1GKLBLML N1ABDB
G:P1HG:EVGHZ2 :D:>?F12 G:MD MDJ:2GB

D\ZeenedZpecgZ gZmdh
gZ ijZ\Zo gZmdh\h€ ~]

M > B35.37; 539.21; 620
< _j[bpvdbc :gZlheesc ;hjbkh\bq

>BK?JL:P1Y

NHLH?E?DLIJHGOBHP?KBMFHE?DMEYJGBO DHFIHABLGB
KLIMDLMJEX HKGH<1 HJ=:G1QGBO G:I1<IJH<1>GBL

©Nedbdjzh]h leeza

04 +tNeabqge gZmdb

Ih”rZ}lvky gZ a*h[mlly gZmdh\h]h kimfZyyfZhadfgpsd rgezarm

>bk _jlZpey feklblv j amevlZlb \eZkgbo "hkees”" gv <
j_amevlZle\ o« | dkle\ egrbo Z\lIhje\ fZ} ihkbeZggy gZ \

(: ; <_j[bpvdbc

D b €205
1



ghlZpey
; <_j[bpvdbldhIl®_e_dljhithge kbfhe _dmeyjgbo dhfihab

kljmdImpZo hkgh\e hj]Zgeqgbo gZi\ifh\ZégbddX3peagZ gZ
1jJZpy gZ 1jZ\Zo gZmdh\h€ ~"hih\e/Me

M~Abk jlZp+€ jha\lfyaZgh gZmdh\m ijh[e_fm \klZgh\e¢
kiI\hj _ggy dhfihablgbo kbkl_f gZ hkgh\e rbjhdh]h
\m]e_p_\bo gZghljm[hd ihesZp g\ 1Z ihdZazZgh h_jki_
aZklhkm\Zggy m jeagbo ]J]Zemayo gZmdb |Z | _ogedb
ijh[e_fb g_h[o*”gh [meh %jmglh\gh “hke*s”*blb nhhpg kdf ¢
m |Zdbo dhfihablZo a f_Ihx kiI\hj_ggy gZewydhidhhbiklZg g
|Zdbo kbkl _f ahdj fZ m fhe_dmeyjgec _e_dljhge.p-

F_Ihx jh[hlpmeh \klZgh\em+egggygbo f_oZgeafe\ 1Z *
"hkee”" ggy hkh[eb\hkl ¢ neabqgbo ijhp_ke\ m fhe d
kbkl _fZo gZ hkgh\e rbjhdh]h deZkm hj]J]Zgeqgbo kihemd

>ey “hky]g _ggy ihklz\e _gh€ f _Ib jhal\fyam\Zebkv g:

-\bagZqg_dg9Zgeafm \aZ}fh”e€ \m]Je p_\bo gZghljmJ[l
[Zj\gbdZfb aZ "hihfh]hx exfeg_ kp_glgllZ€ ~Kil Zcehdakd lyig £
Z]lj_1Zp+€ [Zj\gbde\ gZ \m]e p \bo gZghljm[dZo Z 1Z
kKZfh\ihjy*dm\Zggy Z]j_]1Zl\ [Zj\gbdZ gBogi\ghojgE[\m]e g

- "hkee™" _ggy ijhp_ke\ \aZ}fh"e€ bad JZdkgdtijagh\
ZeenZlbggbfb ZfegZfb 1Z \m]Je _p _\bfb gZghljm[dZfb |Z
\bdhjbklZggy yd nenbloahlgdr*gygZfelZaAm]e p \bo gZghljm]

- "hkee”" _ggy kljmdImjb hilbggbo 1Z nhlh\hevlZ€
Ilhgdbo iee\hd ] _|_hkljmdImj 1Z dhfihable\ gZ hkgh\es ihe

- \b\g_ggy hilbggbo [Z nhlh_e _dljbggbo \eZklb
iheef _jgbo [Z egrbo dhfihable\ gZ hkgh\e iheesf_Ib
nhlhgmleb\bo m [ebavdec 1Q h[eZkle

-\bagZq_ggy aZ “hihfh]hx gZkhjha”ee_gh€ nexhj_Kky
reyoe\ j_ eZdkZpe€ a[m”~ _gbo klZge\ m iheef _Ibgh\bo [.



|Z ihee}gh\e ;nhhhike”" ggy \ieb\m | _jfegZevgbo ]jmi g
a[m”~" _gbo klzZge\ iheef_Ibgh\bo [Zj\gbde\ dZlehggh]h Ibi

- \b\q_ggy \bsbo a[m”~ _gbocjbleEgeZgegh\h]h d
itheef Ibgh\bo [Zj\ghdrN_fgy ijZ\beZ DZr-

F _Ih~ b "hkee” gV

Hkgh\gbfb “ey ~Zgh€ jh[hlb } _dki_jbf_glZevge f_
hilbggbdd nhlh_e _dljbqgbo izZjzZf _I|je\ dhfihablgbo kbkl _:
ihlebgZggy nhlh\hevlZ€qggZ fh"meypecgZ ki_dljhkdh
gZkhjha”teevgZ exfeg _kp_glgZ ki_dljhkdhiey gbavdhl_fi
>ey gbadb h[T}dIls\ \bdhjbklh\miZ<efbgyge diZldl'MbhjhajZo
~g_jl_Ibggh€ kljmdImjb 1Z klzg~Zjlge f_Ih~*bdb dhfi
hljbfZzgbo _dki_jbf _glZevgbo aZe_ "ghkl_c

GZmdh\Z gh\bagZz

<i_jr_ihdzZazZzgh sh nhlhexfeg kp_glg_a[m” _ggy |
i _j_~"Zg_ “h gZghljm[hd sh ijb\h”"blv "h kbevg¥ihel Zg &y
k\eleh\h]h \bijhfegx\Zggy a _dkblhggbo je\ge\ \m]Je p
|Zdh™ mi_jr_ _dki_jbf_glZevgh aZnedkh\Zgh ~h”Zldh\m
[Zj\gbdZ m \b~bfec h[eZkle azZ\*ydb Z]j_ ]Zp+€ gZ
gZghljm[hd

<i_jr_ ijh™ _fhgkljh\Zgh h”ghqZkg_ ml\hj_ggy "\ho
[Zj\gbdZ m dhfihable a gZdigm]h Zitbhimt aZz\*"ydb Z]j_]Z
cahf_je\ fhe _dme [Zj\gbdZ gZ ih\_joge gZghljm[hd2alZz ~
Zlj_1Zl*\ mlI\hj_gboeadafljjcdkfhe _dme [Zj\gbdZ ~ I|Zevgl
neabgge 0ZjZdl_jbklbdb h[ho Ibie\ Z]j_]2ZIe\

?dki_jbf_glZzevgh ihdzZazgh fh eb\eklv klI\hj_ggy
iheef _jgbo dhfihable\ gZ hkgh\e fh*bnedh\ZgdfojdZ]fZa
iheef Ibgh\bo [Zjhdbdegmleb\bo m [eb gec 1Q h[eZkle

AZ "“hihfh]l]hx gZkhjha”ee gh€ nemhj_ kp_ gbdhes &kbod
| fi_jZImjZaoki_ jbf _glZevgh i*l1g4¢igegklv lIjvho j eZdkZ
reyoe\ a[mbBokbZgNey kbf Ijbggbo iheef Ibgh\bb”phj\gb:
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kbf Ijbggh]l]h reyom <a a[_j_ =~ _ggyf kbf [j«€ ~ey e dlI
"\Nho g_kbf _Iljbggbo reyoe\ e<a jeagbfb ihjmr_gggfb |
g_kbf_ljbggbc f_ozZgeaf ijb\h”~blv ~h iheef_Ibgh\hlh klz
"hghjgddp _ilhjghlh ihee}gh\h]h klZgm

ljZdlbgg_ agZq _ggy hljbfZgbo j_amevlZle\

<i_jr_ ijh™_fhgkljh\ZgedbfiggdKkin]e p g\Zghljdb[+
hjl]ZgdoegZzj\gbd a gmllezk\bd _dlib\gbf nhlhexfelgf \lep] gt f
a* agZaggheibg\bijhfegx\Zgghth\hebeb kiI\hjblb gZ*gmeb\t
gZghljm[hd yde } ihl_gpecgbfb aZ[jm~*gx\ZqZfb gZ\dhe
=jZgbggZ gmleb\eklv *Zgh]h k_gkhjZ } ihjy*dm h”bgbpv
je\ge djZsbo k\elh\bo klzZzg~Zjle\

<i_jr_ \by\le _gZ "h”Zldh\Z nhlhexfeg_kp_gpey [Z]
hfezZkle aZzZ\"ydb Z]j_]Zp*€ gZ ih\_joge \m]e _p_\bo
\eamZeeam\ZIlb hdj_fe gZghd@d\dhjsklziih™ m ]Zemayo
\eamZeecaZpey } \Z eb\hx gZijbdeZ™ m [sheh]e€ |Z f_ "D

M j_amevlZle “hkee”" _ggy ijhp_ke\ \azBhbhz2j\g #dd dk Z
ZeenZlbggbfb ZfegzZfb 1Z \m]Je_p_\bfb gZghljm[dZfb [m
fh eb\eklv €0 \bdhjpd&igghh*exqbo nemhpokp ggdigrey
Zfegt¥\m]e _p_\bo gZghljm[hd

KI\hj _ge nhlhgmleb\e iheef jge dhfihablb gZjHhkigh\e
iheef Ibgh\bo [Zj\gbde\ a fZdkbfmfhf nhlihfedkl\h
fZzdkbfZevgh]lh ihlhdm nhlhge\ khgyqghpgtf kflledv [mlb
\bdhjbklZgd fZ| jeZebdey hj]J]Zgeqgbo khgyqgbo e f_
nhlhgmleb\eklIx "hxyd*fdf dIihjRbijhfegx\Zggy

Hljbfzge i qZk \bdhgZgbo "~hkee”" _gv gZmdh
nmg"Zf _glZevge |1Zzd ijbdezZz”ge jharbjxxlv my\e ggy
\er[m\Zxlvky m fhe_dmeyjgbo dhfihablgbo fZl _jeZeZ
"halheyxlv ijh\h”~blb ih”"Zevrm hilbfeaZpex \eZklb\hk
kbkl_ f rbjhdh]h deZkm



KijmdImjzZ « afekl jh[hlb

Jh[hlZ kdez”"Z}Ivky a :ghlZp+€ gikdfreiek)\ tE_ D Zkg ba f
\azZ}fh”e€ \m]Je p_\bo gZghljm[hd a hjJ]Zgeqgbfb [Bp¥gbcC
iheef Ibgh\h]h [Zj\gbdZ gZ ih\ _j6@y3gBERgatm[gdy ijhp_|
\azZ}fh”ne€ N"ehdkZ[hjbgh\bo [Zj\gbde\ a Ze*nZlbgqdbfb Zf
gZghljm[dZ3)bZ>hkee”" ggy kljmdImjb hilbggbo |IZ nhlh)
\eZklb\hkl ¢ Ihgdbo ies\hd ] | _hkljmdImj 1Z d\rfiha
iheeZp ge\ €0 lihomtpgebgCgmd) 3Hilbgge 1Z nhlh_e dljbc
\eZklb\hkle iee\hd 1Z iheef jgbo dhfihable\ gZ\blokgh
[Zj\gbBUd nhlhgmlebhbpeb gech[le@KJ|b) 3KI\hj _ggy iheef jgt
dhfihable\ nhlhgmleb\bo m rbjhdec ki_dljZevgec h]
dk_jh] _ex hdkb™ m \zZdiMxlZéhj]Zgegqgh€ Kkihkeddtb VA
_e dljhexfeg _kp _glgbo dhfihablgbo kijmdIimj f_ jABGrZgec
SReyob j _eZdkZpe€ a[m”~"  _gbo klZge\ m iheef Ibgh\bo [-
|Z ihee}gh\e nhjfb \ieb\ | jfegZevgbo Jjmi ggbjo &kddg§Z\p
iheef Ibgh\bo [Zj\gbde\ dZIl<¢hggh\] hjridoikrhv jh{thnkoghidb

< 3ghlzZpe€rZ}Ivky aZ]lZevgZ oZjZdl_jbklibddmjm[hl
aZagZqgZlhbukynZevgeklv ijh[e _fb h[% jmglh\m}Ivky f_
"hkee”  gv \bdezZ” gh gZmdh\m gh\bagm ijZdlbqgg_
_dki_jbf _glzevge f Ih~"bdb Z I1Zdh  a\fyahd a gZmdh\bf
| fZfb HibkZgh hk\Wg[bkhdca*h[m\zZgqZ |1Z Zijh[Zpey j_ame

M i_jrhfm jha”tee«Zgeaf \aZ}fh”«€ \m]e_p_\bo g.
hjl]Zgeqgbfb [Zj\gbdZfb \b\gq _ggy Z]j_]Zp+€ 1iheef Ibc
ih\_joge gZghljmghphihgh\Zgh gh\m dhgp_ipex kl\hj_
k_gkhjgbo dhfie_dke\ \m]e_p_\bohjgZghdjgh[jihhd [Zj\gbd.
gmleb\bf 1Z k_e _dlb\gbf \eA"]lmdhf m nhlhexfeg kp_g
dhfie_dkb ml\hjxxlvky aZ jZomghd dmehge\kvdh]h ijbl
fhe _dmeZzZfb [Zj\gbdZ sh fZxlv g_adhfilgkmggpc)\@afb|
gZghljm[dZihbZaZgh sh nhlhexfeg _kp_glg_ a[m”~  _ggy
[mlb i _j ~Zg_ ~h gZghljm[hd sh ijb\hANZIk_¢é&hdkbeghdh
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le’kbe_ggy k\eleh\h]h \bijhfegx\Zggy 7h jZa*\ a
\m]Je _p _\bo gzZghliaddhd mi_jr_ \by\e gh mgedZevg_
j _ahgZgkgdlo 1ZIle\ gZ ah\gerge€NIh¥a jomgedlib\ghx 1 _j ~Zi
~g_jl*€ \e™ Z]j_1ZIm [Zj\gbdZ ~h gZghljm[db @aXZijh
mi\hj_ggy Z]j_1ZI+\ ih\fyazZgbc «a i_j \Z gbf kZfh\ihjy’
pblahf je\ fhe dme [ZjhgbgwdkZfh\ihjy~rdhi\eZhyg ZjlgZ gk
cahf_jlZj\gbdZ ml\hjxxlv \2gjvdZlb yde fZxlv egre ki_d
hkh[eb\hkle

M “jm]hfm jh@®h&es"" ggy ijhp_ke\ \aZ}fhne€ ~ehc
[Zj\gbde*\ a ZeenZlbggbfb ZfegZfb 1Z \m]e_ p \\dyf\ee gdZlgh
sh ~2ehdkh[hjbgh\bc [RfamilveygZghljm[d4dZb ml\hjx}
gZghkljmdIimjh\Zge dhfie-@RE}dghtea ] jhnh[gh]h Kijy
dzZjdZkknjyfh\Zghl]h ~h \h~gh]lh k_j ~“h\bsZ a Je*jhnee:
<aZ}fhney jen|\_jA"m}lvky gh\bfb hilbgqgbfb oZzZjzdl _jbl
\eZkghl]h a[m”" _ggy [Zj\gbdZ \gZkee~hd j_ahgZgkghl]h
[Zj\gbdZ ~h gZghljm[hd <aZzZ}fh”~ey fe° ~ehdkh[hjbgh
gZghljm[dz\frdjb\Z} gh\bc kihke[ ijh_dIm\Zggy _n
gZkljhx\Zgbo hilbggbo ahg”e\ g _leevdb aZzZ\”ydb
k e dlb\ghkle “h gZghljm[hd .jeagbo "eZf Ije\

M lj _Ivhfm jha®dkes”" ggy kljmdIimjb hilbgg!
nhlh\hevliZ€qggbo \eZklb\hkl _c Ilhgdbo ies\hd ] | _hkljmc
gZ hkgh\e iheeZphgetglk®md nme jCgtn~hkelL” gh ki_dlI
ihljJebgZdgdwhlh\hevliZ€ggbc \L*]md Ihgdbo ieL\hd | _IjZp

