image was taken with an electron microscope (JEOL, JEM-2100). The PI films were 
embedded in epoxy resin and sectioned into a thickness of 20 nm with an ultra microtome 
(ultrotome V).  
 
Results and Discussion 

The XRD patterns of the PI films containing ZnO nanoparticles are shown in Figure 
2. The characteristic XRD peaks, which correspond to the diffraction patterns of ZnO, 
indicated that ZnO crystallites are presented in the film.11 The XRD pattern of 35.1 mol-% 
ZnO/PI agrees well with the wurtzite ZnO hexagonal phase which is consistent with the 
standard values for bulk ZnO. In addition, the positions of the first three XRD peaks of 
both 3.3 mol-% ZnO/PI and 666.6 mol-% Zn(NO3)2/PI are clearly observed, thereby 
confirming the existence of the wurtzite ZnO hexagonal phase. 
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Though the 35.1 mol-% ZnO/PI showed the distinct peaks indicating the presence of 
ZnO crystal in PI films, the XRD peaks of 3.3 mol-% ZnO/PI showed smaller and broader 
peaks because of its lower concentration. Interestingly, the 35.1 mol-% ZnO/PI film 
exhibited sharper peaks than the 666.6 mol-% Zn(NO3)2/PI film. This could be attributed to 
an imperfect crystal structure and smaller crystallite sizes of ZnO in the film. Average size 
of ZnO nanoparticles (D) can be estimated using the Scherrer’s formula as 

θβ
λ

cos
9.0

=D                                                 (1) 

where λ is the wavelength of the x-ray (1.5418 oA), β is the line width at half height of 
the maximum peak and θ is Bragg angle of the diffraction peaks. The estimated D values 
are 13.5 and 5 nm for the 35.1mol% ZnO/PI and the 666.6 mol% Zn(NO3)2/PI, 
respectively. 

 
Though the 666.6 mol-% Zn(NO3)2/PI film showed broad peaks with low intensity, it 

was confirmed that Zn(NO3)2 dissolved in PAA solution was successfully converted to ZnO 
nanoparticles by thermal decomposition. However, the 117.6 mol-% Zn(NO3)2/PI film did 
not show any XRD peaks, which may be due to the small crystallite size, imperfect crystal 
structure and too little amount of ZnO below the detection limit of the diffractometer. This 
result is consistent with those of Sawada and Ando’s12 and Chiang and Whang’s13. 

 
Figure 3 shows the DSC thermograph and the estimated glass transition 

temperatures (Tg) for the pure PI and ZnO/PI. The Tg of 0.6 and 3.3 mol-% ZnO/PI films 
remained essentially the same as that of pure PI, which was 336oC, whereas the Tg of 
35.1, 74.1 and 117.6 mol-% ZnO/PI slightly increased to 337.3, 338.9 and 339.4oC, 
respectively. This result is consistent with Hsu et al’s10 and Chae and Kim’s14. Adding a 
solid filler into a polymer would reduce the mobility of the polymer chains, thereby resulting 
in an incremental increase in the Tg value.15 There are two major causes to the reduction 
in the mobility of polymer chains in composites i.e., tethering and chain confinement 14,15. 
The chain tethering is caused by the attractive forces between the filler surfaces and 
polymer chains. On the other hand, the chain confinement occurs when the mobility of 
polymer chains is significantly obstructed by the fillers. The Tg values of 35.1 mol-% and 
higher concentration ZnO/PI slightly increased due to the chain confinement because there 
was little attractive force between the surface of ZnO and polymer chains.14 By the way, Tg 
was not observed in the DSC thermographs of Zn nitrate/PI (data not shown). It could be 
ascribed to the formation of ZnO12, 13 during the combined decomposition and imidization 
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of Zn(NO3)2/PI films. The brittleness of the film may be due to the chain scission caused 
by generated nitric acid or ions. In addition, the formation of ZnO may affect the mobility of 
polymer chain, which is reflected to the obscured glass transition in Zn(NO3)2/PI film.  

 
The presence of ZnO nanoparticles in PI films also affected their degradation 

temperature (Td), which is defined as the temperature of the samples at 5 wt-% loss. It 
was found that the Td of Zn(NO3)2/PI are lower than those of ZnO/PI.  Figure 4 showed 
typical thermogravimetric profiles of Zn(NO3)2/PI films. As shown in Table 1, the addition of 
only 5 mol% of Zn(NO3)2 into PI decreased the Td by 17oC. However, adding more 
amounts of Zn(NO3)2/PI from 5 to 117.6 mol-% dramatically decrease the Td by 17oC to 
204 oC. Figure 5 shows typical thermogravimetric profiles of ZnO/PI films. The Td of these 
nanocomposites clearly decrease to a certain extent when adding ZnO nanoparticles 
directly into the films, as shown in table 1. Addition of 0.6 to 117.6 mol-% of ZnO into PI 
films decreases the Td by 20o- 50oC. Interestingly, the ZnO/PI and Zn(NO3)2/PI films 
prepared at the same 35.1 mol-% concentration show different thermogravimetric profiles. 
The Td of ZnO/PI decrease only by 35oC compared to 132oC in the case of Zn(NO3)2/PI. 
Obviously the ZnO/PI film has better thermal stability than the Zn(NO3)2/PI film. The 
difference between the Td of ZnO/PI and that of Zn(NO3)2/PI film was a consequence of 
the origin of ZnO nanoparticles. Since metallic salts added into PI films induced acidic 
hydrolysis (chain scission) and oxidative degradation of polyimide,12,13 the Td of 
Zn(NO3)2/PI film decreased dramatically. This result was consistent with Hsu et al’s10 and 
Chiang and Whang’s.13 

