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This research designed and assembled an AC plasma system for the synthesis of
polypyrrole films by AC plasma polymerization. Plasma polymerization parameters studied
were voltage and reaction time in the range of 800-1500 V and 30-90 minutes, respectively.
Polypyrrole films were characterized by various spect;ophotometric methods. Infrared
analyses showed absorption frequencies of important functional groups similar to observed
in the case of chemically-synthesized materials. UV-Vis spectra of fabricated polypyrrole
films suggested that the conjugative systems were decreased as increased the AC voltage and
reaction time. Surface analysis by Scanning Electron Microscopy revealed a smooth surface
at the voltage less than 1100 V. In addition, when the voltage is higher than 1100 V, there are
grains appearing in it. Results from Energy-dispersive Xx-ray spectroscopy analysis were
suggestive of the atomic ratio of carbon to nitrogen (C/N) of these films in the range of 4/1 to
5/1, comparing to the ideal C/N of polypyrrole at 4/1. The C/N ratio of plasma-polymerized
polypyrrole films is somewhat higher than the ideal polypyrrole. This is in good agreement
with a possibility of partial cleavage of a C-N and a C-C bond in the pyrrole rings during
plasma polymerization. Electrical conductive measurements revealed that the undoped
polypyrrole films exhibit higher conductivity (67.2 x107® to 3.4x10" S/cm) than polypyrrole
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higher. However, it drastically decreased and reached undoped values in a short time (5
hours) whereas the conductivity of the one synthesized by in situ doped method could

sustained for a long period of time (more than 120 hours).

Field of study __Petrochemistry and polymer science . Student’s signature.....[\74...| (S —

Z
Academic year 2008 Advisor’s signature...%..l’. % é

Co-advisor’s signature



vi

ACKNOWLEDGEMENTS

I would like to express my sincere appreciation and gratitude to my advisor,
Assistant Professor Dr. Worawan Bhanthumnavin, and my co-advisor, Assistant
Professor Dr. Boonchoat Paosawatyanyong for supporting me both in science and life,
and encouraging me throughout the course of my study. I am sincerely grateful to the
members of the thesis committee, Professor Dr. Pattarapan Prasassarakich, Assistant
Professor Dr. Warinthorn Chavasiri, and Assistant Professor Dr. Voravee P. Hoven for

their helpful comments, and suggestions.

I am grateful to Associate Professor Dr. Sanong Ekgasit, and Miss Duangta
Tongsakul for ATR-FTIR facility, and Assistant Professor Dr. Oravan Sanguanruang for

giving me the opportunity to use the solid-state UV-Vis spectrophotometer.

My thanks go to Dr. Dusit Ngamrungroj and Miss Kanchaya Honglertkongsakul
and Plasma lab members for the invaluable guidance, comments, and suggestions during

my thesis work.

Another gratitude is given to Mr. Anusorn Adirekkittikun of Naretlohasupply Ltd.

and Mr. Hunsa Boonhao for suggestion in construction of AC reactor.

Finally, I would like to express my deepest appreciation to my family, and all my

friends for their entire care, love, patience and encouragement.



CONTENTS

Page

ABSTRAGT{THAR L. a8 il ... S sl B 5 i i s RO iv
ABSTRACT (ENELIBH. .05 aoiussssssbiiomonsssssissssssubagsnssnssess fns s dgs sverght swsgsoss v
ACKEOWEED GENIETNTS it s 50 55 00 e bt i s v ki s ooy vi
CONTENTY ... il N oo il o R i S B ... o9 vii
LIBNOFBABLES....... oSl vl s saiieessvsr s ... B B .88 X
LS T ORI G RS ... o e o Bl gamM v s s xii
LIST OF ABBREVIATEONS... .. e ks issins dsatnosaios cotions s svssnesns thessranisssdhssstos st xvii
LT OF SYMBOLS.,... S0 ..t vt o e MR il ss5s500s 38 s D sy ss iy ol Xviii
CHAPTER [ INTRODUCTION:. ... fisvssvoibsscumhiosssossos s bimnneiinssssssmsesiss ssssos e 1
1. b Stateprent of probloflie e e 588 el sssssssss s ssaipeshosesesss g 1
R T R, e o R 2