\ZdmmfL gZ jLagL iL*"deZ”db ijb dLfgZlgLc |I_fi
| ljZpLZgoLgh”bf_IZgm ] _I_jhkljmdIimj | Z
| _ljZp_g | _ljZpLZgolLygh*"ghkliZmdImj |_IljZleh& h@dp_gnghf

Ceoo- LZdh™ \b\g_gh \ieb\ dbkgx gZ nhlh_e_dljbgges \eZl
kljmdImj gZ hkgh\e i_glZp_gm dhfihable\ [Z ]_1_jhk
jerdbfb djbklZezfb |Z iheef_jZfb



KljmdImjzZ Ilhgdbo ieL\hd | _ljZp_gm \bagZqZ}lvky
\azZ}fhTh€ _dme |_I|jZlp _d&m[hx L a fhe_dmeZfb iL*"deZ"h
rZjL\ ,LH 1Z ZlhfzZfb dZj[hgnplg& iilbAd eZgtithdo ML | _jfLqgh
gZibe _ggy m \ZdmmfLlIZggZ fkighggbo Z[h d\Zjph\bo ilL
nhjfmxlvky kmpLevgL L hkljL\p_ \L ihé&LMdijb\WIZehL gqgL iel'

Nhlh\L~A]md ijb hk\Lle _ggL ielL\d] I[jZZpghm kmfhx |
dhfihg_ gl “bnmalLcyhe> nfilhz h[f}fgh€ ijHjlhAbjog-\h
[ZjT}jgbo -?RIK amfhle _gbo \b]bgZfb adgjJLdygglb\o johgv

<klZgh\e _gh sh \aZdbkggy*ey ] | _jhkljmdIimj gZ I
I _glZp_gm ijb\h”*blv “h ml\hj _ggy deevdho p_@lpgdkdZoh
j_eZdkZp+€ ih[ebameefnDhgp _gljZpey pbo p_glje\ aZe
fZl _jeZem \ _jogvh]lh _@ndlgh®&lv ~h dbkgx ]_ 1 _jhk
\bagZqgZ}lvky ]Jheh\gbf gbghf rZjhf i _glZp_gm LZde KklIj
\bdhjbklZge "ey ]Zah\bo k_gkhje\ 1Z khgyggbo _e f gle\

<klZzgh\e_gh sh \ h[eZkley dhfihable\ « ] | _jhkljr
hkghle nme g, @annkhlhgmleb\eklv agZqgh ajhklZ} ige\gy
HIjbfZge a« ki_dljZevgbo azZze?J#dakZgc qudiyhrbjbgb aZ[hjh
ahgb nme_ j gm } [ebavdbfb ~h agZq_gv yde [meb \b
"hkee”" ggy nhlh _feke€ 1Z ih\_jog_ _\h€ nhlhijh\e~rghkle

M g I\ _jlhfm jh@iibgge |Z nhlh_e dljbgge \eZklb\hk
|Z iheef jgbo dhfihable\ gZ hkgh\e iheef_Iblghdm | h\lyd
[eb 'gec -A[@ZIKEesaZijhihgh\Zghijyfdbkl\hj ggyheesf jgbo
dhfihable\ gZ hkgh\e iheef Ibgh\bo [Zj\gbde\ P+ dibfihal
m ijZdlbggh \kvhfm \b~bfhfldf2ZxkvzZfazdkbfmf nhlhgmleb'
sh agZoh”~blvky m fepegkde 1Qebavdh ~h fZdkbfmfm ihll
khgyggh]h k\elez ?dki_jbf_glZevgh ie~I\_j~" gh fh'e
nhlhgmleb\hkle 1Zdbo dhfihable\ m dhjhldhk\ineag m
ihljebgZggy khgyqggh]h k\elezZz 1Z rbjbgZ ki_dljZevgh:
gmleb\hkle djZsbo ¢ca aZijhihgh\Zgbo iheesf jgbo Hthdrha



"ey "h[j_ \b\g_gbo ]Jgmqgdbo ieZklbqgbo kljmdIimj g
iheef je\ k _gkb[eeeah\Zgbo ihoe*gbfb nme _j g-\

M ifylhfm jhakbk\de ggy iheef jgbo dhfihable\ nhlhq
rbjhdec ki_dljZevgec h[eZkle gZ hkgh\e dk_jh]_ &k hd
f 1Zehj]l]Zgeqgh€ kihemdb 1Z _e dljhexfeg _kp_gbgimg dh
f jhpeZgegh\h]lh [Z2ndBdZgh shoNiefdkildh€ IZehj]Zgeqgh
kihemdb mlv [mlb hkghdafix kl\hj ggy ~\hrzZjh\bo kljm
nme_j _ghf nhlhgmleb\bo \ rbjhdhfm ki_dljZevghfm "eZ]
gf Pe kljmdImjb fh ' mlv [mlb aZklhkh\Zge ey nhlh\he
jharbj _ghx h[eZklx nhlhgmleb\hkle

>hkee”” ggy kljmdmlj gZ hkgh\e dk_jh] _ex hdkb”™m
\hgb fh " mlv [mlb \bdhjbklZge ”"ey jhrbj _ggy h[eZkle
dhjhldho\bevh\m klhjhgmih&sfhggba@bdhfihable\ nhlhgml
rbjhdec ki_dljZevgec h[eZKkl-

M rhklhfm jh&Regob | eZdkZpe€ a[m” gbo klZge\ m
[Zj\gbdZo iheef_Ibgh\e |Z ihee}gedby InhftgZevgbo ]jmi
j_eZdkZpex a[m”~  _gbo klZge\ iheef Ibgh\bo [Zj\@ygA-\ ¢
hkgh\e \bdogZhglhde 1Z d\Zgib¥hedpg "hkeer" ghdZazZgh
gZy\geklv ljvho j eZdkZpecgbo reyoe\ 7~ey kbf Iljbqg
[Zj\gbde\ m a[m”"  _ghfm klZge h~gh]h kbf ljbggh]h re
kbf lje€ ~ey _e _dljhggh€ kljmdImjb 1Z ~\ho g_kbfbljbqg
ithjmr_ggyfb kbf_lje€ | jrbc g_kbf_Ijbigigbhc*bineyad h
iheef Ibgh\h]h kliZzgm “Zh Mimdbggkp ilhjgh]h ihee}gh\h]h
HljbfZge | _amevlZlb aZ[_ai_gmxlv \Z eb\e agZggy
ijh_dIm\Zggy gh\bo nhlhggboadhhiiegdkegbf aZklhkm\Z
\b]Jeyne gZ"r\b~dbo nhlhggbo kbkl f fhe dmey
hilh _e dljhggbo i _j fbdZqge\ Ilhsh

AZ defgZlgh€ | _fi_jZImjb ~“hkees” m\Zge dZlehgge ih
g_aZe_gh \en kbf lje€ \ hkgh\ghfm klzZge [ebavde ~h
a[m”~" _ghfm klZge Z €o0ge ki_dljZevges \eZklb\hkle \k
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\bje\gx\Zggy a\fy&adkXx &haih”eehf aZzZjyne\ gZ ZlhfZo
\m]Je _p_\hfm eZgpxa- AZ gbavdbo | _fi_jZImj] "hke
AN fhgkljmxlv _n_dlb ehdZee<aZp+€ aZjy”m Z €og- ki_dlIl
[mIb ih\fyazZge a ihjmr_ggyf kbf _lje€ yd \ hkgh\ghfm
klZgZo ;meh hljbfZgh \Zeb\_ jhamfeggy hkh[eb\hkl c
]imigZ _e _dljhgge \eZklb\hkle sh “ha\hey} ijhkmgmlibky
gh\bo nhlhzZdlb\gbo kbkl _f a i ghdecomXpghx dZlehggh]t
|1Z nmgdpehgZevgbfb oZjZdl _jbklbdzZfb

Dexqgh\e keh\Zz fhe _dmeyjgZ nhlh_e dbjhge
\m]e _p_\- gZghljm[db iheef _Ibgh\e [Z )\ dlydb
\eZklb\hkle a[m”~" _ge klZgb fhe_dmeyjge k_gkhjb

Abstract.

A.B.Verbitsk Photoelectronic processes in molecular composite structures
based on organic semiconductors Qualification scientific work in the form of a
scientific report.

The dissertation solves the scientific problem of clarifying tysieal
principles of creating composite systems based on a wide aladges, carbon
nanotubes, polyacenes and experimentally shows the prospedtseifopractical
application in various fields of science and technology.odleesthis problem, it was
necessary to investigate comprehensively the fundamentatahysocesses in such
composites in order to create a scientific basis for theofiseuch systems, in
particular, in molecular electronics.

The aim of the work was to clarify the physical mechanisms and conduct a
detailed study of the features of processes in molecular compgsitens based on a
wide class of organic compounds.

To achieve the goal, tHellowing tasks were solved:

- elucidation of the mechanism of interaction of carbon nanotuliesrganic
dyes using luminescence spectroscopy and a detailed study of thgadipo of dyes



on carbon nanotubes, as well as the study of the procesdf-@rganization of dye
aggregates on the surface of carbon nanotubes;

- study of the processes of interaction of dioxaborine dye¢l aliphatic
amines and carbon nanotubes and assessment of the prdspettisir use as
fluorescent probes for amines and carbon nanotubes;

- study of the structure, optical and photovoltaic proeerif thin films,
heterostructures and composites based on polyacenes and theinvestivat

- study of the optical and photovoltaic properties of filmdg @olymer and
other composites based on polymethine dyes photosensitive in the negioiR re

- determination of the relaxation pathways of excited statgsolymethine
dyes using time-resolved fluorescence spectroscopy: pdiymetnd polyene forms
co-existence; study of the influence of terminal groups @nrétaxation of excited
states of cationic polymethine dyes

- study of higher excited states of the pyrilylocyanine claspobfmethine
dyes zviolation of the Kasha rule;

Research methods.

The main methods for this work are experimental methodsitly siptical and
photoelectric parameters of composite systems: absorption cguegy,
photovoltaic modulation spectroscopy, stationary and timelwesd luminescence
spectroscopy, low-temperature measurements. For a number of objetsing-
chemical methods of modeling the energy structure and standetidoas of
computer processing of the obtained experimental dependences hausdxuken

Scientific novelty.

It has been shown for the first time that the photolumineseeritation of a
dye can be transferred to nanotubes, which leads to a sandgselective
amplification of light emission from the exciton levelscarbon nanotubes, and for
the first time additional photoluminescence of a dye in thibleigegion due to
aggregation on the surface of carbon nanotubes has been experimentatly sho

For the first time, the simultaneous formation of two tyfesdye aggregates in

a composite with nanotubes was demonstratetme type due to the aggregation of
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cis-isomers of dye molecules on the surface of nanotubes and trel dgpe of
3| U H&pgregates formed from trans-isomers of dye molecules, the physical
characteristics of both types of aggregates have been studied in detail

The possibility of creating photosensitive polymer composhiased on
modified carbazole polymers and polymethine dyes photosensitithe near IR
region was experimentally demonstrated.

Using time-resolved fluorescence spectroscopy at low temperatinres, t
presence of three relaxation pathways for symmetric polymethine dites @xcited
state was experimentally revealed: one symmetric pathway witlerpagien of
symmetry for the electronic structure and two asymmetric pathwilsdifferernt
symmetry violations: the first asymmetric mechanism leadse@oblymethine state,
and the second to the donor-acceptor polyene state.

Practical significance of the results obtained.

The first demonstrated ionic complexes of carbon nanotdi@es organic dye
with a sensitive and selective photoluminescent respoitlesignificantly enhanced
emission allowed thereaton a highly sensitive sensor of nanotubes, which are
potential environmental pollutants. The limiting sendyivof this sensor is of the
order of nanograms per ml, which is at the level of the best world standards

For the first time, additional photoluminescence of a dye irvigible region
due to aggregation on the surface of carbon nanotubes has bemreidid, which
allows for the visualization of individual nanotubes, whidn be used in fields
where such visualization is important, for example, in biology andamed

As a result of studying the processes of interaction of darxae dyes with
aliphatic amines and carbon nanotubes, the possibilittheif use as fast-acting
fluorescent probes for amines and carbon nanotubes has been dat@dnst

The created photosensitive polymer composites based on vpalymsers and
polymethine dyes with a maximum photosensitivity in theaegf the maximum
flux of sunlight photons (750-800 nm) can be used as matdoialsrganic solar

cells, and with photosensitivity up to 1.4 tas IR radiation detectors.

11



The scientific results obtained during the research, bothafoadtal and
applied, expand the understanding of the processes occurnmgeoular composite
materials. The knowledge obtained allows for further optimizabbrcomposite
systems of a wide class.

Structure and content of the work.

The work consists of an Abstract, Introduction and six sections:

1) S0HFKDQLVP RI LQWHUDFWLRQ RI FDWERQ/\WPQ\F
DJJUHIJDWLRQ RI SRO\PHWKLQH G\H 2R &6 WXG\ \R{ UV
processes of interaction of dioxaborine dyes with aliphatic esniand carbon

Q D QRW3 B 61W X Gthe Rtructure, optical and photovoltaic properties of thin
films, heterostructures and composites based on polyacenesdéneatives and
IXOOHUHQ@H:XRXRSWLFDO DQG SKRWRHOHFWULF SURS
composites based on polymethine dyK RWRVHQVLWLYH LQ 5WKH
S3&UHDWLRQ RI SRO\PHU FRPSRVLWHYVD®KRWRWHO ¥
vanadium oxide xerogel and Ni organometallic compound, as \vasll
HOHFWUROXPLQHVFHQW FRPSRVLVSH \aWe telratidKal H V
excited states in polymethine dyes: polymethine and polyanesf the influence of
WHUPLQDO JURXSY RQ WKH UHOD[DWLRQQRI GIVHYWFL

The work ends with3& RQFO X VIR Q¥EV W UdgMeWa general
characteristic of the work. Thé, Q W U R G XtatasLile @elevance of the problem,
justifies the goal and subject of the research, outlinesdieatific novelty, practical
significance, experimental methods used, as well as the caomeath scientific
programs, plans, topics. Thpersonal contribution of the applicant and the
approval of the resultsof the work are described.

The first chapter SOHFKDQLVP RI LQWHUDFWLRQ RI FDU
dyes, study of aggregation of polymethine dye onthé BUfFH RI QDQRWXEH
a new concept for creating ionic sensor complexes of carbonufsatan organic
dye with a sensitive and selective response in the phatudsoent signal. These
complexes are formed due to the Coulomb attraction between inaivitire

molecules with an uncompensated charge and carbon nanadtubas been shown
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that the photoluminescent excitation of the dye can be transferrth@ nanotubes,
which leads to a strong and selective amplification oft lgghission (up to 6 times)
from the excitonic levels of carbon nanotubes. Also, for thet fime, the unique
formation of resonant J-aggregates on the outer surface of CNTs withnef@iogrgy

transfer from the dye aggregate to the nanotube was discoveredordpesed

mechanism of aggregate formation is associated with the prefeaitialrdering of

curved cis-isomers of dye molecules, while self-ordered planas-tsamers of the
dye form free J-aggregates, which have different spectral features.

In the second chapter:s6 WX G\ RI WKH LQWHUDFWLRQ SUR
ZLWK DOLSKDWLF DPLQHYVY DQG FDWERNK R DELARWIXER
ELQGVY WR QDQRWXEHV DQG IRUP\WXJIXD Q/REHWEW AW X
of the hydrophobic conjugated framework directed towardadjoseous environment
with hydrophilic groups. The interaction is confirmed by ngsiaal characteristics
ZLWKLQ WKH OLPLWYV RI WKH G\H®\W RZQOQMW FH Q/HDWJ LA
the dye to the nanotubes. The interaction between the diomaltlye and nanotubes
opens a new way to design efficient and tunable opticalegroimt only due to
sensitivity, but also selectivity to nanotubes of different diameters.