 
The optical absorbance and fluorescence spectra observed for the PI films 

containing 35.1 mol-% ZnO at different curing temperatures are shown in Figure 6. The 
characteristic peaks attributable to the exciton absorption of ZnO are observed at 305 nm 
for all the ZnO/PI films with different curing temperatures. The absorption spectra of all 
films are shown in the range of 305 – 410 nm, and the absorption was quenched above 
410 nm. The emission peak of all films was located at 461 nm for both 300 and 325oC 
curing temperatures and was slightly shifted to 469 nm for the film cured at 350oC. The 
intensity of emission slightly increased as the curing temperature increased. Though the 
data are not shown here, the effect of the curing temperature at a different fixed ZnO 
concentration exhibited a similar trend as the one just mentioned. Since the effect of 
curing temperature on the fluorescent intensity is slight, the curing temperature of 300oC 
was chosen to explore the effect on fluorescence. 
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Figure 7 shows the effects of curing atmosphere, nitrogen or argon, on the 
absorbance and fluorescence at room temperature of 35.1 mol-% ZnO/PI films. The films 
were imidized at 300oC under either nitrogen or argon atmosphere. The exciton absorption 
peaks of the films cured under nitrogen and argon atmosphere are observed at 302 and 
307 nm, respectively. The film prepared under nitrogen shows emission and excitation 
peaks at 461 and 331 nm, respectively. Similarly the film prepared under argon showed 
peaks at 457 and 332 nm, respectively. The emission peak of the former is slightly red 
shifted and exhibited 2.4 times higher intensity than the latter which is consistent with Roy 
et al 16.  ZnO synthesized under nitrogen emitted higher intensity of green light than that 
prepared under argon which could be due to different intrinsic defects in ZnO such as 
oxygen vacancy and interstitial zinc.  The effect of the curing atmosphere at other ZnO 
concentrations exhibited similar trends (the spectra are not shown here). 

 
The effects of ZnO concentration on the fluorescence and absorbance were 

presented in Figures 8 - 11. All the films were imidized at 300oC under nitrogen. As 
expected, the existence of ZnO in PI films enhanced the fluorescence emission. Figure 8 
and 9 show the effect of ZnO/PI concentration on the optical absorption and emission 
intensity, respectively. As the concentration of ZnO nanoparticles increases from 0.6-117.6 
mol-%, Figure 8 shows that the exciton absorption peak is blue shifted from 318 to 295 
nm and the absorbance decreased. This phenomenon is caused by the broadened 
distribution of aggregates of ZnO nanoparticles in the PI film, which was confirmed by 
TEM image (Figure 13). All samples exhibited absorption spectra in the range of 300 – 
370 nm. Above 370 nm, the absorbance of pure PI, 0.6 and 3.3 mol-% ZnO/PI films was 
quenched in the visible region. However, some incremental absorbance intensity in the 
visible region (above 370 nm) was detected in high-concentration ZnO/PI films (> 35.1 
mol-% ZnO) due to the presence of submicron-size ZnO particles, which was confirmed by 
TEM micrograph (Figure 13). The high-concentration ZnO/PI films are less transparent 
than the corresponding Zn(NO3)2/PI films because submicron-sized ZnO cause significant 
light scattering in the visible region.  

 
Figure 9 shows that, as the concentration of ZnO nanoparticles increased to 3.3 mol-

%, the fluorescent intensity increased and was slightly blue shifted from 474 to 458 nm 
compared to that of pure PI, although the wavelength of the excitation peak of all films 
was approximately the same (except the case of 117.6 mol-% ZnO). As the concentration 
of ZnO nanoparticles increased to 35.1 mol-% and above, the fluorescent intensity is, 
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however, not shifted further compared to that of 3.3 mol-% ZnO/PI. More specifically, at 
0.6 and 35.1 mol-% of ZnO nanoparticles, the fluorescent intensity at visible wavelength 
was enhanced by 2.2 and 7.8 times compared to that of pure PI. However, adding more 
amounts of ZnO nanoparticles at 74.1 and 117.6 mol-% to the films, the light emission 
intensity was dramatically decreased due to the self-absorption of ZnO. Fluorescence was 
generally inversely proportional to the concentration owing to the concentration 
quenching,17 which can be classified into two categories: self-quenching and self-
absorption. Self-quenching is a collision phenomenon between molecules in the ground 
state and those in excited state conditions, which leads to the energy transfer without 
fluorescence. On the other hand, self-absorption is a phenomenon in which the 
wavelength of fluorescence overlaps that of the absorption by the sample. In other words, 
the fluorescence was absorbed by the other molecules. This is consistent with the 
appearance of an increase in the absorption in the visible region (above 370 nm). 
Moreover, the emission in the visible region at all concentrations of ZnO nanoparticles 
except 0.6 mol-% in PI films showed two main peaks at 460 and 485 nm, similar to the 
result by Roy et al 16. The peak appearing at 485 nm could be originated from oxygen 
vacancy defect in ZnO. 

 
Similarly, the effects of ZnO concentration from thermal decomposition of Zn(NO3)2 

in PI films on the absorbance and fluorescence of Zn nitrate/PI films were shown in 
Figures 10 and 11, respectively. In Figure10, Zn(NO3)2/PI films of all concentrations exhibit 
broad absorption in the range of 300 – 370 nm with peaks around 318 nm. The absorption 
above 370 nm gradually increase as the concentration of Zn(NO3)2 increase due to the 
increase in particle size of ZnO as confirmed by XRD. However, the exciton absorption 
peak at all Zn nitrate concentrations was not shifted compared to that of the ZnO/PI films.  