1.3 Research plan and the scope of investigation ............ccccecevvenvenenccrennens 2
CHAPTER II THEORY AND LITTERATURE REVIEW .......cccccvininvininincnncns 4
2.1 Introduction to conjugated polymers .......c.ccccevervveviriiinininnecininicnnnens 4

2.2 Classification of conjugated polymers .........ccceceevvevinvieninnieniinicneiniens 4

2.3 Conjugated polymers: organic semiconductors..........c.cccuevuereriueruennnne 6

2.4 Applications of conducling pOlYMBES w.crswess srssmas s asesmensssussmnans 8

T 0 (e a7 R T - —— 9

2.6 Mechanism of cONAUCHVILY ......cccoverirenirineiieinenincercscie s 10

2.7  POLDYIIONR yviorsris il DR Rl -ove e B crosomeoe S IS, .o 11

2.8 Synthesis of POIYPYIIOIE....... ..o oo riorhmsiamsnionsimammass snssiss oo sapsami ssvssns 14

2.7 Chemical polymerization © pOlyPYITOle .csesssssssssssussusssnsssssnes 14

2.8 Electrochemical polymerization of polypyrrole............ccccene.e. 16

2.9 Conductivity measurement by two point probe technique.................. 18

oMUl T T T R AR S—. - - 20

2.11 Plasma pOIRIBIIZAION. ....c.ouoncis s oncoveosmmoniios o s ssnsnsis o G650 comuRMR Nass 23



Page
CHAPTER III AC PLASMA SYSTEM AND EXPERIMENTAL........................ 32
0% VR LT T T I - B — 32
3.1.1 The design and construction of the AC plasma system............ 32
3 LA Naeuum chamBBil. ...t s S siasissors 34
L PO B o O vt S o e i 34
$3.1.3 MORSIROT vessel.. om.. .l ... ot e e 35
S 1AL EONE LT - uoliisesnosorsotossosisosns sairatisste s s s sssoliishissnss 35
3.1.2 Testing of the AC plasma System .........ccccecvevereereeneeseenennenn X7
3.1.2.1 Testing of the assembly under vacuum ..................... 37
3.1.2.2 Testing of chemical recovery by cold trapping ......... 38
3.1.2.3 Testing of power Supply .....ccccocceveverenenenenenrenuenenne =
3.1.2.4 Determination of plasma temperature ...........cc.ccc.e.. 41
3.8 ICXPEIRONtal ... T SRR O L . 44
2.1 “iaterials . SRt BRI c.ocx ol il o B 44
322 BQUIDIETITIR. - vcorneorpguntians vvoss s ST gt srsvvosor Wi sosil 44

3.2.2.1 Attenuated total reflection-Fourier transform
infrared (ATR-FTIR) spectroscopy .......cceceeeeueerenneene 44
3.2.2.2 Solid-state UV-Visible spectroscopy.......ccccceceerueenee. 44
3.2.2.3 Scanning Electron Microscopy (SEM).......cccccceeueene. 44
3.2.2.4 Energy-dispersive x-ray spectroscopy (EDS)............ 45
3.2.2.2 Electrical conductivity measurements...........c..c..cv... 45
3.2.3 Prepagation of glass SubSHAtes . s smmmn s 45
3.2.4 Plasma polymerization of pOLYPYITOLE...oussssnrsssesssssosssssssmssss 46

3.2.5 Plasma polymerization of polypyrrole and in situ

doping With IOGINE ...........-ormebemsssmmmasnisamiasisssssssmsuagsm s 47
3.2.6 Chemical synthesis of polypyrrole ..........ccccoovvririninvencnennes 48
CHAPTER IV RESULTS AND DISCUSSIONS ......occoeriririeeneeeneneneneneenenne 49
4.1 Plasma-polymerization pyrrole..........ccccevveverviereerueierinenienenesreeennenne 49
4.1.1 Characterization of plasma-polymerized polypyrrole ............. 50
4.1.1 Functional groups and chemical characteristics ........... 50

4.1.2 Elemental composition of the films..........ccccecererenenne. 53



X

Page
4.1.3" Film morpholOR Y mscmessasssssevsrseessermmpasbiamssesserasesssmsesss 55
4.1.4 Optical characteristics of the films ..........cccccecervievuennenne 58
4.%:5" Elegtrical oondietiNity i e e sibcadiosiin ses Shasiiins 60
4.2 In situ iodine-doped plasma-polymerized polypyrrole.........c.cccevuuee 61