In the third chapter 36 WXG\ RI WKH VWUXphatovoltdic RS
properties of thin films, heterostructures and composites basgublyacenes, their
derivatives and fullerenes¢ WKH DEVRUSWLRQ VSHFWUD DQ
thin films of tetracene, sprayed in vacuum on various subsaatesm temperature,
as well as tetracyanoquinodimethane, heterostructures and casposit
tetracene/tetracyanoquinodimethane, heterostructures of tetratddetet with
fullerene Go, were studied. The effect of oxygen on the photoelectric piepest
barrier structures based on pentacene, composites and heteroesroétéullerene
with liquid crystals and polymers was also studied.

The structure of thin tetracene films is determined by the erdrioperaction
of tetracene molecules between themselves and with moleculesibstrates,
conductive ITO layers and carbon atoms on the surface of theseased. In the
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process of thermal spraying in a vacuum, continuous and islaychystalline films
are formed on copper and on glass or quartz substrates, respectively.

The photoresponse upon illumination of tetracene filmsasatbebraic sum of
three components: the diffuse Dember photo-emf of a bulkenatud the surface-
barrier photo-emf caused by the bending of energy bands near the surfaces.

It has been established that oxygen adsorption for pentaesed-b
heterostructures leads to the formation of several capture centérdividrent
relaxation times near the interface. The concentration of theter€elepends on the
material of the upper electrode. The sensitivity to oxygen of dsttectures is
determined mainly by the pentacene layer. Such structures can bdousgals
sensors and solar cells.

It was found that in the spectral region ot32eV for composites and
heterostructures based on fullereng, @eir photosensitivity increases significantly
compared to the 4 film. The values of the fullerene band gap obtained from the
spectral dependences of the photovoltage are close to the thalie®re determined
from the results of the study of photoemission and surface photoconductivity.

In the fourth chapter 3 2SWLFDO DQG SKRWRHOHFWULF
SRO\PHU FRPSRVLWHY EDVHG RQ SROQ\WKW KIHMHUG Y
directions for creating polymer composites based on polynetiyes are proposed.
These composites are photosensitive in almost the entildeviange and have a
maximum of photosensitivity, which is in the near IR regionselto the maximum
of the photon flux of sunlight. The possibility of increagithe photosensitivity of
such composites in the short-wave direction has been exptaiiperonfirmed. The
degree of sunlight absorption and the width of the spectralreg light sensitivity
of the best of the proposed polymer composites are greater tisenathwell-studied
flexible plastic structures based on conductive polymersitszed with fullerene
derivatives.

In the fifth chapter 3 & UHDWLRQ Rl SRO\PHU FRPSRVLWH
spectral region based on vanadium oxide xerogel and Ni amggtatic compound
DQG HOHFWUROXPLQHVFHQW FRPSRVLWHWWURFW
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films of Ni-containing organometallic compound can be tasidfor the creation of
two-layer structures with fullerene, photosensitive in a widetsal range from 400
to 1000 nm. These structures can be used for photovolésreats with an extended
photosensitivity region.

Studies of structures based on vanadium oxide xerogel showeddahaan be
used to expand the photosensitivity region to the skavielength side and develop
polymer composites photosensitive in a wide spectral region.

In the sixth chapter 33DWKzZD\V RI UHOD[DWLRQ RI H[FL
dyes: polymethine and polyene forms, the influence of terminalpgraun the
relaxation RI H[FLWHG VWDWHYV RI FDWLRQLF SSRORRHW
photonic and quantum-chemical studies, the presence of theemtieh paths for
symmetric polymethine dyes in the excited state is shownswymenetric path with
preservation of symmetry for the electronic structure and two asymenpaths with
different symmetry violations. The first asymmetric path leadshe polymethine
state, and the secondl to the donor-acceptor polyene state. The obtained results
provide important knowledge for the future design of newt@hic complexes with
potential applications in the form of ultrafast photonistegns, molecular sensors,
optoelectronic switchegtc

At room temperature, the studied cationic polymethine dyes, regardf the
symmetry in the ground state, are close to the symmetric ifortme excited state,
and their spectral properties are determined by the degree of aligofritie CC
bonds and the distribution of charges on the carbon atoms ¢arthen chain. At low
temperatures, the studied dyes demonstrate charge localization effectdean
spectral properties can be associated with symmetry breakimmghriie ground and
excited states. An important understanding of the featurgedérminal groups was
obtained, which allows us to advance in the developmentsgnthesis of new
photoactive systems with predictable cationic charge localizadiod functional
characteristics.

Keywords: molecular photoelectronics, composites, carbon nanotubes,

polymethine dyes, photoelectronic properties, excited states, molecularssens
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AZ]Zevge \bkgh\db

Kibkhd pblh\Zgbo el jZImjgbo ~" | e

>hN"ZIhA - Kibkhd him[eedh\Zgbo ijZpv \ i _jeh”bqggtl
ijheg” dkh\Zgbo m [ZBadpos!|ZZgMieb of SFLHQFH \e"g Kk _ g
i_jrh]lh « ~jm]lh]h d\Qjlb@e\ \e"ih\eAgh "h deZ&dnmegdZp !
Journal and Country R Q N Jofimal Citaton RHSRUWYV aZ | _fhx.2MyR _jlZ

>hr"Zlhd Kmdmigeklv klZl_¢c m gZmdh\bo i_jeh”bqggbo \I

aZdhj*hggbo \b~"Zggyo vydzZ feklblv gh\e gZmdh\h hJ¢
\bg _k g gZ a”h[mlly gZmdh\h]h klmi_gy “~hdlhjZz gZ
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| j esd mfh\gbo kdhjhg _gv

CNT t\m]Je_p_\Z gZghljm[dZ

NEPL) tnhlhexfeg kp_gpey nhlhexfeg kp_glgbc
?EEL) £+ e _dljhexfeg_kp_gp-y

1D £th”*gh\bfejgbc

3D +ljb\bfejgbc

1:J xih\_jog-ZdIb\gZ j_qgh\bgZz

RET £ _ahgZgkgbc i _j ghk g j]-€
TRESKki_dljbgZkhjhanee_ge ki_dljb \bijhfegx\Zggy
SWNT th~ghklegge \m]Je _p_\e gZghljm[db
ppmtqZklhd gZ feevchg

S+]jZgbggZ gmleb\eklv ~ | _dim\Zggy

LOD £f "Z \by\le _¢gV dim\Zggy

TRPL £tjha”ee_gZ m gZke nhlhexfeg kp_gp-°y

IRF £ZiZjZIgZ nmgdpey ijbeZ™m

KLchargetransf@¢r i _j ghk aZjy"m

KL klZglZg a i_j _ghkhf aZjy™m

KL kfm]fm]Z sh \e~ih\erZ} klZgm a i_j_ghkhf aZjy”m
PLEdZjlZljb\bfejgZ dZjlZ a[teXxTeggkp_gp-£€

LC £je~dbc djbklZe

KKSS tk_gMkgmdimijb

=KHS) £]_| _jhkljmdImjb

IF; tiheef_Ibgh\bc [Zj\gbd

I<Kzihee\egeeh\bc kibjl
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Tcxl_ljZp_g

Pn+i_glZp_g

PVK tihees\egeedZj[Zahe
PEPCtihee_ihdkeijhicedZj[Zahe

PCBM £tn_gee K lIbeh\bc _nej fZkeyg e &eldutyric acid
methyl ester ihoe"gZ nmeyd_igMis_ghx jhagbgge-klx

PTPTBtiheN-"h”_ph®[eksle_gdiejjh€2,1,3-[ _gahleZ"e@le
dodecyl-2,5ELYV «W-rHI€ (2)1,3-benzothiadiazole))mavdhseebggbc
iheef |

BIC £+[_gaheg™hdZj[hpeZg-g

PyC tiejbehpeZg-g

L=TG) x|l _jfegZedhHp \Z ]jmiZ

FH #he _dmeyjgZ hj[elZev

GHFH gZc\bsZ aZcgylZ fhe _dmeyjgZ hj[elZev
LUMO +tgZcgb ' qZ g _aZcgylZ fhe _dmeyjgZ hj[elZev
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<klmi

dimZevgeklv | _fb

< ebqg_ag_ jhafz€lly fhe_dmeyjgbo hj]J]Zgeqggbo n
ki\hjx} aZzZkzely dhgkljmx\Zggy jeagbo dhfihablgho
mgedZevgbfb nhlh_e_dljhggbfb \eZklb\hklyfb P_ \bfZ]Z
gZmdh\bo ijbgpbie\ klI\hj ggy fhe_ _dmeyjgbo dhfihablg
maZ]Zevg_ggy |Z ihklecgh]h jhrbj _ggy e kgmxqgbo agZgv

Hjl]Zg+eqge fhe _dmeyjge gZifdxjlv\da*gbdblm m [eevr ijt
|1Z ~ r \ec | _ogheh]*€ 9gZg_k_ggy 9gZ ]Jgmgde ie"deZ
\bdhjbklZggy \bkhdbo Il Zfa jfAlmmp\ekix aZklhkm\Zggy |_
Ajmdm a jhaqbgm sh kijby} agZqghfm agb _ggx \Z
Hjl]Zgegge gZis\ijh\ergbdh\e fZl jeZeb \°"_ aZcgyeb k\h
| ogheh]ec Z kZf_m )B{RrhglzkiNmlgbo felhd e dlhgg
dh”e\ hj]Zgeggbo ihevh\bo IljZgabklhje\ 2)(7 h™Rkyj]Zg
(OLED 1Z ~bkie_ €\ gZ €0 hkgh\e afy\bebkv i _jre dbé_jp-
khgyggbo e f _gle\ 1 h[eZklv ijZdlbggh]lh azZklhl
fhe _dmeyjgbo fZl _jeZe+s\ ahdj_fZ dhfihablgbo jhark
jhdhf

<boh”ygb a \bdezZ” gh]h \bs_ | _fZlbdZ "hkee"" _
dhfihable\ } ZdimZevghx yd a gZmdh\h€ Ihqgdbl adppmZ el
ijZdlbggh]h aZklhkm\Zggy “hke*” " m\Zgbo kljmdImj

MAbk jlZpe€ jhal\fyaZgh gZmdh\m ijh[e_fm \bagZq
kiI\hj _ggy dhfihablgbo kbkl_f gZ hkgh\e rbjhdh]h
\m]Je _p _\bo gZghljm[hd 1ihe*sZp g\ 1Z _dki_jbf _glbevgl
€0 ijZdlbggh]h aZklhkm\Zggy m jeagbo [Zeimpryw @Zijndb
m fhe _dmeyjgec nhlh_e dlkhgkpmye\mZherlhgmleb\bo rzZj
>ey Jjha\fyaZggy "Zgh€ ijh[e_fb g_h[oe*gh [meh 9
nmg~Zf_glZevge neabqgqge ijhp_kb m IZdbo dhfihablZc
gimdh\h]h i*"%jmgly ahdj_fz "ey \bdhjbklZggy IZdbo
_e_dljhgep-
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>bk_jlZpejmHEmigeklv gZmdh\bo klZl_¢c aZ gZmedh\h:
N |Zevgbf ZgZeeahf kmgZkgh]h klZgm gZmdh\h€ ijh[e
eNOohNe\ sh”h €€ \bjer_ggy J]heh\gbf gbghf
_dki_jbf_glzevgbfb f_Ih"Zfb jerdjeie_gbfb |Zf n
| hj _Ibggbfb jhajZomgdZfb |1Z fh® _ex\Zggyf

F_Ihx jh[hlpmeh \bagZgmegadpygbo f_oZgeafe\ [Z2 ~
"hkee”"  ggy hkh[eb\hkl _c ijhp_ke\ m fhe_dmeyjgbo dhi
hkgh\e rbjhdh]h deZkm hj]J]Zgeqgbo kihemd

>ey “"hky]g _ggy ihklZ\e _gh€ f _|Ib jha\fyam\Zebkv g:

-\bagZqg_dg9Zgeafm \aZ}fh”"e€ \m]e p _\bo gZghljmJ[}
[Zj\gbdZfb aZ "hihfh]l]hx exfeg_ kp_glgllZ€ ~kil Zcehdakd lyig £
Z]l]_1Zp+€ [Zj\gbde\ gZ \m]Je_p_\bo gZghljm[dZo

- \b\g_ggy ijhp_km kzZfh\ihjy*dm\zZggy Z]j_1ZI*\ [Z]
\m]e_podZghljmm]

- "hkee”" _ggy ijhp_ke\ \azZ}fhre€ b lZdkgdthijbgh\
Ze*nZlbggbfb Zfdgdeb p \bfb gZghljm[dZfb |Z hpegdZ |
\bdhjbklZggy yd nenbloahlgr"gygZfelZaAmm]e p_ \bo gZghljm]

- "hkee”" _ggy kljmdImjb hilbggbo [Z nhlh\hevlZ€
lhgdbo iee\hd ] _ | _hkljmdImj 1Z dhfihable\ gZ hkgh\es ihe

- \b\g_ggy hilbgghbtlhee dljbggbo \eZklb\hkle i€
iheef jgbo dhfihable\ gZ hkgh\e iheef_ |IndgHhmonl[zh\gbd
[ebavdec 1Q h[eZKkle

- "hkee”" ggy ijhp_ke\ Z]j ]1Zpe€ m dhfihé&dklddh €g 2
f 1Zehhjl]Zgeqgh€ kihemdb |1Z hpegdZ i_jki_dIb\ \bdhjb
nhlhgmleb\bo rZjZo

- \b\g_ggy nhlh\hevliZ€qggbo _n_dle\ m dhfihablZo
\ZgZ™N05 a iheef Ibgh\bfb [Zj\gbdZfb

- "hkee" ggy- mhAlh e _dljhexfeg kp_gpe&ihiehatbde\e
f jhpeZgegh\h]lh [Zj\gbdZ
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-\bagZq_ggy aZ *hihfh]hx gqZkhjha”ee_gh€ nexhj_Kkj
reyoe\ j eZdkZpe€ a[m”~ _gbo klZge\ m iheesf Ibgh\bo [.
|Z ihee}gh\e;nhjfb

- \b\g_ggy \bsbo a[m” _9gboejbleEZmeZgegh\h]h d
iheef Ibgh\bo [Zj\DgdrA_H gy ijZ\beZ DZre-

- "hkee”" ggy \ieb\m | _jfegZevgbo ]jmi gZ j_eZdkZp
iheef Ibgh\bo [Zj\gbde\ dZIshggh]h Ibim

A\fyahd jh[hlb a gZmdh\bfb ijh]jZzfZfb iezZgZfb
>hkee”” ggy \bdhgm\Zebky m <e~rneee fhe dmeyjgh€ nh
neabdb GZpehgZevgh€ :dZ" fe€ gZmd MdjZ€gb m jZfdZ
| f \eANeem

< 69 (2001-2003) 3>hkee+s"" ggy ijhp_ke\ dhe _dlb\gbo
fhe _dmeyjgbo kbkl fZo gZ hkgh\e jeXbg@bjo djbkdije-
0101U00035X%

< (2004-2006) 3>hkee*”" ggy nhlh_e dljhggbo \e.
gZghdeZkl _jgbo kljmdImj gZ hkgh\e hjJ]Zgeqgbo (dhfihe
AT }ionjp4uU00068R

1.4.1< (2007- ©ONhlh _e _dljhgedZ [Z]ZlhnmgdpehgZevg
gZghdhfiha@l«\2j" j_}KM0oA002347.

< - ©>hkees” ggy _dkblhggbo IZ _e dljhg
fhe dmeyjgbo dhfihablZzo2 <« ~_j° j_}Kkl 8

/¥86 (2017- ©Jhajh[dZ 1Z "hkee”" _ggy gh\bo [Z]ZIh}
fZl _jeZee\ gZ hkgh\e gbavdh\bfejgbo fhe _dmeyjgbo djbk
0117U002610).