 
Figure 11 showed the effect of ZnO concentration in Zn(NO3)2/PI films on the 

fluorescent intensity and wavelength. Adding only 5 mol-% of Zn(NO3)2 to the PI film 
shows the highest intensity in the visible region compared to all other concentrations. In 
fact, the fluorescent intensity of 5 mol-% Zn nitrate/PI was 1.9 times that of the pure PI. 
On the other hand, the intensities of 10 and 15 mol-% Zn (NO3)2/PI are lower than that of 
5 mol-% Zn(NO3)2/PI, whereas the fluorescent intensity of 35.1, 74.1 and 117.6 mol-% 
Zn(NO3)2/PI films became even lower than that of pure PI as the concentration increases 
owing to the aggregation of ZnO nanoparticles. Moreover, the emission peak of these 
Zn(NO3)2/PI films was red shifted when compared to that of the pure PI films, which may 
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also be attributed to the aggregation of ZnO nanoparticles. This result is consistent with 
the appearance of the increasing absorption above 370 nm. In contrast, the light emission 
of ZnO/PI was slightly blue shifted because of no change in the size of ZnO nanoparticles 
in the PI films, which was confirmed by TEM image (Figure 13).  

 
By the way, the visible light emission of 5, 10 and 15 mol-% Zn(NO3)2/PI showed two 

main peaks at 486 and 502 nm, similar to the results reported by Roy et al.16 In addition, 
all samples emitted green color. The visible light emission was assumed to be caused by 
different intrinsic defects in ZnO such as oxygen vacancy and interstitial zinc (450-600 
nm).18-20  

 
Figure 12 showed the effect of the origin of ZnO on the absorbance and 

fluorescence of PI films at the same ZnO concentration of 35.1 mol-%. The films were 
imidized at 300oC under nitrogen. The exciton absorption peaks of Zn(NO3)2/PI and 
ZnO/PI are observed at 313 and 301 nm, respectively. Both PI films show absorption 
bands in the range of 300-400 nm. However, an increase in absorbance (above 400 nm) 
was observed for ZnO/PI compared to that of Zn(NO3)2/PI. Furthermore, the fluorescence 
of ZnO/PI shows an emission peak at 461 nm, which is significantly blue shifted from the 
491 nm of Zn(NO3)2/PI, and also exhibits a much higher intensity. The excitation and 
emission peaks of ZnO/PI are enhanced by 8.7 times than those of Zn(NO3)2/PI, which is 
attributed to an imperfect crystal structure and smaller crystallite sizes of ZnO 
nanoparticles in Zn(NO3)2/PI films (confirmed with XRD data). In addition, the ZnO 
generated from the thermal decomposition of Zn(NO3)2 in PI films results in more self-
quenching than ZnO nanoparticles dispersed in ZnO/PI films.  

 
The transmission electron microscopy (TEM) images of 117.6 mol-% ZnO/PI films 

are shown in Figure 13(a) and 13(b). Obviously the ZnO nanoparticles are well distributed 
throughout the film but poorly dispersed in PI films as can be seen in figure 13(a). The 
diameter of ZnO primary particle obtained from the vendor is around 2 nm. The 
aggregates of ZnO nanoparticles with an average diameter of 17 – 90 nm are observed in 
Figure 13(b) and approximately agglomeration of ZnO nanoparticles with average size of 
114-150 nm is also observed. However, small ZnO nanoparticles generated from the 
thermal decomposition of Zn(NO3)2 are not observed in this study mainly due to the 
limitation of TEM resolution capacity (data not shown).  
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Conclusion 
The thermal conversion of zinc nitrate hexahydrate (Zn(NO3)2·6H2O) to zinc oxide 

(ZnO) nanoparticles was confirmed by XRD technique. The glass transition temperature 
(Tg) of ZnO nano-particle-dispersed polyimide films (ZnO/PI) slightly increase when the 
concentration of ZnO nanoparticles is higher than 35.1 mol-%, which is due to the 
confinement of polymer chain mobility by ZnO . However, no Tg of Zn(NO3)2/PI were 
observed in the film. The 5 wt-% degradation temperatures (Td) of all nanocomposite films 
are lower than that of pure PI, though the ZnO/PI films exhibits higher thermal stability 
than Zn(NO3)2/PI films.  

The 35.1 mol-% ZnO/PI exhibits fluorescence with the highest intensity, which is 
7.8 times as high as that of pure PI. In fact, the fluorescent intensities of all ZnO/PI films 
are higher than that of pure PI. An addition of only 5 mol-% Zn(NO3)2 enhances the 
fluorescence by 1.9 times compared with that of pure PI. Moreover, the light emission of 
Zn(NO3)2/PI films shows a red shift compared to that of pure PI. This may be attributed to 
the aggregation of ZnO nanoparticles. As for the effect of the curing atmosphere on 
fluorescence, the films prepared under nitrogen emit higher fluorescent intensity than those 
prepared under argon. However, the curing temperature gives slightly effect on the 
fluorescent intensity. The TEM images show ZnO nanoparticles embedded in PI films in 
which the aggregates with an average diameter of 17 – 90 nm are observed. In addition, 
ZnO nanoparticles agglomerate with average size of 114-150 nm. In other words, ZnO 
nanoparticles are well distributed but poorly dispersed in the PI films. It is expected that 
the optical properties of the ZnO-containing PI films would be further enhanced if the ZnO 
nanoparticles could be uniformly distributed and dispersed as primary particles in the films. 
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Caption of table 
Table 1. The degradation temperature of pure PI, ZnO/PI and Zn nitrate/PI. 
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Caption of figures 
Figure 1. Chemical structures of monomers and preparation process of poly(amic acid) 
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into PI. 