4.2.1 Characterization of in situ iodine-doped plasma-
polymerized POl YDYIIOIO. ...« s s fhnnstlia s ssossssvsaiismmiostisseriabes 61
4.2.1.1 Functional groups and chemical characteristics ........ 61
4.2.1.2 Elemental composition of the films............ccccceuennee. 64
4.2.1:3 "Filn morphology . G oo dmsmms ases ssvumsnssnosss 65
4.2.1.4 Optical characteristics of the films .........ccccceueeennene. 67
4.2, B pElegtrical cOndueiVy sl Blamc wossosveirabons 70
CHAPTER V CONCLUSION AND SUGGESTIONS ....cccccmseecsammsinsisnssisnesossenses 13
REFEREINCES ... 55 s osvo vsissn roiess < memsssssss s Susismsss- coumusetss ssssosssssien ainvsssssligomss 78
APPENDICGES...... 00 . o Mg om0 i o555 M ampp i css v iaaoiion s souio eso uganantiossscos s aion 84
APPENDIERA. .. Bl e ..o 8 A Al i 85
APPENDIX B i s o soscsseusensssssassissevssssommaiiiive =5 ssssmoxsssenions 86
PPERIDIX (s susnssussscisnursassansre s oo NI I ok roas s 108 Chass 5 S S SRS AR 90
APPENDIX ID..vesussssensassonsssnsssssesssssssnsssesssssssopssssonsssssbismessnsssassessascrasoesannss 93
APPENDIX B s smunmsversmsnssbis e mmeiusyresssstessmumgmeimmtunrsnsasssesansassass 94



Table

21
3.4
;%)
4.1
42
43
4.4

4.5
4.6

4.7

4.8

4.9

4.10

Cl1
2

El
E2

E.3

LIST OF TABLES

Page
Application of conducting poOlymers.........cccceveeerviecirrrceninirccccnecciccnes 9
Lbe euffentoR Stap Up Cirgiiil. TS T 8. .0 B el i ..l . IR 40
Nitrogen spectroscopic data at 0.4 torr for 1000 V.......ccceviriieniniienenenciennennes 42
ATR FT-IR band assignments of chemically-synthesized
polypyrrole and plasma-polymerized polypyrrole...........ccceeveverveeccrerenencnncnnes 50
The AC voltages versus C/N ratio of plasma-polymerized polypyrrole............ 93
The film thickness at various AC voltages and reaction times..........c..ccceeuennen. 55
The conclusion of UV-Vis maximum absorption (A may) of plasma-
polymeriZEd POl PYTTOIE -oib i« otuintes vsosvsos egs B mbasENs s 0w s MR s b ss s 5l 58
The electrical conductivity of AC plasma-polymerized polypyrrole................. 61
The AC voltages versus C/N ratio (a) and I/N ratio (b) of in situ
iodine-doped plasma-polymerized polypyrrole ........ccevveeeevievenceevieneniecnennnn. 64
The film thickness of in situ iodine-doped plasma-polymerized
polypyrrole at various AC voltages and reaction times. ...........ccceceecercereecnuenne. 65
The summation of UV-Vis maximum absorption (A max) of in situ
iodine-doped plasma-polymerized polypyrrole ........ccccocvverinnenccnnincninnienen. 68
The electrical conductivity of in situ iodine-doped plasma-
polymerized polypyrrole films ..........ccceeveivieniiiiniincniiencrceeceseee e 70
Compare the electrical conductivity of iodine-doped polypyrrole
by conventional and different plasma polymerization method......................... 73
The elemental composition of plasma-polymerized polypyrrole...............c....... 90
The elemental composition of in situ iodine-doped plasma-
polymerized POLYPYITOLE .....co.veruiriieiiiiriiteiect ettt 92
Electrical conductivity of AC plasma-polymerized polypyrrole ............cc.c.... 94
Electrical conductivity of iodine-doped AC plasma- polymerized
polypyrtole (10 58 AODIND) s samnnssssuusocopommmsssssrosssmssassssenssosssmgsoss 95

Electrical conductivity of iodine-doped AC plasma- polymerized

polypyrrole (in situ doping) at 800 V for 30 minute.........c.coevvivviiiniivinennnnnnnes 96