< (2022-2026) ©<b\g_ggy nhlh_e_dljhggbo \eZklb\h
gZghdhfihablgbo fZIl _jeZee«\ i _jki_dlb\gbo "ey fhe_dmey
AU D BN .Y 8 ).
=jZdJNTAS 00-506 (2001-2003f=gmqgdes khgyqge e f glb gZ hkgl
iheef je\ iheehdkhf. [ZeZle\"

37



GZmdh\bc ]jzZgl G:LH - ©Gh\e fZdjhfhe_dmeyjge dl
"gg r\brdh]h ~ | dilm\Zggy g [_ai_qgbo j_qh\bg? 613
jZfdZo 1jh]jzfb G:LH ©GZmdZ azjz”b fbjm 1Z [_ai_db?
M I fZo < ,14¢< SfP 984189a"h[m\zZq } d_je\gbdhf n
t\erih\r"Zevgbf \bdhgzZ\p_f
H[T}dl "hkee”" gV
Rbjhdbc ki_dlj dhfihablgbo kbkl_f gZ hkgh\e [Z]\
deZke\ \m]e_ _p _\bo gZghljm[hd ihe<Zp_g*\ nme_j g
|Zdh™ nhlh_e _dljhgge ijhp_kb m IZdbo kbkl_fZo
lj_~f_| "hkee™" _gv
Neabqge iZjZf Ijb "~hkee”"m\Zgbo kdezZ~gbof dhf
alZz"Zgbo \bs_ Ibi*\ Neabqgge y\bsZ 1Z ijhp_kb sh \ieb
NZgbo kbkl_f \klZgh\e _ggy a\fyadm fe  kljmdIimjgbfl
iZjZf _1jZfb "hkee”" m\Zgbo kbkl_ f reyob hilbfeaZpe€ dl
lhgdb ahjm €0 ijZdlbggh]h \bdhjbklZggy 1Z \bagZq_
1jZdlbggh]h aZklhkm\Zggy “hke+«”" gbo dhfihable\
F _Ih~ b "hkee”" gv
Hkgh\gbfb ~ey ~Zgh€ jh[hlb } _dki_jbf_glZevge f_
hilbggbo 1Z nhlh_e_dljbggbo izjzf_Ije\ dhfihablgbo k
h[Ydle\ \bdhjbklh\m\Zebkype taggdhAhlh*b jhajZomgdm _g
kljmdImjb 1z klzg”~Zjlge f _Ih~"bdb dhfi{xl_jgh€ hJj
_dki_jbf_glZevgbo aZe_ "ghkl_c
Ahdj_fzZ \bdhjbklZzgh gZklmige _dki_jbf_glZevge f_|I
1) Ki_dljhkdhiey ihlJebgZggy a \bdhjbklzZzggyf
ki_dljhnhlhf_lje\ ijh\ergbo egha_fgSpetdrphiHgdcdis\ =+
Shimadzu, Perkin-Elmer;
2) Nhlh\hevlZ€qgZ ki_dljhkdhiey eea aZklhkm\Zgc
f IThrbdb 1Z n~n@akhhlgh]l]h ~ | dim\Zggy az *
nZahgmleb\bo kbgojhg®bgZ®R R \Wripdn?
3) <bfejx\Zggy gqZklhlgbo aZe_"ghkl_c nhlh\hevlZ€qg
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4) F _Ih~rbdz _dkij_kgh]lh ©fbllI}\h]h& \bfejx\Zggy
nhlhexfeg kp_gp<€ a \bdkimbblyddkinfdh g nbleush-
ki_dljhnexhjbf\dpjfb 2FHDQ 2SWLFV sh hohiexx
ki_dljZzevgbc ~eZiZahg \«» MN ~“h [eb gvh€ 1Q hJe.

5) <bfejx\Zggy klZpehgZjgbo ' dZpgx&[gn’kp gppr€ gZ
ki_dljhnexhjbf_lje 6KLPDG]X

6) QZkhjha”eevgZ nhlhexfeg kp _glgZ ki_dljhkdhiey
jha”ee _ggyf m qgZke gZ gh\elgec mKhGigymepts (G
LifeSpec I m ydec |J_Zeeah\Zgh f_Ih*bdm qZkh
" jZomgdm ihh~bghdbo nhlhge\

7) >hkee”" _ggy nhlhexfeg _kp_gp+€ ijb gbavdbo ¢
| fi_jZImjZo

D\Zglhdohfeqge jhajZomgdb ijh\h~"bebkv a \bdhjbkl.

ijh]jZfgbo iZd _le\ \e~ih\e”rgh]h ijhneex

| j\bggZ h[jh[dZ _dki_jbf _glZevgbo 7~Zgbo 1Z i_

ijh\h~"beblwbdhjbklZggyf e\Zjh]iZf \e~rih\ergbo \bfejx\Ze
mklZgh\hd Z ih~"ZevrZ h[jh[dZ 1Z * _|Zevgbc ZgZe
gl i) 1Zp*€ m klZg”~Zjlgbo ijh]jZzfZo ey jh[hlb a gZmdh
GZmdh\Z gh\bagZ
Mi_jr_ ijh*_fhgkljh\Zgh kl\hj_ggy <hggbo dhfie_
gZghljob[ £+ hj]Zgeoog [Zj\gbd a qmlebXbfk_e_ dlb\gbf
nNhlhexfeg kmpfdtgdlmdhf IhdZaZgh sh nhlhexfeg kp_ gl
[Zj\gbdZ fh ' [mlb i_j ~Zg_ ~h gZghljm[hd shlhjbXh"
k e _dlb\gh]h i«*"kbe_ggy k\eleh\h]h \bijhfegx\Zggy a
\m]e_p_\bo gZghljm[hd

<i_jr_ _dki_jbf_glZzevgh aZnedkh\Zgh ~h~Zldh\m n
[Zj\gbdZ m \b~bfec h[eZkle azZ\*ydb Z]j_]Zp+€ g9gZ
gZghljm[hd sh kihkl_je]Z}Ivky ijb i _\gbo mfh\Zo m
dhfihablgec kbkl_fe gzgh\jmo[g-Xiklb\gZ j_qgh|&§\g hkd
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Mi_jr_ ijh™ _fhgkljh\Zgh h”ghqgZkg_ mlI\hj_ggy "\hc
[Zj\gbdZ m dhfihable a gZdigm]hl Zifbimt az\*"ydb Z]j_]Z
cahf _je\ fhe _dme [Zj\gbdZ gZ ih\_joge gZghljm[hd2alZz ~
Z]lj_1Z1*\ ml\hj_gboa&afljjpgkfhe dme [Zj\gbdZ " [Zevgl
neabgge 0ZjZdl_jbklbdb h[ho Ibie\ Z]j_]2ZIe\

?dki_jbf_glZevgh ihdZazgh fh eb\eklv klI\hj ggy
iheef jgbo dhfihable\ gZ hkgh\e jeagbo fh”bnedh\Z
iheef je\ 1Z iheef_Ibgh\bo [Zj\gbde\ a ~h\]bf ihee<f Ibg
nhlhgmleb\eklIx ~Mdf sh } "m _ ]Zjgbf ihdZagbdhf ~ey
kihemd

LZdh™ [meh ijh”~_fhgkljh\Zgh ml\hj_ggy nhlhgmle
ki_dljZevgec h[eZkle dhfihablfekgdhEk §h\2ehlhj]Zgeqgh€
anme_ | ghZ Wk jh] _ex hdkb™"m \ZgZ~ex a iheef Ibgh\bf

AZ ~“hihfh]l]hx qZkhjha”ee gh€ nemhj)_ kp_ gbdted kbod
| fi_jZImjZdki_jbf_glZevgh \pyAe\geklv Iljvho | _ezZdkZz
reyoe\ "ey kbf ljbggbo iheef Ibgh\bo [Zj\gbde\ m a[m~""~
kbf Ijbggh]lh reyom e<a a[_j_ ~_ggyf kbf [je€ ~ey e dl
"\ho g_kbf Ijbggbo reyoe\ e«a jeagbfb ihjmr_gggfb |
g_kbf ljbggbc f_ozZgeaf ijb\h”~blv ~h iheef Ibgh\hlh klz
"hghjgddp _ilhjghlh ihee}gh\h]h klZgm Pe dki_jbf lglZe
|Zdh™ ie"djeie_gh doZfggg\thfb jhajZomgdzZfb

?dki_jbf_glZevgh \byle _gh nemhj_kp~ gpghoak\Eghbo
\egeeh]eqgec k _je€ iejbehpeZgeg-\emhbgkr gdp & e Zg Zrc g
a[m”" _gh]lh klZgm afesm}lvky [Zlhojhfghihae«fihbdlgh\hgd
ojhfhnhjZz h”ghqgZkgh ae+ afes_ggyf hhjdbfZlpghfecpghtg
fhr _ex\Zgdahy\Z g _a\bgZcgh€ nemhj_kp_gpL&L behdZD Zhpm
ih\ffyaZzgZ a jeaghx ijbjh*hx gZcgb @bbd a[m” _gbo klZz

ljZdlbgg_ agZq_ggy hljbfZzgbo j_amevlZle\

Mi_jr_ ijh™_fhgkljh\Zgdhfhggdke\ \m]eZy hlqdb[+
hjlZgdagfZj\gbd a gmllezk\bd_dlib\gbf nhlhexfelgf\lep]rgtch f
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a* agZqgh ioY¥kbeijlgfegx\Zggygf dkblhggbo je\ge\ \m]e
gZghljm[hda\hebeb klI\hjblb gZ”~gmeb\bc k_gkhj gZg
ihl_gpecgbfb aZ[jm~gx\ZqZfb gZ\dhebrgvh]h kK _j_~F
gmleb\eklv "Zgh]h k_gkhjZ } ihjy*dm h”bgbpv gZgh]jZ
djZsbo k\elh\bo klZg~"Zjle\

Mi_jr_ \byle_gZ ~h”Zldh\Z nhlhexfeg_ _kp_gpey [Z]
h[eZkle azZ\*ydb Z]j_]1Zp*€ gZ ih\ _joge \m]e_ _p_\bo
\eamZeeam\ZIlb hdj _fe gZghd@d\wdhjsklzilh™ m ]Zemayo
\eamZeeaZpey } \Z eb\hx gZijbdeZ” m [sheh]e€ |Z f_ "D

M j_amevlZle “hkee”" _ggy ijhp_ke\ \azBhbhz2j\g #dd dk Z
ZeenZlbggbfb ZfegzZfb 1Z \m]Je_p_\bfb gZghljm[dZfb [m
fh eb\eklv €0 \bdhjbklZggy yd r\b~rdh"exmdah glehely] k|
Zfegt¥\m]e p_\bo gZghljm[hd

KI\hj_ge nhlhgmleb\e iheef jge dhfihablb g jrkgllZ\e
iheef Ibgh\bo [Zj\gbde\ a fZdkbfmfhf nhlihfedkl\h
fZdkbfZzevgh]lh ihlhdm nhlhge\ khgyggh]h k\eleZz +
\bdhjbklZgd fZ| _jeZebdey hj]lJZgeqgbo khgyqgbo _e f_
nhlhgmleb\eklIx "hxyd‘fdf dihjRbijhfegx\Zggy

Nhlhgmleb\e m rbjhdec ki_dljZevgec h[eZkle dhfihe
fekldh€ f _1Zehhj]l]Zgegqgh€ kihemglZ adlnk] jeghhfdkb” m \Zz
a iheef_Ibgh\bf [Zj\gbdhf 1Zdh™ fh mlv [mlb \bdhjbklZ
hjl]Zgeggbo khgyggbo e f gle\ a jharbj_ghx h[eZklx nh

HljbfZge i qZk \bdhgZgbo "hkee” gv gZmdh
nmg""Zf _glZevge |1Zd ijbdeZ”~ge jharbjxxlv my\e ggy
\er[m\Zxlvky m fhe_dmeyjgbo dhfihablgbo fZl _jeZeZ
A"halheyxlv ijh\h2blb ih*Zevrm hilbfeaZpex jeagbo dhfihe

H[% jmglh\Zgeklv « “"hklh\ejgeklv gZmAaAWWbgohideh  gv

<bk\ele g+ \ "Zgec “"bk_jlZpecgec jh[hle gZmdh\e j &
h[%jmglh\Zgbfb Ahklh\ejgbfb 1Z  Zijh[h\ZgbKbv  HJ[%
Ahklh\ejgeklv gZmdh\bo iheh _gv [1Z \bkgh\de\ ~bk_j
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\bdhjbklZgge \e*"hfbo f _Ih”e\ [Z | _hjec ijb \bdhgZc
>hklh\ejgeklv hljbfZgbo j_amevizZle\ "h”rZldh\h aZ[_ai_q
kmgZkgbo \bfejx\Zevgbo f _IhA"bd gh\elgeo ijbeZ”™db |1Z
k\elh\bo \bjh[gbde\ Ajh[e_ge \bkgh\db g_ kmi_j qgZlv
ierohnrZf 1Z \erhfbf el jZImjgbf ~° j ezZf aZ[_ai_qgm
hljbfZgbo j_amevliZle\
ijh[Zpex j_amevlZle\ aZ[_ai_qgbeh rbjhd_  hijb
ki_peZeeah\Zgbo fe gZjh*gbo gZmdh\bo nhjmfzZo 1Z in
gZmdh\bo "mjgZeZo
‘i jh[Zpey j_ameviZIle\ jh[hlb
Hkgh\ge j_amevlZIlb jh[hlb “hih\e*"Zebky ¢ h[]h\hjx\Zebk
9 )RXUWK ,QWHUQDWLRQDO &RQIHUHQFHD¥WEHEWC
(ICEPOM-4),3-8 June, 2002, Lviv, UKRAINE
9 Xl International Symposium of The Society for Information Disp@y' 4
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9 3 International Conference on Materials and ApplicationsSensors and
TransducersSeptember 13-17, 2013, Prague, Czech Republic
9 The-XELOHH WK ,QW &RQIHUHQFH 3(OHFWURQLF
,OQRUJDQLF ONmawZ34Q1, 06/ Ternopil, Ukraine
9 2016 MRS Fall Meeting & ExhihiNovember 30 - December 5, 2014, Boston,
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9 XXIll Galyna Puchkovska International School-Seminar "Speobms of
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Hkh[bklbc \g_khd a~h[m\zZqZ
<g_khd Z\IhjZ \ ihklZgh'edng na\ZZ"oZogys "~ h klezh™ g2 ggy
gZmdh\bo j _amevlZle\ sh \bghkylvky gZ >dXkobhlkagl}}F
hkgh\gbf kie\Z\Ihjhf kI\hj _gbo neabggbo fh” e c¢ shibk
hibkmxlv azZijhihgh\Zge kbkl_fb
LZd m jh[hi&@p8%, [15*-17*],[4 @ |18*49] sh klhkmxlvk
j_amevliZle\ \bdeZ” gbo m jhaAtegZ¢jdaiqZkZv m \bagZq
hkgh\gh€ <N £€ihhfdilZz ZgZee-he+jZImjgbo "Zgbo dqdklihbgdg
_dki_jbf _glZevgbo “hkeespelZgn|[]h)\hjjggmevIiZIle\ ipa]hll
cexkljZpec gZibkdklgn ke&zZIP_~ ahdj _fZ \bfejx\Zggy c
ki _dljZevgbo aZe_ "ghkl_c ih]JebgZggy |IZ nhlhexfeg kp_
ih[m~A"h\Z fh” _e ¢ _g_j]l_Ibggbo ~«Z]jZf ijhp_ke\ Ihsh
M jh[hlZo > @ > 2@[5¢ @@j_amevlZlb \bdez"_g-
jhanregeZ\Ihj [jANqZklv mdirhZnZgZeesbkeZImjgbo *Zgbo \bd
gZklbgb _dki_jbf _glZevgbo ~hlpetZ hgph\MjjagmevIiZ|e\
ier"lhlpYeexkljZpec gZibkdalglgre ktZIP_  ahdj_fZ \bfejx\z
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gZklbgb ki_dljZevgbo aZe_ "ghkl_c ih?28KgZ&@yh[jh[dAIl
*gl_jij_lZp-y