Figure 3.   DSC heating thermograms of PI containing directly added ZnO nanoparticles. 
Figure 4. Thermogravimetric profiles of PI containing ZnO nanoparticles from thermal 

decomposition of Zn(NO3)2 hexahydrate. 
Figure 5. Thermogravimetric profiles of PI containing directly added ZnO nanoparticles. 
Figure 6. Effect of curing temperature on fluorescence of 35.1 mol-% ZnO/PI cured 

under nitrogen atmosphere. 
Figure 7. Effect of curing atmosphere on fluorescence of 35.1 mol-% ZnO/PI cured at 

300oC. 
Figure 8. Effect of ZnO concentration on absorbance of ZnO/PI cured under nitrogen 

atmosphere at 300oC. 
Figure 9. Effect of ZnO concentration on fluorescence of ZnO/PI cured under nitrogen 

atmosphere at 300oC. 
Figure 10. Effect of ZnO concentration on absorbance of Zn nitrate/PI cured under   

nitrogen atmosphere at 300oC. 
Figure 11. Effect of ZnO concentration on fluorescence of Zn nitrate/PI cured under 

nitrogen atmosphere at 300oC. 
Figure 12. Effect of the origin of ZnO at concentration of 35.1 mol-% on fluorescence 

cured under nitrogen atmosphere at 300oC. 
Figure 13. TEM images of polyimide containing 117.6 mol-% ZnO nanoparticles (a) low 

magnification image (x 12,000) (b) high magnification image (x 120,000) 
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ABSTRACT: Polyimide (PI) films containing dispersed
ZnO nanoparticles were prepared from both zinc nitrate
hexahydrate (designated as Zn(NO3)2/PI) and ZnO nanopar-
ticles, 2-nm average primary size (ZnO/PI). This work
shows how the origin of ZnO affects both the photolumines-
cence and thermal decomposition of the film. The presence
of ZnO derived from Zn(NO3)2�6H2O was confirmed by X-
ray diffraction technique. The fluorescent intensities from
Zn(NO3)2/PI and ZnO/PI were much higher than that from
pure PI films. When the ZnO concentration exceeded a cer-
tain saturation level, the emission intensity decreased due to
the undesirable aggregation of ZnO. At the same concentra-

tion, ZnO/PI exhibited higher emission intensity than
Zn(NO3)2/PI. All samples prepared under nitrogen emitted
higher intensity than their counterparts prepared under ar-
gon. The ZnO/PI film was thermally more stable than the
Zn(NO3)2/PI one. From TEM images of 117.6 mol% ZnO/PI
films, the ZnO aggregates, whose average size was 17–
90 nm, were well distributed throughout the film but poorly
dispersed in nanometer range. � 2008 Wiley Periodicals, Inc.
J Appl Polym Sci 000: 000–000, 2008

Key words: fluorescence; polyimide; thermal properties;
ZnO; nanoparticle

INTRODUCTION

Polyimide (PI) was firstly reported by DuPont Co in
1960s and has been widely-known with its trade
name of Kapton.1 It shows a variety of superior
properties such as thermoxidative stability, high
modulus, excellent electrical properties, and chemi-
cal resistance but also showed insufficient properties
important for optoelectronics and display technology
such as poor radiation durability against UV light,
transparency, chemical, and thermal stability proper-
ties.1 Introduction of fluorine atoms to PI improves
several properties such as lower dielectric constants,
higher thermal, and chemical stability, radiation du-
rability against UV light, good transparency in the
visible light and NIR regions, lower refractive indi-
ces, and lower glass transition temperature of poly-
imides.1 As reported by numerous researches, fluori-
nated PIs have been typically prepared from 4,40-

(hexafluoroisopropyllidene) diphthalic anhydride
(6FDA).2–4 These 6FDA PIs show good transparency
and lower dielectric constants than those prepared
from other nonfluorinated dianhydrides.1 The fluori-
nated PIs, which are suitable for optical light-emit-
ting applications, exhibit high radiation durability in
the UV (k 5 200–380 nm) region, high transparency
in the visible (k 5 380–740 nm) and near infrared
(NIR) regions (k 5 740–2500 nm).

Nanocrystals of semiconducting materials have
been extensively studied in the past decade for use
in light emitting diodes5 and photovoltaic solar
cells.6 An n-type semiconductor with a band gap of
3.4 eV and an exciton binding energy of 60 meV,
zinc oxide (ZnO) is a versatile material with many
applications including antireflection coating, trans-
parent electrodes in solar cells, gas sensors, varistors,
light emitting diodes, and surface acoustic wave
devices. At room temperature, ZnO emits ultraviolet
(UV) luminescence,7 and violet electroluminescence
and blue light-emitting LED were successfully pro-
duced.8 Therefore, much attention is now focused on
the light emission properties of ZnO.

Combining ZnO nanoparticles with a polymer
should enhance its optical properties such as fluores-
cence and radiation durability. ZnO/polymer
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composites have been produced with different poly-
mer matrices, such as poly(vinyl pyrrolidone)9 and
poly (hydroxyethyl methacrylate).10 Therefore we
are interested in the uniform dispersion of ZnO in PI
films because of the expected superior optical char-
acteristics such as high fluorescence, high transpar-
ency, and high radiation durability, which are suita-
ble for applications in optoelectronics, light emitting
diodes, photonics and flat-panel display industries.
This work shows how the origin of ZnO affects both
the photoluminescence and thermal decomposition
of the film.