Xi

Table Page

E.4 Electrical conductivity of iodine-doped AC plasma-polymerized

polypyrrole (in situ doping) at 800 V for 60 minute..........ccceevvrvirvincvicirincnnnnne. 96
E.5 Electrical conductivity of iodine-doped AC plasma-polymerized

polypyrrole (in situ doping) at 800 V for 90 minute.........c..ccccevvvvivcivvnnucinnnnn. 97
E.6 Electrical conductivity of AC plasma-polymerized polypyrrole

at 800 V for 30 minute and iodine ex sifu doping for 24 hours.........ccccccceveneee. 97
E.7 Electrical conductivity of AC plasma-polymerized polypyrrole

at 800 V for 60 minute and iodine ex sifu doping for 24 hours............ccceeuenee. 98
E.8 Electrical conductivity of AC plasma-polymerized polypyrrole

at 800 V for 90 minute and iodine ex situ doping for 24 hours............c.ccocu.... 98



LIST OF FIGURES

Figure Page
2.1 Conductivity of different materials............cceeveevrereeiienieriieneeeeseeeeee e 4
2.2 Molecular structures of examples of conjugated polymers.........c..ccccererveruenncnne 5
2.3 1 Classification 6 cOnANGHNG POIYIMETS. ..t vcoums issstas sbis asssmssive e vk it shssists oo ilhnss 6
2.4 | Enerty Hontd gaps INRRRIPEALS . B v bt o s sss s tfie Biss 0 7
2.5 Proposed chemical structures for the growth of polypyrrole.

(a. o-a' linkages; b. 0-B' [INKAZES) .....cevereererereriiieireereer e 12
2.6 Neutral state, polaron and bipolaron structures for lightly and

heavily doped polypyrrole, respectively, with their corresponding

schematic band structures and the allowed electronic transitions ...................... 13
2.7 Mechanism of chemical polymerization of polypyrrole .........cccccocurvvevirinnnenne. 16
2.8 Mechanism of electrochemical polymerization ............cccceeeevievieneesierienieenneenns 18
2.9 (a) two-point probe method for measuring the sheet resistance

of thin film; (b) a depicted model of the conductor film with

length L, widh i, and=tRICKEREs . ... s ssshsessssaos i s ssnsussess 19

2.10 The four states of matter; plasma is sometimes referred to as

the fOUIrth StAte.. .....cccovuieiiirieiriereee e 20
2.11 General mechanism of gas discharge polymerization............cccccccevevercrenuennee. 23
2.12 Polymer prepared from chemical polymerization compared

to that from plasma polymerization Methiod . s wmmmmmbsissssssssssssmmmnossnss 25
3.1 The drawing of AC plasma system by AutoCAD program version 2007 ......... 33
3.2 The photograph of AC plasma SyStem.. .........ccecueevueiniieiineericnienieneeceeieee 33
3.3 (a) Schematic diagrams of vacuum chamber by AutoCAD program

version 2007 and (b) photographs of the actual vacuum chamber..................... 34
34 Diaprar Of SIED UD CITOURL: cocmsunssutissnimvisssimmsssus e istomiiss maomss s s sy 35
3.5 ‘The photogeaph of the transiOEIEr DOB e «ummitamtsressssssosibuossesssssxpapsmsses 35
3.6 (a) The design of monomer vessel by AutoCAD program version

xii

2007 in millimeter unit and (b) the photograph of the monomer vessel............ 36



Xiil

Figure Page

3.7 Illustration of the cold trap by AutoCAD program version

2007(millimeter unit) (a) and the cold trap used in this study (b).........ccoeu..... 36
3.8 The graph of the decrease pressure versus times .........cocceeceeevueerersaeseesnesnennns 37
3.9 The graph of the increase pressure Versus times.........o.cocceeeeeereereereeresseeseennees 38

3.10 The cold trap showing region I for residues passing through

the inside tube and region II for dry ice and acetone. ...........ccceevvevueeeecrenrecneenen. 38
3.11 The linear graph showing the calibration of voltage for

multimeter With VOIIMELET. ......cccovereiiiiriiiiiiiinieiicctcccnienie e 39
3.12 The linear graph showing the calibration of current for

multimeates with amiigier ... 55..... . DRl il il Bt e sasn e St s 40

3.13 Position of OES probe during plasma temperature measurement. ..................... 41

3.14 Optical emission spectrum of nitrogen plasma in the range of

500 to 1500 nm at 0.4 Torr for 1000 V. .....ccueiiiriineniniiiiiieeeeeeeeneeeeeenens 43
3.15 The peak intensity ratio versus electron temperature...........c.ccceeeeeeereerneeeennn 43
3.16 The substrate preparation for measurement of electrical conductivity............... 46
3.17 Schematic representation of the clean glass substrate in the chamber. .............. 46
3.18 OES spectrum of iodine-doped plasma-polymerized polypyrrole. .................... 47