M jh[hlZo], B2*14*], [17*-19*], [21*-25%], [26*- @ j_amevlzl
\bdezZ” ge¢ qZkldh\h m jha”eee 4 |EZB nZ\]ha*[§j@&XpZklv m
\bagZqg_gge hkgh\gh€ <~ € jh[hlmamb{]lZz\R}) gmpAib&Kligwy
klZl_dhrmd 1Z ZgZeea eel_jZImjgbo "ZigBdlbdqhthdkKga
_dki_jbf _glZevgbo ~“hkgMdngviZ maZzZ]Zevg _ggy _dki_jl
NZgbo 1Z iedmrEXkljZzpbaddhgZgh Z\lhjhf kZfhklecgh P _
\bfejx\Zggy ki_dljZevgbo aZe "ghkl_c ih]€dgZgg§o |
maZlZevg _ggy e<gl _jij 1Zp*€ Ihsh

Im[eedZp-€

Hkgh\ge j _amevlZIlb *"bk_jlZp-+€0HhhhHZeh iZhg hg e «
25 klZllym gZmdh\bo \b”"Zggyo \dexqg_gbo ~h | _j eedm
\brZgv MdjZ€gb IZ m gZmdh\bo i_jeh”"bgqgbo aZdhg/ahggl
gbo m \bMZiglgyep® dkh\Zgbo m [ZaZo "Zgbo :HE RI1 6FLI
|1Z 6FRSXV 4dakgdbloc jh[el m \brZggyo sh \oh”ylv ~h
d\Zjlbee\ 4 1Z 4 aZ deZkbnedZpeslx 6&,PDJR -RXUQ
klZlle m "mjgZeZo I|j_Ivh]lh dlZjlpeX juh]lh d\Zjlbex 4
|Zdh" jha”ree m dhe_dlb\gec fhmhhjdnzZ® 1Z2hm\brZg-
fZl _jeZeZfb dhgn_j _gpec Reklv klZl_c him[eedh\Zgh m
fhf gl g _dkmxlvky m [ZaZo "Zgbo :HE RI 6FLHQZFH &
\oh”?ylv "h d\Zjlbee\ 4 1Z 4 Ze_ gZ fhf_gl im[eedZp-£

KijmdIimjz 1Z h[ky] ~"bkbkZplZpey kdezZ"Z}dhkZp £
\kImim jharees\ | \hkgkdeie\\bdhjbklZgbolZ*""h~rElde\
AZ]Zevgbc h[ky] klZgh\blv k1 hjeg22dk | Imj «dgbti kng by bokte]+h
| dkIm jbkmgdb | Z[e bp\bdhijtbkk | Zgbo " j e e«a gZcf
|z "h~"ZIldb gZ klhjegdZo
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Jhanee ©F oZgeaf \aZ}fh"e€ \m]Je _p_\bo gZghljm]|
[Zj\gbdZfb \b\g_ggy Z]j_]1Zp+*€ iheesf_Ibgh\h]h [Zj\gbd
gZghljm[hd2 ih*eey}Ivky gZb iZjZ]jZn

1 ZjZ]jZn <bagZqf ggidgeafm \aZ}fh"e€ \mje
gZghljm[hd a hj]JZgeqgbfb [Zj\gbdZfb aZ "hihfh]hx e
ki_dljhkdhies€

Djef Ilh]h sh \mJe _p_\e C€RGhIjmPdbf a djZsbo « gZc
e ]dh"hky gbo h”gh\bfejgbo ‘' fh* _evgbo j_qgh\bg \
[Z]ZIlhnmgdpehgZevg_  ihl _gpecg_aZklhkm\Zggy \ _e
gZ"fepgbo dhfihabpecgbo fZI jeZes-\ \' h[eZRtggh€fe
k gkhjbdb kdZgmxgh€ ahg”h\h€ fedjhkdhi*€ hielZldllyo n
[+ @ Oefeggh nmgdpehgZeecah\Zge &17 fh mlvapbbb |
kdeZ”*gbo azZz\*"Zgv ahdj_fZ ~ey kl\hj_ggy k\eleha[bjZev
Ahklz\db eede\ « kbkl_f a[_[4EZg@y Mglh¢-§Zk yd ~_yde
aZklhkm\zgv aZebrzZxlvky leevdb i _jki_dlb\gbfb
\bjh[gbpl\h gZ~*fepgbo dhgkljmdpec IZ ihdjblle\ Zdmfme
"hkyleb ijZdlbggh€ | ZesaZp+€ > @

K_j_" \eAhfbo f_Ih”e\ oefeqgh]h ahg”m\Zggy h?"
I _jki_dlb\gbo } nhlhexfeg _kp_glgbc g NEa €Chii™ \bkh
gmleb\eklv _n_dlajpkkhim > @ / deevdZ \b”e\ NE ~ | ¢
sh ijZpxxbZer"]mt*"h Z[khexlgh€ «gl_BlEbYaghkie\\e*ghr_gg
gl _gkb\ghkl_c¢ Z[h i_j_jhaih”eehf ki_dljz \bijhfegx\Zgg
"blly NE |1Z afege Zgeahljhigbo hkh[eb\hkl ¢ > yde a
[mIb h[f}*gZge 1Zdbf qgbghf sh[ [eZ]hl\hjgh ie~\bs
k e dlb\geklv ~bgZfeqgbc ~"eZiZahg < egre iZjZf_Iljb
~n_dlb\g_ NE ~_|_dim\zZggy fh _ [mlb ~hky]gmlh aZz
\bijhfegx\Zggy \ ijbkmlghkle kihemdb sh is"&23]]Z} \by\e_

| j \Z]hx g_dh\Ze glgh]h tKi}ygZpmoy ME]Zgeqgbo fhe
[13+ @ "ey i*"kbe_ggy exfeg kp_gp*€ gZghljm[hd } a]
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\eZkgbo \eZklb\hkl_c¢c gZghljm[hd gZ”*eeyxgqb €0 h”g.
\eZklb\hklyfb ih\YfyazZgbfb a ijb}*gzZgbfb hj]l]Zgeqgbfb
jeaghfZgelgbo hj]Zgeqgbo kijy gbo kihemddbihbtfZgbrgly'
fhe dmeb sh feklylv iheef Ibgh\bc eZgpx] afegx\\2gh€
nmgdpehgZevge ]Jjmib fh mlv [mlb e _Jdh afeg _ge* ¢ gZe.
"h [Z Zgbo hilh_e_dljhggbo azZz~zZq > @ Ahdj_fz
\erfeggeklx iheef Ibgh\bo [EpgthdN{gh ilhjgbo dhfie_ dk
gl _gkbhg¥erghkgh \mavde kfm]b ih]JebgZggy ¢« nemhj_ k
[mlilgZ\fbkgh gZeZrlh\Zge gZ i_\gm ~h\"'bgm o\bee m \b
hfeZkle reyohf fh*"bnedZpe€ ~h\ bgb iheef Ibgh\h]h eZ
Ijb}*gZggy dhgdj Igbo degp_\bo |]jmi a €0 \eZdghooghfle
kbkl_ fzZfb

HAge}x a pee_c "Zgh]h ~"hkee”" _ggy [m\ ihrmd _n_«
\by\e _ggy gZghljm[hd q_j_a agZqg_ i**"kbe _ggy €oaNE
gZeZrlh\Zgbf i px azZ”"Zgqm iheef _Ibgh\bf [Zj\gbdhi
hohiexxlvky ehggbf kmjnzZdlZglhf sh \\h”blvky "ey aZi
Sdem[de\’ ml\hjxxqb fep_em <« 1Zdbf gbghf i_j rdh
[*evrhkle “hkee”" gbo nhlhexfeg kp _glgbo fZl jeZee*\ a
gbghf ihlje[gh [meh agZclb _n_dlb\gbc f_oZgeaf ~_|_
gZghljm[hdhtgbo k_j “h\bsZo <« \e?ih\e”rge k gkhjge
Ahihfh mlv gzZf ih”"heZlb ijbkmlgeklv kmjnzZdlzglz gzZ\
hrghqzZkgh i**\bsblb gmleb\eklv nhihexfeg_ kp_glgh]h k_

:Z]1ZlhnmgdpehgZevge \eZklb\hkle \m]e_ _p_\bo gZgh
ithim gm ieZlnhjfm 7~ey jeaghfZgelgbo eggh\Zpec \lFeag
| _ogedb < j_amevlZle kljefdh]h ajhklZggy 9Zghl_o
Ij_"klZ\eyxlv ihl_gpecgm ijh[e_fm \ jhee aZ[jm~gx\Zc
k j_ ~“h\bszZ - lzdbf gbghf ihlje[_g _n_dlb\gbc kih
\by\e _ggy AZijhihgh\Zgh gh\m dhgp_ipex klI\hjoggy
dhfie_dke\ \m]e_ p_\bo gZigHQor[dqgh]h [Zj\gbdZ a qgml
k_e_dlb\gbf \eAlmdhthexfeg_kp_glghfm kb]gZe- Pe
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miI\hjxxlvky aZ jZomghd dmehge\kvdh]h ijbly]Zggy fe I
[Zj\gbdZ sh fzZxlv g_kdhfi_gkhdaZ\gblJe gZjywfb gZghljm][
ihdjblbfb e<hgghx ihtYZjolgp\ghx j gh\bghx m \h”~e |hdZ
nhlhexfeg_kp_glg_ a[m” _ggy [Zj\gbdZ"Zg__ "migZzghljm
sh ijb\h~blv ~h k_e_dlb\gh]h <+« kbevgh]h ihkbe_
\bijhfegx\Zggy "h jZa*\ a _dkblhggbo je\ge\ \mj]e |
[eb gec eegnjZqg_j\hgec h[eZkle Kki_dljZz yde [meb
N glbnedh\Zge aZ "hihfh]hx Ijb\bfejgbextal lkdmd'pQgy
Oe¢jZevgeklv gZghljm[hd Z 1zZdhih\1bhog-2djidhgh€
j_qh\bgb sh \bdhjbklh\m}lvky 7"ey ©Ojhaiemlrmkbzygn?
\ieb\Z} gZ i**"kbe _ggy |Zdbf qgbghf dhfie_dkhml\h
k e _dlib\gm gmleb\eklv ih \e*ghr_ggx ~h dhgdj_Igbo \n
Djef Ih]h g ZgZeh]eqge g_aZjy® _ge [Zj\gbdb igdjlnide _
g_cljZevgf kmjnzZdlzZglhf g_ ml\hjx\Zeb I|Zdbo dhfie_
hjlZgeqge fhe_dmeb \bdhjlbdflhaki\Beithieyef Ibgh\bo [Z]\(Q
e ]dh afegx\Zghx fhe _dmeyjghx kljmdIimjhx <« yd gZ
ie"[hjrh[eZkle ih]JebgZggy <+« nhlhexfeg kp_glgbo 0ZjZd
mge\ jkZevgbc egkljmf_gl ~ey dhgljhevh\Zgh]h nhlhgc
g bgejeglm _n_dlib\gh]h k_gkhjz ~ey \by\e _ggy \m]Je p_
Reyohf | _kim\Zggy gbadb yd gh\bo kbgl _ah\Zgbo
iheef Ibgh\bo [Zj\gbde\ "ey r\b”*dh]h jhaicagZ\Zggly &17
g _*hggbfb ih\ -jdbdlb\ybfb j gh\bgZfb m \h”e [meh agZc:
nhlhexfeg kp _gpe<€£€ "hkeergE\Z\gpm\e*gbdh\bo [jm
nmgdpehgZeecah\Zgbo [Zj\gbdhf ZkljZnehdkeghf Jbk
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Jbk ljbgpbih\Z ko_fzZ i_j_~Zqe _g_jl*€-1:0hkee"
[Zj\gbdZo dhfie_dkZo Dmehge\kvd_ ly eggy ijb}*gm} il
ZkljZnehdkeg "hlppdil\ggh€ fep_eb &17 sh ijb\h”~b]
g _dh\Ze glgh]h a\fyam\Zggy a ONHbieb qagyf*NEy§=~[Zj\ghb

I».-iu ‘m X

'l']‘]

Sty

Jbk 3D ah[jZz oyl "ey \h~"gbo jhagbge\ Z qgbklbo
Abki_jlh\Zgbo alo'%réfere &17 a [Zj\gbdhf Zkljhnehdk

?9g_j]_Ibgge "eZ]jZfb ihdZamxlv sh Z &17 fZxlv
_dkblhggh€ g j]*€ a[mh esggyeesE m( \b~bfec 1Z [eb ge
hlfeZklyo \e?riBeMghRb~ bfhfm ~eZiZahge a[m”~  _ggy fhe _c
SG i_j_oh”blv "h je\ge\ &17 ,gZghfjae)\nrchx(j_eZdkZpe}x
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Hkdeevdb _n_dl \e*kmlgec “ey [_IZegh\bo [Zj\gbhd-
azZjy"hf « ey g _cljZevgbo kmjnzZdlzZgle\ |Ih hqg_\b~gh
dmehge\kvdZ \azZ}fh”ey fe' gZklbgZfb shggh]h dhfie dkn

GZcdjZse j_ameviZIib ”"ey [_gahevgh]h kmjnzZdlZ
~n_dlb\ghkd Aeg]h\hx \azZ}fh”~e}x ZjhfZlbggbo dee_pv

G_h[oe*ghx mfh\hx } 1Zdh" Z]j_]1Zpey [Zj\gbdZ KZ
[Zj\gbdZ \eA"[m\Z}Ivky j_ahgZgkgbc i_j_ghk _g_j]lZ€ a
gZghljm[dm Fep_eb-gighdi[Zdgad } n_dlb\gbfb p_gljzZfb

| j_ghk g _jl*€ 1Z i"kbe_ggy kmll}\h aZe_ "blv
gZghljm[hd hkdeevdb o¢jZevgeklv ahdj fzZ \ieb\Z} gZ

AZijhihgh\Zgh _n_dlb\gbc i*"0o”CNh AbWEZgoe gt
f oZgeaf k_e _dlb\gh]h NE ~_ | _dim\Zggy gZghljm[hd :
dhfie _dke\ Kee” ierdj_keblb sh ]jZgbgqgZ dhgp_gljZz
hpeg gZ *a aZMEigklkés ggy \ aZe_ "ghkle \e~ dhgp_gljZp
o*jZevghkl ¢ agZoh”blvky \ 7"eZiZahge ¢] fekIxOZjZ
iheef Ibgh\bo [Zj\gbde\ } \ _ebqg _agZ jeaghfZgkdg\eKhfnmm
gbkee a[eevr_ggy “h\'bgb iheesf Ibgh\h]h eZgpx]Z < :
ijhlbehge\ Zgehge\ dZlshge\ Fh gz \bdhjbklh\mXZIb
fhe_dmeyjgh€ kljmdImjb sh fh _ fzZlb \_ebdm i_jki_dl
oefeqggbo <+« neabggbo \eZklb\hkl ¢ dhfie _dke\ \m]e
hjlZgeqgh]lh [Zj\gbdZ a gZkljhx\Zgbfb hilbggbfb \feZklt
ihl_gpeZehf \ h[eZkle aZklhlem\WZgpdhjX 1Z e<grbo nhll
aZklhkm\zZgv

Jhajh[e_qg- dhfihablge dhfieiheklelh 1b&hXbc [Zj\gl
aZ[_ai_gmxlv eeggh\Zpecgbc kihke[ "ey nmgdpehg.
gZghfzZl _jeZe-\ ahdj fz "h kbevgh]h af[eevr_ggy N
jharbjxxqgb k\h€ [Z]ZlhnmgdpehgZevge aZklhkm\Zgc
gZ~r\b~rdbc nhlhgep- kiI\hj _gge dhfihabpecgbo fZIl _j
[*heh]eqggbo k_gkhje\ ahg”h\hc fedjhkdhi*€ ~hklZd€lbe e
\ [Z]ZIlvho egrbo h[eZklyo
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1ZjZ]jZn <b\g_ggy Z]j_1Zp*€ peZgegh\h]h
ZkljZnehdkegm gZ \m]e_p_\bo gZghljm[dZo a -Zgeh
Zdlb\ghx j_gh\bghx

Hrgbf a gZc[eevr \Z eb\bo az\~"Zgv \ h[eZkle gZghi
[MAe\gbpl\h nhlhexfeg kp_glgbo gZghdhfie_ _dke\ yde fh
yd n_dlb\ge anfgflgdiey ~eZ]ghklbdb |Z esdm\Zggy b
lhsill, 18 19.