EXPERIMENTAL

Materials

As shown in FigureF1 1, a fluorinated polyimide,
6FDA/TFDB, which exhibits good optical properties
and high transparency, was synthesized from 4,40-
(hexafluoroisopropyllidene) diphthalic anhydride
(6FDA) and 2,20-bis(trifluoromethyl)-4,40-hexafluoro-
propane diaminobiphenyl (TFDB). Monomers were
purified by sublimation process before use. In this
process, the dianhydride and diamine reacted in a

dipolar aprotic solvent N,N-dimethylacetamide
(DMAc) obtained from Aldrich Chemical. Zinc ni-
trate hexahydrate (Zn(NO3)2�6H2O) (99.9% purity)
was also obtained from Aldrich Chemical. Zinc ox-
ide nanoparticles with average primary diameters of
about 2 nm were obtained from Meliorum Technolo-
gies, USA, and used as received.

Preparation of poly(amic acid) solution

As shown in Figure 1, 6 FDA/TFDB-PI was pre-
pared by the reaction between 6FDA and TFDB,
which have six fluorine atoms in both monomers.
More specifically, 6FDA was completely dissolved in
N,N-dimethylacetamide (DMAc) solvent to give a
clear, colorless solution. Then an equimolar amount
of TFDB was slowly added to the solution with stir-
ring to obtain a 15 wt % poly(amic acid) (PAA) solu-
tion. The solution was gently stirred at room temper-
ature for 24 h. Poly(amic acid), which contains car-
boxamide and carboxyl group was obtained from
the reaction between dianhydride from 6FDA with
diamine from TFDB as shown in Figure 1.

Preparation of the ZnO/PI films

Either Zn(NO3)2�6H2O or ZnO nanopowder with an
average primary diameter of about 2 nm was added
into the above PAA solution at the desired molar
concentration of ZnO. All the synthesizing and mix-
ing procedures were performed in argon atmos-
phere. Then the PAA solution was spin coated onto
a glass substrate at 1000–1500 rpm for 15 s to give a
thin film. The film was dried at 708C for 1 h in either
nitrogen or argon atmosphere and thermally imi-
dized at curing temperature in the range of 300–
3508C for 1 h in either nitrogenor argon atmosphere,
and then cooled down to room temperature. Note
that there were two ways of preparing PI films em-
bedded with ZnO nanoparticles. First, ZnO nanopar-
ticles were added directly to the PAA solution. Then
the PAA was imidized, and the resulting nanocom-
posite film was designated as ZnO/PI. In the second
method Zn(NO3)2�6H2O was added to the PAA solu-
tion and subsequently converted to ZnO at elevated
temperatures with thermal imidization of PAA. The
resulting nanocomposite film was designated as
Zn(NO3)2/PI. Note that the concentration of ZnO in
PI films was expressed as a percentage by mole of
the ZnO comparing to the repeating unit of PI.

Measurements

The luminescent property of the films was character-
ized by a Luminescence Spectrometer (Perkin–Elmer
LS 50) at room temperature using a xenon lamp as
the light source. The wavelengths for excitation were
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Figure 1 Chemical structures of monomers and prepara-
tion process of poly(amic acid) and polyimide.
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in the range of 250–450 nm, and the fluorescent
emission was detected in the range of 350–600 nm.
The optical absorption property was characterized
by a spectrophotometer (Hewlett–Packard 8452A
diode array) at room temperature. The wide-angle
X-ray diffraction measurements (XRD) were carried
out at ambient temperature using a Siemens D500
diffractometer with CuKa radiation and Ni filter
in the 2y range of 208–708 with a resolution of
0.028 min21. The glass transition temperature was
examined using a differential scanning calorimeter
(DSC, diamond DSC Perkin-Elmer) between 50 and
4608C at a heating rate of 208C min21 under nitrogen
atmosphere. Thermogravimetric analysis (TGA, TA
Instruments SDT Q-600) was used to determine the
degradation temperature at heating rate 208C min21

from 35 to 10008C under nitrogen atmosphere. The
transmission electron microscopy (TEM) image was
taken with an electron microscope (JEOL, JEM-2100).
The PI films were embedded in epoxy resin and sec-
tioned into a thickness of 20 nm with an ultra micro-
tome (ultrotome V).

RESULTS AND DISCUSSION

The XRD patterns of the PI films containing ZnO
nanoparticles are shown in FigureF2 2. The characteris-
tic XRD peaks, which correspond to the diffraction
patterns of ZnO, indicated that ZnO crystallites
are presented in the film.11 The XRD pattern of
35.1 mol % ZnO/PI agrees well with the wurtzite
ZnO hexagonal phase which is consistent with the
standard values for bulk ZnO. In addition, the posi-
tions of the first three XRD peaks of both 3.3 mol %
ZnO/PI and 666.6 mol % Zn(NO3)2/PI are clearly

observed, thereby confirming the existence of the
wurtzite ZnO hexagonal phase.

Though the 35.1 mol % ZnO/PI showed the dis-
tinct peaks indicating the presence of ZnO crystal in
PI films, the XRD peaks of 3.3 mol % ZnO/PI
showed smaller and broader peaks because of its
lower concentration. Interestingly, the 35.1 mol %
ZnO/PI film exhibited sharper peaks than the
666.6 mol % Zn(NO3)2/PI film. This could be attrib-
uted to an imperfect crystal structure and smaller
crystallite sizes of ZnO in the film. Average size of
ZnO nanoparticles (D) can be estimated using the
Scherrer’s formula as

D ¼ 0:9k
bcosu

(1)

where k is the wavelength of the X-ray (1.54188A), b

is the line width at half height of the maximum peak
and y is Bragg angle of the diffraction peaks. The
estimated D values are 13.5 and 5 nm for the
35.1 mol % ZnO/PI and the 666.6 mol % Zn(NO3)2/
PI, respectively.