4.1 Example of plasma-polymerized polypyrrole films by AC plasma

DOIFIBTIZRTION .. cv s ensmnsmomsansenmonne st wa s sasses saas s sad asasndmesias 49
4.2 FTIR spectrum of liquid pyrrole, and ATR-FTIR spectra of

chemically-synthesized, and plasma-polymerized polypyrrole

at different AC voltage at 30 minute reaction time..........cccceeveeereerrueencrneenneenne 51
4.3 Proposed structures of plasma-polymerized polypyrrole.........cccccceueriruneruenncne 54
4.4 Morphology of plasma-polymerized polypyrrole films on the

glass substrate determined by scanning electron microscopic

technique at 30 minute and various voltages; (a) 800 V,

(b) 900 V, (c) 1000 V, (d) 1100 V, (e) 1300 V, and (f) 1500 V ....ccooererincnucnnee 56
4.5 Morphology of plasma-polymerized polypyrrole films on the

glass substrate determined by scanning electron microscopic

technique at 60 minute and various voltages; (a) 800 V,

(b) 900 V, (c) 1000 V, (d) 1100 V, () 1300 V, and (f) 1500 V ......cceovrueunucunee. 56



Figure

4.6

4.7

4.8

4.9

4.10

4.11

4.12

4.13

4.14

4.15

Xiv

Page

Morphology of plasma-polymerized polypyrrole films on the

glass substrate determined by scanning electron microscopic

technique at 90 minute and various voltages; (a) 800 V,

(b) 900 V, (c) 1000 V, (d) 1100 V, (e) 1300 V, and (f) 1500 V .....cccevcerrevrennenne. 57
Cross-sectional analysis of plasma-polymerized polypyrrole films

on the glass substrate determined by scanning electron microscopic

technique at 30 min and various voltages; (a) 800 V, (b) 900 V,

(c) 1000 V, (d) 1100 V, (e) 1300 V, and (f) 1500 V ...ccorirmiririniireeeniereeienen 57
UV-Vis absorbance spectra of plasma-polymerized polypyrrole

at different AC voltage.at 30:minte FEACION TIME. ... smmmmmsssssessersesmsatsssssss 39
UV-Vis absorbance spectra of plasma-polymerized polypyrrole

at different AC voltage at 60 minute reaction time. .........cccceeeveerveerserneenerneenne 59
UV-Vis absorbance spectra of plasma-polymerized polypyrrole

at different AC voltage at 90 minute reaction time ..........c..cecceererveenrerrersvenennes 60
The plot of current versus voltage at room temperature .............coceeceeeereerereenne 61
FTIR spectrum of liquid pyrrole, and ATR-FTIR spectra of undoped

at 800 V for 30 minute and in situ iodine-doped plasma-polymerized
polypyrrole at different AC voltages at 30 minute reaction time...........c........... 63
Morphology of in situ iodine-doped plasma-polymerized polypyrrole

films on the glass substrate determined by scanning electron

microscopic technique at 30 minute and various voltages; (a) 800 V,

(b) 900 V, (c) 1000 V, (d) 1100 V, (e) 1300 V, and (f) 1500 V ...cccceerververuennee 66
Morphology of in situ iodine-doped plasma-polymerized polypyrrole

films on the glass substrate determined by scanning electron

microscopic technique at 60 minute and various voltages; (a) 800 V,

(b) 900 V, (c) 1000 V, (d) 1100V, (e) 1300 V, and (f) 1500 V ....coecvvreveveenenne. 66
Morphology of in situ iodine-doped plasma-polymerized polypyrrole

films on the glass substrate determined by scanning electron

microscopic technique at 90 minute and various voltages; (a) 800 V,

(b) 900 V, (c) 1000V, (d) 1100 V, (e) 1300 V, and (f) 1500 V ....ccoeceruerviereneneee 67