;meh ijh~_fhgkljh\Zgh mlI\hj_ggy i_jki_dlb\gh€ |
kbkl fb dhfie_dke\ a h”ghkleggbo \m]Je_ _p_\b&dggBgbhr
ih\_jog-ZHdIb\gh€ j _gh\bgbzZ 1:J + dZlehggh]h eg~h”e
[Zj\gbdZ a ihdjZs_gbfb \ezZklb\hklyfb NE \ [eb 'gec
j _ahgZgkgbc i_j ghk g _jl*€ 5(7 a [Zj\gbdZ “h &17 <
_e _dljhklzZzlbggz \az}fh”~ey dZlehggh]lh [Zj\gbdZ + Zg-*h
agZq_ggqgy ”"ey ijhp_km dhfie_dkhml\hj_ggy a 5(7 ~*
ih\_jog-ZHdIb\gh€ j _qgqh\bgb gZ\dheh &17 Djef Ihl]h p_ Yy
ihl_gpeZe ~ey \bdhjbklZggy \ [Z]Zlvho <grbo Zki_dlZo
nmgdpehgZeecah\Zgbo gZghkbkl f ea azZ”Zgbfb \eZk
k\eleha[bjZdelvilglyh€ \bjh[gbpl\h g j]*€ IZ kbkl_f a[_j*]Z

Sh[ ajhamfelb aZe "geklv afegb NE \¢" o0e¢jZevgh!
kmll}\m afegm kZfh€ \ _ebgbgb NE a gZkhf [meh ijh\_~
ijhp_km Z]j_1Zp+€ fhe_dme [Zj\gbdZ \ ijhkimdgbkbo ¢
kmjnzdlzZglhf

GZ kvh]h~gergec ~ _gv "\hdhfihg_ gligd BbRI |Zevagh’
\b\q g sh azZ[_hljbgfdgpy n _dlb\gbo < klZ[eevgbo ~bk
\h~e q_j_a ijbly]l]Zggy J]e~jhnh[gbo qgZklbg 1:J 7~h ih
ljbdhfihg _glgec kbkl _fe JerjhneevgZ qZkdblp\Zh)\_ qodby
aZ\"ydb dmehge\kvdbf kbezf ijbly]z} aBpogh]lgmZpgbld
gZijbdez” ZkljZnehdkegm Z[h 7~ehdkZ[hjbgh\h]h ihee
ljhl_  p_ ~“m _ kijhs_gZ dZzZjlbgZz j_Zevghkle sh \bf
\k_[*qgh]lh \jZom\&Eglgydeg]h\h€ \azZ}fh"re€-"kgZidbE€khAE
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\azZ}fh”e€ nhjfm\Zggy _dkef je\  dkeieZ[hk-6]j Z]ZIZdh
[Zj\gbdZ

Yd ijZ\beh Z]j_]Zpey ijhy\ey}lvky m ihy\e dkblhgg!
ihlebgZgg- Z m Kki_dlgZyNgEklx ki_dljZevgh akmgm
fhe _dmeyjgbo fhghf_je\ <mavde q_j\hgh afes gge kfm
Z]] _1ZleXkAfh\ihjy*dh\Zgbo ml\hj_gv a iZdm\Zggyf Ibim
afes _ge kfm]b o0zZjzdIl-Z@js JZdy\ + sh miI\hjxXINkydlarj Ibim
kZg”\[2Q, 21] Djef Ihlh rbjhde kfm]b a q_j\hgbf akm\hf
ih\ yazge a _dkef_jzZfb Z[h _dkeie_di4lhbbf djizjiddhs'tb\
ml\hjxxlvky a ~\ho h”gzZdh\bo Z[h jeagbo fhe _dme
fhe _dmeZ agZoh”blvky \ a[m”"  _ghfm klZge L_g”™_gp-°)
peZgegh\bo [Z[2@ d¥\eb\ jeagbo ~h[Z\hd ahdj_fZ 1:J g
[Zj\gbdZ mkdezZ~gx} \bdhjbklZggy [Z]Zlhdhfihtm gdblie -]
gZrbo ljbdhfihg_glgbo dhfie_dke\ gZ ijZdlbp-

;meh ijh\_~ gh "hkee” " _ggQy kKi_dlje\ nhlhexf
iledhk_dmg”gbf jha“ee _ggyf \ qZke deg Ibd aZlmoZgg
jeagbo "h\"'bgZo o\bev <ihhapp\Zglygkyv yd ijb defgZligbo |
gbavdbo | _fi_jZImjZo >ey “hke*”" _ggy r\b”dbo afeg k
gZkm ijh\h~bebkv fbll}\e \bkfiejdledgygZ \bkhdhdiBBeb\b
ki_dljhnexhjbf_ |p@e®h jharbj _gh "~e«ZiZahg ~“hkes®” m\Zgbc
[Zj\gbdZ 1Z jhaihgZlh \b\g_ggy iee\hd 1Z fedjhdjbklZe-\

<bdhjbklZggy ki_dljhkdhie€ ih]JebgZggy Ijb\bfejgb
exfeg kp _gpe+€ 1Z ZgZeea gZkhjha”ee _gh€ NE 7~ha\h
kbkl fb a f_Ihx ijhykgblb kmll}\bc \ieb\ dhgpZdlpApgh&€ |
j_gh\bgb Z 1Zzdh ™ dhgp_gljZp+€ [Zj\gbdZ gZ ijthg \ksZ]j_
dhfie_dkgec kbkl -ieJ-&4jXgbd <bkhde dhgp_gljZp-€
ZkljZnehdkegm sh \bdhjbklh\m}Ivky \ gZrbo jMmMaxlgbo
gZf i_j_dhgeb\e 2ithdZpgph€ Z]j ]1Zp+€ ZkljZnehdkegm m
kfm] NE a qgq_j\hgbf akm\hf f_aZhg\wagbohjfm\Zggy Z]j.
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ijb\h~"bhh \bkgh\dm ijh dexgh\bc \g_khd \az}fh~+€ {Zj\g
Zdlb\gh€ j gh\bgb

| \enrg h~ 300 K
NE 9 Ive \erg h~
‘ 577 667 4,2 |
3000 800
567 ,\
4|
600
2000 |1 2/\ y I \2\\3
A 400 I \ \ 626
1000 3 656
\// 200 5
e N | \_‘_\J/, \
O500 600 700 so:%mmsac;v 7;0\0- ‘\1100 0= 1 !
550 600 650 700
ogf ogf

JbK.4.Ki_dljb NE jhaqbge\ gZghljm[hd a ZkljZnehdke
ilee\hd ZkljZnehdkegm |Z dhfihablm a gZghlKm[dZfb

In (PL)
In(PL)
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t, ns

JbKL.5.Deg IbdZ aZlmoZggy NE jhagbge\ ZkljZnehdk-
ijb a[m”~" _gge iecdhk _dmg~gbf eZa jhf a “h\"bghx o\be-
gz - gf djhd @fesxZ 1Z gf djhd &fij A\ Z
GzZ\ ™ gh IRMki_dlj IhjZoh\Zges qZkb 407 § EYDOE i k
| Z\W80 i k; Y1350 k
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JbK.6.QZkhjharee g ki_dljb \bijIRESK\Zdlgy a
djhdhf ik ihqbgzZxqbg& ijb K kijZ\Z 1ZK aes\Z

<brgh kmll}\s afegb kljmdimjb ki_dljs\ ih\fyaZg
A deevdho Ibie\ Z]j ]Zls\ [Zj\gbdZ [+ey ih\_joges fep_e kr

Mj amevlZle \b\q_ggy Kki_dlje\ gZkhjha”ee _gh€ NE
NE |Z afeg ki_dlje\ NE a iebghf gZkm [meh agZchbigh g:
Z]j_1Zl*\ gZ jeagbo “h\'bgZo o\bev a hy\leyXlvkyg
ih jeaghfm ijb jeagbo dhgp _gljZpeyo [Zj\gbdZ <hf§b fz
0ZjZdl _jge "ey 4]jpijdlsNZ kdeZ*gm ~"bgZfedm jhklm

Aleevr_ggy dhgp_gqgljZpe€ [Zj\gbdZ ijb\h~Ablv ~h \ean
AZ jZomghd jhklim Z]j_]Zle\ gZ ih\_joge Ijm[db ml\hjx
[Zj\gbglZghljm[dZ a ykdjZ\bf \bijhfelyXhEgcghferd ke
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J-aggregaile - ; : %

S B R B W Fad ¥ Lo Te
p \u{“}ﬁbpk‘(\_(,;“( )’} )"(,)
e PL AB RSBl er s
Zj\gbd &17
Fhghf_jq RET (6.5)
1i_1Z1b ) — .. gi))
N T e 69)
A (75)
CNT | @9
Elzj\g E%
Eqq" CNT
> |Zeesah\ZgZ _g_jl_lbqgZ ~«Z]jzZfZ ijh

Jbk Ko_fZlbqgg_ ah[jZ _ggyzZhjl\hdlmgyZ-gZghljm][}
~g_jl_IbggZ ~ez1jzfZ i_j _oh”e\ m dhfihabls

Jbk <eamZeecaZpey hdj fbo gZghhjgn|[dhrdea[Z])g b4
<bghkdb jha#fejchffdf
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KZfhhj]ZgeaZpey hj]J]Zgeqgbo fhe_dme a \mj]e_p_\t
ijb\h”~blv ~h ml\hj _ggy nmgdpehgZeecah\Zgbo fhédodme
dhfie_dke\ a jharbj_gbfb fh eM\hXjZfpzne2 gZ\_~ _ gh
A"hkee”N  ggy -medbgdibo \eZklb\hkl ¢ dhfihable\ \m]Je_ p_\
ih\_jo-¥YdIlb\gZ j_qhvwgh*»dZj[hpeZgegh\bc [Zj\gbd ZklI
\h~e a Zdp_glhf gZ \b\g_ggy Z]j_1Zp°*€ [Zj\gbdZ « | _a
~g_jl*€ a [Zj\gbdZ gZ gZghljm[db KZfh\ihjy*dm\Zggy
ijhyley}lvky \ ih]JebgZgges *« nhlhexfeg kp_gpe€ \ Al
yd [Zj\gbdZ 1Zd + itEdIljpogh¥h j gh\bgb \ kmferZo Kih
ithy\h\bo iede\ nhlhexfeg kp _gp*€ m \b2Abfhfm ~"eZiZa
mi\hj _ggyf Z]j_1Zls\ [Zj\gbdZ :]j_]1ZIb sh o0zZjzdl_jk

afes _gbfb kfm]Zfb nhlhexfeg kp_gp*€ gZ .
hkgh\ghfm g _j a ijbkmlgeklZdib\gjofy j\lghi\bjghfmp eyjgec
dhgp_gljZp€ | _j *"ZqZ _g_jl*€ \** [Zj\gbdZ xXlgbgZg

nhlhexfeg kp_gpex a gZghljm[hd m [eb gec c@njXieh\B}p
gZ Z]j_]Zpex fhe _dme ZkljZnehdkegm sh \Z eb\h ~"ey
I _j_"h\bo fhe _dmeyjgbo gZghjhafejgbo dhfie_ dke\ :]j_
kfm]Zfb nhlhexfeg kp_gpe<€ . I _j_g_k _ggy _g_j]-*f
nhlhexfeg kp _gpe€ kl\hjx} ihim ge egkljrd _g[h \baymeZ egp@
gZghljm[hd m \b~bfec ¢ [eb gec egnjZq_j\hgech\rPeghkl-
ie"\bsmxgb €0 fh eb\e aZkMNMdmbddoy hey | g jAE" ¢
hohjhg?hjh\ 1

<b\g_ggfy oZgeafe\ \aZ}fh"e€ fe° ZkljZnehdksghf
Zdlb\ghx j_gh\BYhxne\h”e eklhlgh ie*"kbex} j_ZeeaZpex ¢
"h \by\e @NiyaZ ~“hihfh]hx peZgegh\bo [Zj\gbde\ M jha
dhfie_dkg_ noefbdg_ ~hkee”" _ggy ljbdhfihg GNIgSEBIb kI
ZkljZnehdkeg a Zdp_glhf gZ Z]j_1Zp+€ [Zj\gbdZ OhqZ
kbevgm NE fhghf_je\ ZkljZnehdkegm gh\e hkh[eb\hKkl
ZkljZnehdkegm a y\eyxlvky \ kbevgec aZe_"ghkle \en dF
|1Zd « 6'%6 \ kmferZo >ey Ih]h sh[ ie*dj_keblb gZc[eevi
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kee” aZagZgblb sh afyleyxlvky-ghle phlh dbjjhflgx\Zg
NE sh k\erqZlv ijh nhjfm\Zggy -jhagpepb db i) (hzlirim
gbkee _dkbf_je\ o Z[h _dkbie_dke\ ijZkij@DrhddNad kg m
Abki_jlh\Zgbo a 6%'6 iZbkadihkhe [eevdbi 6)%6em eyjgec
dhgp_gljZph€s[ge Z]j_1ZIlb sh ozZjzdl_jbamxlvky iedZfb
. gf nhjfmxlvky aZ jZomghd ihk_mi*gb/pfla\Z_ &yYyge fn
klzge KeZ[dZ kfm]Z NE ijb gf ihdZam} ml\hj _ggy _«
_dkbie_dke\ [Zj\gbdZ « 6'%6 Fep_eyjgZ dhgp_gljZpey
Z]l]_1Zp+€ ZkljZnehdkegm :]j_]ZIb sh fZxlv kifhZphv RKyE
I j \Z ZxIwmwhmfm\Zgge fedjhdjbklZee\ ZkljZnehdkegm sh
kmferZo \bljbfZgbo ijhly]hf hrgh]lhlZteydjhdjjbkdaieb fZxl
oZjZd!l _jbklbggm dhfihg _glm gZkm “blly \ f_"Zo hdj_fbo
ihjy*"db ih\eevger_ ge¢ qZk "blly fhghfejmilZkljZnehdkeg]
lgnjZqg_j\hgbc 5(7 \ dHON&-SDRZE-pZj\gbd g_ \ieb\zZ}
nhjfm\Zggy Z]j_1ZIe\ gf 1Z fep_e 6'%6 sh aZih
ZkljZnehdkegm gf >h |h]jh °~ [_jmgb ~h m\Z]b nZ
]Jheh\gmvjphighp ke Z]j ]1Zp+€ fedjhdjbklZeb ]Jheh\gbf gb
g_aZe_ 'gh a Iljbdhfihg_glgbGNGBDBS-[&Zk*dbd a 5(7 HI
hljbfZgh agZggy ijh gh\e y\bsZ s$jlfbodbgilhdyZxgihgne kbkl fe
fh ' mlv [mlb \bdhjbklZges "ey jhajh[db [eevr _n_dlb\gh]h
CNT - Z[h \eamZ®ddazZp+£EZdh  yd ieZlnhjfb "ey jhaj
\bdhjbklZggy gZghkljmdImj ea aZ*"Zghx fhe_dmeyjghx kl

M 1ZjZ]jZne KZfh\ihjy*"dm\Zggy-Z2)\hddbeie\-pdkf je\
[Zj\gbdZ gZ ih\_joge \m]Je_p_\h€ gZghljm[db [Z -\eevge* Z
eahf_je\ [Zj\gbdZ