Though the 666.6 mol % Zn(NO3)2/PI film showed
broad peaks with low intensity, it was confirmed
that Zn(NO3)2 dissolved in PAA solution was suc-
cessfully converted to ZnO nanoparticles by thermal
decomposition. However, the 117.6 mol %
Zn(NO3)2/PI film did not show any XRD peaks,
which may be due to the small crystallite size,
imperfect crystal structure and too little amount of
ZnO below the detection limit of the diffractometer.
This result is consistent with those of Sawada and
Ando’s12 and Chiang and Whang’s13.

Figure F33 shows the DSC thermograph and the esti-
mated glass transition temperatures (Tg) for the pure
PI and ZnO/PI. The Tg of 0.6 and 3.3 mol % ZnO/PI
films remained essentially the same as that of pure
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Figure 2 XRD patterns of pure PI, PI with ZnO nanopar-
ticles from thermal decomposition of Zn(NO3)2 hexahy-
drate and ZnO nanoparticles directly added into PI.

Figure 3 DSC heating thermograms of PI containing
directly added ZnO nanoparticles.
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PI, which was 3368C, whereas the Tg of 35.1, 74.1,
and 117.6 mol % ZnO/PI slightly increased to 337.3,
338.9, and 339.48C, respectively. This result is con-
sistent with Hsu et al.’s 10 and Chae and Kim’s14.
Adding a solid filler into a polymer would reduce
the mobility of the polymer chains, thereby resulting
in an incremental increase in the Tg value.15 There
are two major causes to the reduction in the mobility
of polymer chains in composites i.e., tethering and
chain confinement.14,15 The chain tethering is caused
by the attractive forces between the filler surfaces
and polymer chains. On the other hand, the chain
confinement occurs when the mobility of polymer
chains is significantly obstructed by the fillers. The
Tg values of 35.1 mol % and higher concentration
ZnO/PI slightly increased because of the chain con-
finement because there was little attractive force
between the surface of ZnO and polymer chains.14

By the way, Tg was not observed in the DSC thermo-
graphs of Zn nitrate/PI (data not shown). It could
be ascribed to the formation of ZnO12,13 during the
combined decomposition and imidization of
Zn(NO3)2/PI films. The brittleness of the film may
be due to the chain scission caused by generated ni-
tric acid or ions. In addition, the formation of ZnO
may affect the mobility of polymer chain, which is
reflected to the obscured glass transition in
Zn(NO3)2/PI film.

The presence of ZnO nanoparticles in PI films also
affected their degradation temperature (Td), which is
defined as the temperature of the samples at 5 wt %
loss. It was found that the Td of Zn(NO3)2/PI are
lower than those of ZnO/PI. FigureF4 4 showed typical
thermogravimetric profiles of Zn(NO3)2/PI films. As
shown in TableT1 I, the addition of only 5 mol % of
Zn(NO3)2 into PI decreased the Td by 178C. How-
ever, adding more amounts of Zn(NO3)2/PI from 5
to 117.6 mol % dramatically decrease the Td by 17 to

2048C. Figure F55 shows typical thermogravimetric
profiles of ZnO/PI films. The Td of these nanocom-
posites clearly decrease to a certain extent when
adding ZnO nanoparticles directly into the films, as
shown in Table I. Addition of 0.6–117.6 mol % of
ZnO into PI films decreases the Td by 20–508C. Inter-
estingly, the ZnO/PI and Zn(NO3)2/PI films pre-
pared at the same 35.1 mol % concentration show
different thermogravimetric profiles. The Td of ZnO/
PI decrease only by 358C compared to 1328C in the
case of Zn(NO3)2/PI. Obviously the ZnO/PI film has
better thermal stability than the Zn(NO3)2/PI film.
The difference between the Td of ZnO/PI and that of
Zn(NO3)2/PI film was a consequence of the origin of
ZnO nanoparticles. Since metallic salts added into PI
films induced acidic hydrolysis (chain scission) and
oxidative degradation of polyimide,12,13 the Td of
Zn(NO3)2/PI film decreased dramatically. This result
was consistent with Hsu et al.’s 10 and Chiang and
Whang’s.13

The optical absorbance and fluorescence spectra
observed for the PI films containing 35.1 mol % ZnO
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Figure 4 Thermogravimetric profiles of PI containing
ZnO nanoparticles from thermal decomposition of
Zn(NO3)2 hexahydrate.

TABLE 1
The Degradation Temperature of Pure PI,

ZnO/PI and Zn Nitrate/PI

ZnO content
(mol %)

Zn nitrate/PI ZnO/PI

Td (8C) DTd (8C) Td (8C) DTd (8C)

Pure PI 555 – 555 –
0.6 – – 535 220
3.3 – – 523 232
5 538 217 – –

10 494 261 – –
15 484 271 – –

35.1 423 2132 520 235
74.1 399 2156 508 247
117.6 351 2204 505 250

Td was defined as T of material at 5 wt % loss.
DTd 5 Td – Td (pure PI).

Figure 5 Thermogravimetric profiles of PI containing
directly added ZnO nanoparticles.
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at different curing temperatures are shown in Figure

F6 6. The characteristic peaks attributable to the exciton
absorption of ZnO are observed at 305 nm for all the
ZnO/PI films with different curing temperatures.
The absorption spectra of all films are shown in the
range of 305–410 nm, and the absorption was
quenched above 410 nm. The emission peak of all
films was located at 461 nm for both 3008C and
3258C curing temperatures and was slightly shifted
to 469 nm for the film cured at 3508C. The intensity
of emission slightly increased as the curing tempera-
ture increased. Though the data are not shown here,
the effect of the curing temperature at a different
fixed ZnO concentration exhibited a similar trend as
the one just mentioned. Since the effect of curing
temperature on the fluorescent intensity is slight, the
curing temperature of 3008C was chosen to explore
the effect on fluorescence.