Figure Page
4.16 UV-Vis spectra of in situ iodine-doped plasma-polymerized

polypyrrole at 30 minute and various VOltages.........ccccceeveeveerciersreesureseeseeniennns 68
4.17 UV-Vis spectra of in situ iodine-doped plasma-polymerized

polypyrrole at 60 minute and various voltages.........cccceceerereevieneesieneniieniennene 69
4.18 UV-Vis spectra of in situ iodine-doped plasma-polymerized

polypyrrole at 90 minute and various voltages...........ccecuereereveerceeriineeeeneennenne 69
4.19 The conductivity of undoped and in situ iodine-doped plasma-

polymerized polypyrrole at 30 minute and various voltages............ccceeueerveennen. il
4.20 The conductivity of in situ iodine-doped plasma-polymerized

polypyrrole and ex situ iodine-doped plasma-polymerized

polypyrrole at various reaction times for 800 V as a function

ORCEPOSTIE IICIIEEE il . ... o lhin sl Tl i g B I .. 72
A.1" Dimension of standard NW 16 Iange.. .. ..c.oums bt mmmuesss o nmsmmnssinssessnsss 85
A.2 Dimension of standard NW 40 flange ..........ccccevevvvereniienenieeninieniienesieeneeseenes 85
B.1 FTIR spectrum of liquid pyrrole, and ATR-FTIR spectra of

chemically-synthesized, and plasma-polymerized polypyrrole

at different AC voltage at 60 minute reaction time ...........cceeeeeevveereereerreneenenn 86
B.2 FTIR spectrum of liquid pyrrole, and ATR-FTIR spectra of

chemically-synthesized, and plasma-polymerized polypyrrole

at different AC voltage at 90 minute reaction time ............ccceceeveerreerereeernenene 87
B.3 FTIR spectrum of liquid pyrrole, and ATR-FTIR spectra of undoped

at 800 V for 60 minute and in situ iodine-doped plasma- polymerized

polypyrrole at different AC voltages at 60 minute reaction time........................ 88
B.4 FTIR spectrum of liquid pyrrole, and ATR-FTIR spectra of undoped

at 800 V for 90 minute and in situ iodine-doped plasma- polymerized

polypyrrole at different AC voltages at 90 minute reaction time........................ 89
C.1 EDS spectrum of plasma-polymerized polypyrrole at 1000 V at

30 Minate TEACtion TG . - i ammmmiiimatn s s i svisssaalianen s s R i A 91
C.2 EDS spectrum of in situ iodine-doped plasma-polymerized

XV

polypyrrole at 1000 V at 30 minute reaction time..........co.ceeveeveereererreereneeruennes 91



xvi

Figure Page

D.1 Cross-sectional analysis of plasma-polymerized polypyrrole

films on the glass substrate determined by scanning electron

microscopic technique at 60 minute and various voltages;

(a) 800 V, (b) 900 V, (c) 1000 V, (d) 1100 V, (e) 1300 V, and

g L A . W TR e S, W, W L - 93
D.2 Cross-sectional analysis of plasma-polymerized polypyrrole

films on the glass substrate determined by scanning electron

microscopic technique at 90 minute and various voltages;

(a) 800 V, (b) 900 V, (c) 1000 V, (d) 1100 V, (e) 1300 V, and

(0 1500 s L. N ........ R LR i TR A, ... 93



sccm
DC

AC

\"%

S

pm

min

mL

cm

nm

mm

m

\Y%

A

I

MHz
ATR-FTIR

uv

SEM
EDS
OES

VB
CB

eV

XVii

LIST OF ABBREVIATIONS

: Standard Cubic Centimeters per Minute

: Direct Current

: Alternating Current

: watt

: siemen

: micrometer

: minute

: milliliter

: centimeter

: nanometer

: millimeter

: meter

: voltage

: ampere

: current

: Mega Hertz

: Attenuated total reflection-Fourier
transform infrared

: Ultraviolet

: Scanning electron microscope

: Energy-dispersive x-ray spectroscopy

: Optical emission spectroscopy

: band gap

: valence band

: conduction band

: resistance

: electron volt



€ M MW oA~ > BT Q

d“ts:

LIST OF SYMBOLS

: conductivity

: resistivity

: ohms

: wavelength

: intensity

: transition probability
: statistical weight
: Energy level

: length

: width

: negative

: positive

: degree celsius

Xviii