Jhajh[dZ gh\bo gZghjhafejgbo ijbkljh€\ ihlj_[m¥Eewgdd e
gZghfzl _jeZee+\ Djef Ih]h h~rghqgZkg_azZklhkm\Zggy gZg
kdez~gbf az\"Zggyf ahdj_fzZ p_ klhkm}lvky \bdhjbklZg

J-Z]1j_1Z122@ yde fh mlv <klhlgh ihdjZsblb \eZklb\hkle
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jZomghd | ahgZgkgh€ 2~ ehdZeecaZpe€ _dkblhge\h Mi
nhjfm\Zggy j_ahgZgkgh #E]jj]lglebgZ \m]e _p_\bo gZgh
\bkhdh_n_dlb\gbf i_j _ghkhf _g_j]*€ \e” Z]j_]1Zle\ *h gZ
nhlhge\ ih]Jebg _gbo Z]j_1Z1Zfb i_j_~Z}Ivky gZghljm|[d
\bijhfegx\Zgdg&kym]b |Z nhlhk_gkb[eecamxgb gZghljm[db
mi\hj _ggy "~\ho Jdp)\ 1ZI-\ AN h”bg Ibi ih\fyaz
kZfh\ihjy*dm\Zggyadhpbjk\ gZ ih\ _joge gZghljm[db Z
ih\ffyazgbc a kZfhhjlZgeaZagref}xje\ljzgk \deA]g]ZIb [_a
gZghljm[hd <Z ebW|j 4AIb gZ \m]Je_p _\bo gZghljm[dZc
iedZfb 1 _j ~Zqge g _j]*€ nhlhexfeg kp_gpe*€ \ hjgdldhgvh
NeZiZahge 1] _"~klZ\eyxlv \ _ebdbc +gl j k ”"ey ijZdlbqg
[*hf_"bggec \eamZeecaZpe€ gZghjhafejgbo hillhggbadljh
ijbkljhyo

H-aégmgate J-aggregale

JbK9. Ko fZlbqg_ ah[jZ1Zg@¥j-]1Z1+\ 1Z €0 hkgh\gs ki_d
\eZklb\h2ds >

Jhajh[dZ gZghjhafejgbo nmgdpehgZevgbo ijbkljh€
f lThx ~ey gZmdh\h]h [Z ijhfbkeh\h]h Kkie\lh\ZjbklI\Z
"hkylg_ggyf m ]J]Zemae o0°¢fe€ gZghfZl jeZe\22223jjbeZz
AZklhkm\Zggy fhe_dmeyjgh€ kZfhhjl]ZgeaZpe€ "ey
\b]hlh\@gy gZghjhafejgbo kljmdImj ijb\h”~blv ~h dhglj

ijhklhlh €0 \blhlh\e ggy shiz8hmygeyhbdhjbklh\m\ZIb
58



gZghjhafejge kljmed@yb H"ge}x a gZc[eevr gljk
kmijZfhe_dmeyjgbo kZfhhjlZgeah\Z&Bdj kZjiimdImjl\hj _g-
j_amevlZle kbevgh]h g _dh\Ze glgh]h a }*gZggy d@-eevd
mI\hj _ggy Ibim ©koh9bP2 26pk ijb\h~*blv "h kbevgh€ dh]_
j _ahgZgkgh€ \azZ}fh”e€ » ehdZeesah\Zgbo _dkblhge\ =« |
feljm\Zlb \k_jJ-ZBjge]ZIls\ A fhf_glm k\h]hz\{*dzbblygZ[me
rbjhdh]h gl _j km [Z aZklhkm\Zggy \ jhee Kki_dljZevg
iee\dh\ec nhlh]jzZne€ « | _i_j \hgb hljbfZeb \eMmhZ]b gtly
I _j_"h\bo azZklhkm\Zgv m gZghnhlhgep<26Z9@ilhA £\ ¢Id|
k\h€f mgedZevgbf \eZkZBphkdyd klZeb i _jki_dlb\gbfb \
k\eleh\bijhfegxxqgbo 2ED"e\ dkblhgg@lafhggbo ijbkljh€\
hilbggbo fedjhj_ahgzZlhje\ d\Zglh\Bdilbgqdklh gvj fbdZg
ljZgabklhje\ [«hf _~“bggbo ah[jZ _gv 0I-Zdjpflzlgbghf
gZ”a\bqZcgbfb nmgdpehgZevgbfb fZIl _jeZeZfb hljbfZgt
g 0 _j*€ kmijZfhe _dmeyjgbo kZfhhj]J]Zgeah\Zgbo kljmd]l

Dh]_j_glg_ kijy _dgdljfe]ZlZfb |Z egrbfb gZghfzZl _jeZ
fh eb\eklv g_ leevdb ih}*gm\ZIlb €0 gZcdjZse 0ZjZdIl_jbk
gh\e i _j ~h\e gZghfZ26R29@eb GXZijbdeZ30@ mkihkl_je]Ze
gZ Ar\brdm i_j_~Zgm _g_jl*€ \JgZQghKijmdImd20 sh ij_ "kl
\_ebdbc gl j k 7~ey ih\geklx hilbggbo gZ~r\b”"dbo i
ijbkljh€\ Djef Ih]h \a&zZ]Jih12y*\ a [sheh]eqgbfb fZIl _jeZ
kbevgbc ijZdlbggbc nhdmk m [eh\eamZecaZpe€ G_sh”.
[Zj\gbdb fh ' mlv mlI\hjx\ZIbl-Zkedldo \k_j ~bge \m]e_
gZghljm[hd sh fZxlv \bkhdbc ihl _gpeZe ~ey gZ”ecgh]h
ah[jZ" _ggy aZ “hihfh]hx ]Je]Zglkvdh]h jzZfZg<3k®dHMHhgjha
gZkdeevdb \erhfh g fZ} el _jglmjgbdvj *gdgpoj ahdZgko
Z]j_1Zl*\ gZ ah\gergec ih\_joge gZghljm[hd sh “ha)
kbevgbc kbg_j] _Ibggbc _n_dl aZ jZomghd \aZ}fh~e£€
afes _ge m qg_j\hgm hl[eZklv _g-4]1i IpAlgr jm\grlv \bje\gyll
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\mavdbfb _dkblhggbfbgzdiglib[hd <+ ijb\_klb ~h j_ah
_dkblhgdlyazgbo J<Jjd]je\ZI*\ |1Z gZghljm[hd

;meh \by\le _gh \bkhdhp-Alhgkallbbge mi\lygjZ gah\gergec
ih\_joge h”ghkleggbo \m]Je_ p_ \BWNGZgdhjrkfhHgblv ijh ~n
~n_dlb\gm i_j_ "Zgm _g_j]*€ \eN Z]j_1Zls\ *h gZghljm[h
SWNT ~exlv yd dZjdZkd]j*"d¥p€ 1Zd « n_dlb\ge Zdp_ilh
Z1j_1Zls\ [Zj\gbde@[ etz j[h BIZgBEmtp kdhjhg_gbc Zg.
\erhfh]h [Zj\gbdZ <g~hpeZgegh\bbahjkdbtm}lydbygy \ f_"Db
NeZlghkIBRg@ > sh jharbjx} i_jki_dlIb\b ijZzdlbggh]h \k
"hkee”" m\Zgh€ kbkl _fb
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JbK.10 Ki_dljb ih]lJebgZggy [Zj\gbdZ %,& gZghljm[hd
AhN pbe[ _gahkmevnZl gZljex 6'%6 Z |Zdh  dhfihable
jeagbfb kZjnzdlZhZflprekmevnZl gZljex 6'6 "~ _hdkbo
6'2& |IZmjh” _hdkboheZl gZljex 67'2& iheehdkb_Ibe

_nej Ljblhg OIZ ihee\egeeiejhes*hg 393
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JbK.12 Ko fZlbqg_ ah[jZ _gg¥a4jj\HEZlgggZ ih\ _jog-
\ml]e_p_\h€ gZghljm[db IZ _g_j]l_IbgqgZ "«Z]jZfZ ijhp_km
_g_JIRET a Z]j_]ZIl*\ gZ gZghljm[db
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HI*_ \i_jr_ \by\le_gh mgedZevg_ mi\hp-glgy]Zla\h gZ:
ah\gergec i1h\SMeNl* a _n_dlb\ghx i_j *"Zqgq_x _g_j]*€ \e
[Zj\gbdZ "~h gZghljm[db AZijhihgh\Zgbc f_oZgeaf mn
ih\fyazgbc ea i_j \Z gbf kZfh\ihjy adnm\PglyZjpdtkdZ sh
fZxlv \b]lgmkeijyE g ]jmib <« ~h[j_ ijbey]Zxlv ~h himd:t
gZghljm[db Djef md\a]j dgy-\SWKHT ml\hjxxlvky [1Zdh" \ee
Z]lj_ 1Bl [_8WNT vyde fZxlv jeage ki_dljZevges hkh[eb\hk
a kzfh\ihjy*dm\zZggyf i_j \Z gh ieahZ@tb[gAgbdZ

>h\"bgm ~ ehdZeecaZptN) fdkdZhgrajZom\Zlb agZxq
j_eZdkzZp+€ "~ey fNgNTIZmZ]j_]ZWn Z[h gZie\rbjbgb kfr
ihlebgZ&dyj_ ]1Z2(*Q 1Z fhghf (j€) fhe_dme aZ nhjfd6heZfb

Oy, L— 2% (1.1)

O

1
3,

c 6
~~p Fs (1.2)

7 . i
Oy L~ I

JhajZoh\Zge aZ i_jrhx nhjfmbhkmediZ-§ §lygyy dmeey
\eevgbo Z]j_]1ZIe\ 1Z ijbJe fhe _dme 7"ey Z]j_]ZI*\ ¢
Aimlhx ¢ 1Z “ \erih\erAgh M h”bgbplp..MdeZglx ijb
pvhfm - 45 gf ~e3dZ]j _]ZIls\ m ihje\gygg® a dgfbffey qgbklbc
gZghljm[hd

HI'm ihdZahgfm\Zggy mgedZevgh]h gZghfZl jeZem
nmgdpehgZevgekix sh \eAdjb\Z} reyo ~h rbjhdh\lhgogyfeo
| Z neabqgghlh aZklhkm\Zggy ~n_dlb\gh€ j_ahg
kZfh\ihjy"dh\Egpo]Zle\ « gZghljm[hd m ]Jei_jki_dljZevgh
ah[jZ _ggyo 1Z eedm\Zgg- gZghjhafejgbo hilh_e_dlj
ijbkljhyo \bkhdhr\brdekghfm a\fyadm Z 1Zdh™ ¢
e _dljhggbo I1Z dkblhggbo | _ogheh]eyo gh\h]h ihdhee«g
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<bkgh\db ~h jha”eem

Reyohf ~ 1Zevgh]h ~hke*”" ggy gbadb iheesf Ibg
r\brdh]h jhaieagZ\Zggy \m]e_p_\bmo YZghlfmgihd agZc
ie"kbe ggy nhlhexfeg kp_gp*€ "“hkee* m\Zgbo [dhdie\ij
nmgdpehgZeecah\Zgbo iheef Ibgh\bf [Zj\gbdhf ZkljZn
ihdZaZgh sh nhlhexfeg kp_glg_ a[m”  _ggy [Zj\gbdZ fF
gZghljm[hd sh ijb\h~blv ~h is*kbe_ggy k\eleh\h]h
_dkblhggbo je\ge\ \m]e_p_\bdMigZrghlijhphdhgkljh\Zgh -
dhfie_dke\ \m]egZoghbkjdb[+ hj]Zgdog[Zj\gbd a gmldB\bf
k e dlb\gbf nhlhexfeg kp_glghbf \er]Imdhf as agZz
\bijhfegx\Zggyf sh “halhebeh klI\hjblb gZ*gmleb\bc k_¢
} ihl_gpecgbfb aZ[jm~gx\ZqgZfb gZ\dhebrgvh]h k_j_ 1
gmleb\eklv ~Zgh]lh k_gkhjz } ihjy*dm hfdgbpv}gddf hi\g
djZsbo k\elh\bo klzZg~Zjle\ IhdZazZgh sh djblbggh \.
ie"kbe ggy nhlhexfeg kp_gpe*€ } dmehge\kvdZ \aZ}fh"ey
dhfie_dkm G_h[oe*ghx mfh\hx } 1Zdh " Z]jk4EZpe-ygy_[Z@\
Z1j_1Z1b [Zj\gbdZ \e*"[m\Z}Ivky |j_ahgZgkgbc i_j _ghk

[Zj\gbdZ gZ gZghljm[dm | _j ghk _g j]*€ 1Z \ _ebqbg
aZe_ "blv \en oe¢jZevghkle gZghljm[hd hkdeevdb o0°¢jZevg
Z]j_1Zpex

Mi_jr_ \by\le gZ "h”"ZlIdh\Z nhlhexfeg kp_gpey [Z
h[eZkle az\"ydb Z]j _]1Zp*€ gZ ih\_joge \m]Je p_\bo gZ
\eamZeeam\Zlb hdj fe gZghIm[db sh fh _ [mlb \bdhjbk
\eamZeecaZpey } Hl'eb\lhxjbfZgh agZggy ijh gh\e y\bsZ
[mIb \bdhjbREAgPhajh[db [eevr _n_dlb\gh]h ahgCNT 2y \b

Z[h \eamzZ@NTaZB+€Zdh  yd ieZlnhjfb ~ey jhajh[db |Z \
gZghjhafejgbo g_dh\Ze_glgbo dhfie_dke\ kljmdIimj -«
fhe _dmeyjghx kljmdImjhx

3. Mi_jr_ \byle _gh mgedZevg_y\bs_ ml\hjZyjgyZlah
gZ ah\gergec ihGNToge+_n_dlb\ghx i_j_"*"Zqgq_x _g_j]*€ \s
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[Zj\gbdZ ~h gZghljm[db AZijhihgh\Zgbc f_oZgeaf n
ih\fyazgbc <a i_j_ \Z gbf kzZfh\ihjy¢dmi\Zeg\gy[fZjpdplkdZ
fZxlv \b]JgmkijyE g+ ]jmib 1Z ~h[j_ ijbey]Zxlv ~h himd
gZghljm[db Djef ml\Aj| gd@y*\-CHEZ ml\hjxxIvky 1Zdh" \ee
Z1j_1Zlb [Zj\gbd@NT[_ade fZxlv jeage Kki_dljZevges hkh
ih\fyazge ca kZfh\ihjy*dm\zZggyf i_jlj\Zggahie Z«gZjfghteo dn
[Zj\gbdZ LzZdbf gbghf ihdZaZgh nhjfm\Zggy mgedZe\
jharbj_ghx nmgdpehgZevgeklix sh \eAdjb\Z} reyo "h aZk
j_ahgZgkgh€ \az}fh”e€ kZfh\id]jy~ "phleZgdd@ gZghljm[h
[+hf _"“bggbo ah[jZ _ggyo gZghjhafejgbo hilh_e daljhc
ijbkljhyo
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Jharee >hkee”” ggy ijhp_ke\ \azZ}fhnre€ "ehdkZ[hjbgh\|
Ze*enZlbggbfb ZfegZfb 1Z \m]Je_p_\bfb. gZghljm[dZfDb