FigureF7 7 shows the effects of curing atmosphere,
nitrogen or argon, on the absorbance and fluores-
cence at room temperature of 35.1 mol % ZnO/PI
films. The films were imidized at 3008C under either
nitrogen or argon atmosphere. The exciton absorp-
tion peaks of the films cured under nitrogen and ar-
gon atmosphere are observed at 302 and 307 nm,
respectively. The film prepared under nitrogen
shows emission and excitation peaks at 461 and 331
nm, respectively. Similarly the film prepared under
argon showed peaks at 457 and 332 nm, respectively.
The emission peak of the former is slightly red
shifted and exhibited 2.4 times higher intensity than
the latter which is consistent with Roy et al.16 ZnO
synthesized under nitrogen emitted higher intensity
of green light than that prepared under argon which
could be due to different intrinsic defects in ZnO
such as oxygen vacancy and interstitial zinc. The
effect of the curing atmosphere at other ZnO concen-

trations exhibited similar trends (the spectra are not
shown here).

The effects of ZnO concentration on the fluores-
cence and absorbance were presented in Figures F8--F118–
11. All the films were imidized at 3008C under nitro-
gen. As expected, the existence of ZnO in PI films
enhanced the fluorescence emission. Figures 8 and 9
show the effect of ZnO/PI concentration on the opti-
cal absorption and emission intensity, respectively.
As the concentration of ZnO nanoparticles increases
from 0.6 to 117.6 mol %, Figure 8 shows that the
exciton absorption peak is blue shifted from 318 to
295 nm and the absorbance decreased. This phenom-
enon is caused by the broadened distribution of
aggregates of ZnO nanoparticles in the PI film,
which was confirmed by TEM image (Fig. 13). All
samples exhibited absorption spectra in the range of
300–370 nm. Above 370 nm, the absorbance of pure
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Figure 6 Effect of curing temperature on fluorescence of
35.1 mol % ZnO/PI cured under nitrogen atmosphere.

Figure 7 Effect of curing atmosphere on fluorescence of
35.1 mol % ZnO/PI cured at 3008C.

Figure 8 Effect of ZnO concentration on absorbance of
ZnO/PI cured under nitrogen atmosphere at 3008C.
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PI, 0.6 and 3.3 mol % ZnO/PI films was quenched in
the visible region. However, some incremental ab-
sorbance intensity in the visible region (above
370 nm) was detected in high-concentration ZnO/PI
films (>35.1 mol % ZnO) due to the presence of sub-
micron-size ZnO particles, which was confirmed by
TEM micrograph (Fig. 13). The high-concentration
ZnO/PI films are less transparent than the corre-
sponding Zn(NO3)2/PI films because submicron-
sized ZnO cause significant light scattering in the
visible region.

Figure 9 shows that, as the concentration of ZnO
nanoparticles increased to 3.3 mol %, the fluorescent
intensity increased and was slightly blue shifted
from 474 to 458 nm compared to that of pure PI,
although the wavelength of the excitation peak of all
films was approximately the same (except the case
of 117.6 mol % ZnO). As the concentration of ZnO
nanoparticles increased to 35.1 mol % and above, the
fluorescent intensity is, however, not shifted further
compared to that of 3.3 mol % ZnO/PI. More specifi-
cally, at 0.6 and 35.1 mol % of ZnO nanoparticles,
the fluorescent intensity at visible wavelength was
enhanced by 2.2 and 7.8 times compared to that of
pure PI. However, adding more amounts of ZnO
nanoparticles at 74.1 and 117.6 mol % to the films,
the light emission intensity was dramatically
decreased because of the self-absorption of ZnO. Flu-
orescence was generally inversely proportional to
the concentration owing to the concentration quench-
ing,17 which can be classified into two categories:
self-quenching and self-absorption. Self-quenching is
a collision phenomenon between molecules in the
ground state and those in excited state conditions,
which leads to the energy transfer without fluores-

cence. On the other hand, self-absorption is a phe-
nomenon in which the wavelength of fluorescence
overlaps that of the absorption by the sample. In
other words, the fluorescence was absorbed by the
other molecules. This is consistent with the appear-
ance of an increase in the absorption in the visible
region (above 370 nm). Moreover, the emission in
the visible region at all concentrations of ZnO nano-
particles except 0.6 mol % in PI films showed two
main peaks at 460 and 485 nm, similar to the result
by Roy et al.16 The peak appearing at 485 nm could
be originated from oxygen vacancy defect in ZnO.

Similarly, the effects of ZnO concentration from
thermal decomposition of Zn(NO3)2 in PI films on
the absorbance and fluorescence of Zn nitrate/PI
films were shown in Figures 10 and 11, respectively.
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Figure 10 Effect of ZnO concentration on absorbance of
Zn nitrate/PI cured under nitrogen atmosphere at 3008C.

Figure 9 Effect of ZnO concentration on fluorescence of
ZnO/PI cured under nitrogen atmosphere at 3008C.

Figure 11 Effect of ZnO concentration on fluorescence of
Zn nitrate/PI cured under nitrogen atmosphere at 3008C.
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In Figure 10, Zn(NO3)2/PI films of all concentrations
exhibit broad absorption in the range of 300–370 nm
with peaks around 318 nm. The absorption above
370 nm gradually increase as the concentration of
Zn(NO3)2 increase due to the increase in particle size
of ZnO as confirmed by XRD. However, the exciton
absorption peak at all Zn nitrate concentrations was
not shifted compared to that of the ZnO/PI films.

Figure 11 showed the effect of ZnO concentration
in Zn(NO3)2/PI films on the fluorescent intensity
and wavelength. Adding only 5 mol % of Zn(NO3)2

to the PI film shows the highest intensity in the visi-
ble region compared to all other concentrations. In
fact, the fluorescent intensity of 5 mol % Zn nitrate/
PI was 1.9 times that of the pure PI. On the other
hand, the intensities of 10 and 15 mol % Zn (NO3)2/

PI are lower than that of 5 mol % Zn(NO3)2/PI,
whereas the fluorescent intensity of 35.1, 74.1, and
117.6 mol % Zn(NO3)2/PI films became even lower
than that of pure PI as the concentration increases
owing to the aggregation of ZnO nanoparticles.
Moreover, the emission peak of these Zn(NO3)2/PI
films was red shifted when compared to that of the
pure PI films, which may also be attributed to the
aggregation of ZnO nanoparticles. This result is con-
sistent with the appearance of the increasing absorp-
tion above 370 nm. In contrast, the light emission of
ZnO/PI was slightly blue shifted because of no
change in the size of ZnO nanoparticles in the PI
films, which was confirmed by TEM image (Fig. 13).

By the way, the visible light emission of 5, 10,
and 15 mol % Zn(NO3)2/PI showed two main peaks
at 486 and 502 nm, similar to the results reported
by Roy et al.16 In addition, all samples emitted green
color. The visible light emission was assumed to
be caused by different intrinsic defects in ZnO
such as oxygen vacancy and interstitial zinc (450–
600 nm).18–20

Figure F1212 showed the effect of the origin of ZnO
on the absorbance and fluorescence of PI films at the
same ZnO concentration of 35.1 mol %. The films
were imidized at 3008C under nitrogen. The exciton
absorption peaks of Zn(NO3)2/PI and ZnO/PI are
observed at 313 and 301 nm, respectively. Both PI
films show absorption bands in the range of 300–
400 nm. However, an increase in absorbance (above
400 nm) was observed for ZnO/PI compared to that
of Zn(NO3)2/PI. Furthermore, the fluorescence of
ZnO/PI shows an emission peak at 461 nm, which is
significantly blue shifted from the 491 nm of
Zn(NO3)2/PI, and also exhibits a much higher inten-
sity. The excitation and emission peaks of ZnO/PI
are enhanced by 8.7 times than those of Zn(NO3)2/
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Figure 13 TEM images of polyimide containing 117.6 mol % ZnO nanoparticles (a) low magnification image (312,000)
(b) high magnification image (3120,000).

Figure 12 Effect of the origin of ZnO at concentration of
35.1 mol % on fluorescence cured under nitrogen atmos-
phere at 3008C.
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PI, which is attributed to an imperfect crystal struc-
ture and smaller crystallite sizes of ZnO nanopar-
ticles in Zn(NO3)2/PI films (confirmed with XRD
data). In addition, the ZnO generated from the ther-
mal decomposition of Zn(NO3)2 in PI films results in
more self-quenching than ZnO nanoparticles dis-
persed in ZnO/PI films.

The TEM images of 117.6 mol % ZnO/PI films are
shown in FigureF13 13(a,b). Obviously the ZnO nano-
particles are well distributed throughout the film but
poorly dispersed in PI films as can be seen in Figure
13(a). The diameter of ZnO primary particle
obtained from the vendor is around 2 nm. The
aggregates of ZnO nanoparticles with an average di-
ameter of 17–90 nm are observed in Figure 13(b) and
approximately agglomeration of ZnO nanoparticles
with average size of 114–150 nm is also observed.
However, small ZnO nanoparticles generated from
the thermal decomposition of Zn(NO3)2 are not
observed in this study mainly due to the limitation
of TEM resolution capacity (data not shown).

CONCLUSIONS

The thermal conversion of zinc nitrate hexahydrate
(Zn(NO3)2�6H2O) to zinc oxide (ZnO) nanoparticles
was confirmed by XRD technique. The glass transi-
tion temperature (Tg) of ZnO nano-particle-dispersed
polyimide films (ZnO/PI) slightly increase when the
concentration of ZnO nanoparticles is higher than
35.1 mol %, which is due to the confinement of poly-
mer chain mobility by ZnO. However, no Tg of
Zn(NO3)2/PI were observed in the film. The 5 wt %
degradation temperatures (Td) of all nanocomposite
films are lower than that of pure PI, though the
ZnO/PI films exhibits higher thermal stability than
Zn(NO3)2/PI films.

The 35.1 mol % ZnO/PI exhibits fluorescence with
the highest intensity, which is 7.8 times as high as
that of pure PI. In fact, the fluorescent intensities of
all ZnO/PI films are higher than that of pure PI. An
addition of only 5 mol % Zn(NO3)2 enhances the flu-
orescence by 1.9 times compared with that of pure
PI. Moreover, the light emission of Zn(NO3)2/PI
films shows a red shift compared to that of pure PI.
This may be attributed to the aggregation of ZnO
nanoparticles. As for the effect of the curing atmos-
phere on fluorescence, the films prepared under
nitrogen emit higher fluorescent intensity than those
prepared under argon. However, the curing temper-

ature gives slightly effect on the fluorescent inten-
sity. The TEM images show ZnO nanoparticles em-
bedded in PI films in which the aggregates with an
average diameter of 17–90 nm are observed. In addi-
tion, ZnO nanoparticles agglomerate with average
size of 114–150 nm. In other words, ZnO nanopar-
ticles are well distributed but poorly dispersed in
the PI films. It is expected that the optical properties
of the ZnO-containing PI films would be further
enhanced if the ZnO nanoparticles could be uni-
formly distributed and dispersed as primary par-
ticles in the films.

The authors thank Dr. Toemsak Srikhirin, Department of
Physics, Faculty of Science, Mahidol University for use of
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study.
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