Gh\kbgl_ahVegdkzZ[hjbgdi\gbdimeh ~hkee~" _gh gZ ij.
ANl _dlm\Zggy Zfege\ ¢« \m]Je_p_\bo gZghljm[hd sh } ihl
lhdkbggbo ijhfbkeh\bo aZ[jm~"g _gv >ey \by\eZggye-dee\
~n_dlb\gbf gbghf gbadm a NehdkZ[hjbgh\bo\[Zghgd-)\
] _Zdpecgm a”Zlgeklv a ZfegZfb <+« \m]e_p_\bfb gZgtl
[Z]Zlhh[epyxgbc j_amevlZl ihdZaz\ klejbeh\bc [Zj\gbd
gmleb\eklIx ~h Zfege\ ~h SSP ;meh 1Zdh" \byle _gh n
NehdkZ[hjbgh\bo [Zj\gbde\ gZ ijbkmlgeklv \m]Je p_\bo gz

feZd . Ze*nZlbqgg-e Zfeghb } g [_ai_qgqgbfb 3
gZ\dhebrgvh]l]h k_j "h\bsZ q_j_a €og} rbjhd_ \bdhjbklZ
:feZzd Jheh\gbf gbghf \bdhjbklh\m}lvky yd ~h[jb\h [th \b]
jhagbge\ Djef Ihlh ZfezZd Z[h [_aihk_j ~gvh\eXjhkhihk _
|1Zdh™ [m~e\ _evgbc [ehd ”“ey kbgl_am [Z]ZIlvho n\ZjfZp
ljhl g _a\Z Zxqgb gzZ\bdhhbklZzggy ZfeZd « Zfegb } Ihd
g [_ai_ggbfb j _gh\bgzfb LZdbf gbghf r\b”rd_ \by\le _
gZ\dhebrgvhfm k_j “h\bse fZ} deg3#B6. agZq_ggy >

K_j_~ \eAhfbo kihkh[e\ ZgZeeam Zfege\ hrgbf algZc]
nemhj_kp _glgbc f Ih™” g _j_a ch]h \bkhdm gmleb\eklv
ijb}*gZggy nemhj_kp_glgbo felhd ¢ egrbo «gQbEIBE]gDO
ZdIb\Zpe€ j_Z] glm fzZjdm\Zggy gZijbdezZ” \bdhjbklZc
_neje\ dZj[hgh\bo ihoe*gbo Z[h aZklhkm\ZggylZd&Zd gde\
dZj[h”*beferb Z[h nhknhge}\e 3Mm38lgdZgekhé¢meh ihdZaZg
NehdkZ[hjbgh\e [Zj\gbdb ihoe~ge " _]e*"jhmdkmkdh€ d
\bdhjbklZge yd nemhy_ Gbhhfjgge ZeenZlbggbdB9&f-gahdy fZ
ahg™ey nemhj_kp_glgh]h fZjd#0Zggy [*ede-\ >

;Zj\gbd Ibim j_ZIm} a Zfeghf \eAdjbllyf iejZgh
mi\hj_ggyf _gZfegm [Zj\gbdZ Ibim jbk Lzd
nemhj _kp_glge [Zj\gbdb i_j I\hjxxIvky \ \bkhdh nemhj_
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hljbfZlb ~"Zlgbd [Zj\gbdZ a hilbfZevgbfb \eZklb\hklyfb
A"hkeeN ge gZ j_Zdpecgm a”Zlgeklv a ZfegZfb gbadm "]

Fio-F Fo. F
-B i

o 0 NHR O

e RNH, o L L
N T i - N g
LA T .

o "o » 5 O 7O RNH,

cnabka CUnLHa

tbnyopecLeHu|s thnyopecueHuis

JbR1. Ko fZ j Zdp+€ a ZfegZfb ~"ehdkZ[H38gh\bo [:

> | _dim\Zggy Zfegm ~ehdkZ[hjbgh\bf [Zj\gbdhf

K_j_~ "hkee” _gbo [ebavdh Nehdkh[hjbgh\bo [Z
I _jki_dlb\gbf [Zj\gbdhf "ey aZAkdkkmkBgfyyZfege\ \by\l

[Zj\gbd 222 ka “m°_ gbavdhx \eZkghx nembB).kp_gpex I

o o M

JbR2. KIjmdIimjgZ nhjfmeZ4[¥i\lmb dEZy\b\ky gZcdjZsbf
ANl _dim\Zggy Zfege\

Qmleb\eklv [Zj\gbdZ gZ ihjy*hd \bszZ g "ey o
[Zj\gbde\ 3/ "ey j _Zdpecgh€ kmfere [Zdh  aZe_ "blv \e¢”
GZ JWB ihdZzaZgzZz aZe_ "geklv gl _gkb\ghkle nemhj_kp,
j_Zdpe€ [Zj\gbdZz a ZfezZdhf ijhly]hf
AhrZgh < degp_\hfm jZomgdm kihktdjglmehka[eevr_gc
°gl_gkb\ghkle nhlhexfeg kp_gp<*€ "BZj\gibd\ARZghddov yd
"hje\gx} . \eMih\ergh <aZ}fh?ey ZijbdMm*halyZjhg!

o\bebg i*key
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ajhklzggy kfm]b a fZdkkfmfhf gjfo \ IThc gZk ydgui=830jb
gf 1jZdlbggh g_ afegx}lvky

JbR3 Afegb NE “ey [Zj\gKdZi ® m \h~Aghfm jhagbg
_lZghem q_j_a o\ lekey "h~Z\ZggyejhaigBgm &fe+Zdm
~ B ~ 5
| KT ).

>hkee® m\ZeZkv aZe "geklv NE \eN dhgR4ljZEp&€ Z
gmleb\hkle NE [meZ \bagZq_gZ \ ~+ZiZahge dhgp®gljZzZ)
fhev e KlZg~Zjlge 1ZjZf _Ijb ahg”m\Zggy gmleb\eklv
/2" sh fh'gZ \bagZgblb a "2dbagagab\\bDkilvky dZee<[jm\:
dijb\hx aZe_ "geklv ZgZeeslbqghlh\kb]dZem gBj/Zpe€ ZgZe
j_gh\bgb Ih[lh dhgp _gljZpe+€ Zfegm Qmleb\eklv fh™ [r
dZee[jm\Zevgh€ djb\h€ ~_ \ _ebgbgz /2" fh™_ [mlb \bjzZ"
\eN B6geg&Zklimigbf gbghf /' 6 &Zdbf gqbghf 7~ey [Zj\gbc
560U D X PRO O «u@' fhev e LzZdbf gbghf [Zj\gbd
\by\blb \e~fghkgh g \ ebde deevdhkle ZfeZdm Zfeggk \

feevchg
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;Zj\gbd(C,=25x10")+ Zfeg

2000 |

1\./\g h/\

1000

max

PL

0 3 6 9 12
dhgp_gljzZpe-y (Z0° gl

JbR4 DZee[jZpecge djb\e ih[m~h\Zge yd aZe_ ,g*kKigyNE
Ney [Zj\gbrmhZ\h"e \eN dhgp_gljZpe€ Zfegm

ljb \bfejx\Zgg=-37% deg Ibdb NE “ey [Zj\gbdZ [meb

qgZkm “blly a[m”~"_ggy NE EM ggf ¢tjh"bg gk
e gf 1Z[edDy ~h~rZ\Zgfygm ~h [Zj\gbdZ g_ \ieb\z
“blly ijbey gf Z ik gf qZk “blly ajhklz} \en

gk HI°_ \aZz}fhrey Zfegm =+ ~shdkZ[hjbgh\h]lh [Zj\gb

ljZgknhjfZpe€ fhe _dmeb [Zj\gbdZ sh ijhy\ey}lvky \ mih
alm”~" _ggy ~ey “h\]l]ho\bevh\h€ kfm]b 3/

LZ[ebpy

QZkb “bByhljbfZzge a _dkihg_gpecdhgh Ibd37§ley [Zj\gbd?Z
a Zfeg®¥* 1Z gbkIhPH*"® 3 mjZom\Zggyf ZiZjZlgh€
mklZgh\db ,5)

em, Of 530 | 620
0.19
t¥e4 gk 0.57
1.10
t dye 4 + amine k 0.19
, 0 0.64
1.10
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:Zj\gbd g3c[eevr hilbfZevgbf k_j_ ~ \bijh[m\Zgbo ~eh
[Zj\gbde*\ "ey \by\e ggy ZfeZdm Zfege\ m \h”gbo k_j_
\bdhjbklZggy [Zj\gbdZ "ey nemhj_kp_glgh]h f_Ih~n
\eAghkgh g \ ebdes deevdhkle ZfeZdm Zfegg = 8.6fL0° x \I
(fhehe >hkee”” ggy \aZ}fh?e€ &17 a [Z]\lgdbddZelR%sh N
[Zj\gbdZ ]JZkblvky NE &17 fzZxlv gq_j\hgbc akm\ Z \ [e
h[eZkle ki_dljZ a[m”" _ggy afy\leyxlvky gh\e egl gkb\ge i

Djef Ih]h ~ehdkZ[[lZjbgbdimeh \bdhjbklZgh “ey jhaiec
\m]Je _p _\bo gZghdNm[hdyde } Ihdkbggbfb <« [m"mlv ihl
ijhfbkeh\bfb azZ[jm~gx\ZqgZfb \ gZc[eb ghfm fZc[mlg
ajhklZggy gZghl_ogheh]ec azZ]Zevgbc h[ky] g\ _hklbpec
Ay ] ljeg m pdq41{@d ijb gZy\gbo leevdb jhajeag_gb
lhdkbqggeklv gZgONTN¥dlehljhi \m]J]e_px a mgedZevgbfb f_
| _jfeqgbfb 1Z _e_dljhggbfb \eZklb\hklyfb hrbg a ]
gZghl _ogheh]ec <m]e_p_\e gZghljm[db gZ[m\Zxlv \k_
[Z]ZIvho \bjh[gbgbo eZgpx dZo ijhihgmxgb gh\e jer ¢
| ogheh#2® > Lhfm g _h[o**gh fZlb*regkiMd dhhh \byle ¢
\m]e p _\bo gZghfZl jeZee\ sh[ aZih[*]lb €0 \ieb\m gZ
€ogx IhdkbgugjXkdy | _ogh] _ggbo dZlZkljhn LZdbf gbghf
jhajh[dZ gh\bo nemhj _kp_glgbo ahg”e\ fh _ ~hihdfh]lk
kihkh[b \by\@abl[gggbo ZgZe-«l-\

<by\le _ggy gZghljm[hd aZ ~hihfh]hx[EZe\wghpekpje-gbgx
Ibie\ } dH\gZijyfdhfihfm[meh ijhl_klhgdahm jeagbo Ib
NehdkZ[hjbgh\bo [Zj\gbdes\ Ahp4i fdlb&gukh)lgeZklb\arkl
ydhkle exfeg kp glggb@X¥T m\h”e [meh [meh ijhlgkblt\Zgl
NehdkZ[hjbg[idj\gbd 2% jbRk.5). DOB- kbgl _am\Zeb rey
j_Zdpr€hdkZ[hjbgm a \e”ih\e~rgbfb o _fepeZgeghf m iejb"
ljb_IbeZfegm a ih~"Zevrbf aZfes ggyf I|jb_IlbedZbgighih
gZljex jI2B). <h”hjhagboPOB-719 a*~Zbg \aZ}fh”eyIBENTa
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jhagbg_gbfb m \h”e o ~Apkiih\h\jogbEdIbB\ghx j_gh\bghx
"hN pbe[_gahekmevnhgZl gZljex 6'%6

SO,Na

Jbk OefeqgZ nhjfmeZ "ehdkZ[hjbghOBJMI[Z]\
<b\gzZezZkv \aZyfthieyglZfhtikdZ[hjbgh\bo [ZPQBsM9)
|Z hr*ghkleggbo \mJe_p_\b®WiZg hdjhb[dijbklZggyf ki_dljh
ihlJebgZggy 1Z NE ki_.dMelykdimife@€e [Zj\gIWNT VEy\e g+ gh\:
hilbgge o0Zjzdl_jbklbdb \ ki_dljZevghfm #2eZiZahge \
[Zj\gbdZ aZ jZomghd j _ahgZgkgh€ IDQB"Zq«hKWNT]e€ \
Ahdj_fz kihkl_je]Zehky \bgbdg_g&y gh\Bd\'ibge\ o\be
afm”~" _ggqgy gf 1Z g_j\hgbc akm\ \eZkgbo BVINT Vbhjhfe

gf m [eb gvhfm e<gnjZg_j\hghfm ~"eZiZahgeebAZdajhi
f oZgeaf \azZ}fh/D@B-fe |IZSWNT LZdbf gbghf fh gz ajh
\bkgh\hd sh [ZD0BB® }i_ jki_dlb\gbf ~ey jhajh[db _n_«
ki peZevgbo hilbggbo ahg”«SWHV. \by\e ggy

<m]e_p_\e gZghljm[db ~_ fhgkljmxlv mgedZevge 1
\eZklb\hkle \e~rfegge \e” egrbo fZIl jeZee\ azZ\"ydb €0 n

Ijbjh”"e ijhihgmxgb gbadm i _jki_dlb\gbo azZklhkm\Z
leZklfZzkZo e _dljhijh\e*gbo dhfihablZo 7ZlgbdZo IZ
[42. Ijhl_ ijb r\b~dhfm ajhklZgge gZghl _ogheh]ec \m]e

klZgh\eylv agZqgm ihl_gpecgm aZ]jham "ey a”hjh\!
k j_"h\bsZ \ gZc[eb ghfm fZc[mlgvhfm q_j42a48.0gx |hdk|

Lhfm _n_dlb\ge f _Ih”b \by\e _ggy gZghljm[hd ih\bg:
Ah  |h]h yd rde”eb\bc \ieb\ \m]e p _\bo gZghljm[hc
kK j_~“h\bs_klZg_ aZ]jhaeb\bf

70



Ihkbe _ggy kb]JgZem NE e¢a hrghrZjh\bo \m$B&NF) \bo
fh>_ [mlb hljbfZgh dem@kef glghlh mI\khp _qgyI¥SgZ ih\_jc
I|jm[dB8@& <gdZikmeype+€ fZebo hj]Zgeqgb &WNTe[4e@ el Ak _
g_dh\Ze glgh€ \az}fh?e€ kikgjdb IgmfllbhjdZ&sqgbfb kihe!
[5062@ A hlJey”m gZ ~Zlgbdb hkh[eb\Z m\Z]Z ih\bggZ
NE m \h~"gbo k_j_"h\bsZo [Zdbfb yd dhfie_dkhml\hj
i_j_"Z2qZ _gRET*€\e" peZgegh\bo [Zj\®BNT\ M ihdjble
Zgehggbfb ih\ -podb\igbfb j_ gh\bgZfb m \h”e Ijhl_ g_
kbkl f gZ hkgh\e peZgegm } 5(7 \ ~eZiZahge ~“h\ 'bg o\]
6:17 fZxlv eklhlgm \eZkgm  fekeRET <sggd kgkbdhdekiEv N
ihkbex}lvky \erfghkgh \eBWHMNE€ Ihfake€n dl dhfie _dkhml\
fZ} h[f_~ _gm \er*ghkgm gmleb\eklv

Hkgh\gm m\Z]m [meh @lZRhke™" ¢ly\gayd}fhSVENT a
eg™hi_glzfrélmadkZ[hjbg\ih§bd@OB-719), shfZ}jhdZem _gm &
Kijy _gmwbkl_ f(mbk25 1Z Z[khj[peX[eb gvhfagnjZq_j\hghfn
NeZiZalkge[) [Zj\ghbadZfh\e gbc ch]h mgedZevghSWNIZ}fh’
\gZkee"hd gh]h afyleyxIRPkyngh\Ziz&dlbigbg o\bev a[m~"_
ijb + gf ~_ _feBWNT\em _ gbavdZ Yd ijZ\beh ihe
[Zj\gbdb a | _jfegZevghx ~ehdkZ[hjghx ]Jjmihx fZxP& gl _
~n_dlb\g_ "\hnhihglwggZdgly n_dlb\gfb exfeg _kp_glgbfb a
Ney Zfege\ |1Z A9@Z d@hxbagZ ~Zgh]h ~“hke<”" ggy ihey]
\aZ}fh”ne€ [Z]\GWNE &h aZ[ _ai_gm} ge-RE? »AWaOBab "h
SWNT Gh\e j amevlZlb hljbfZge \ pbo “~hkee<”" _ggyo
aZijhihgm\zZlb f _oZgeaf \aZSWNTe& DOB- N [Zj\gbd
ijbly]m}lvky “h iBWNDgeyoht @& |_deganme*jhnh[ghx gZklbg
lh”~e yd ]Jerjhneevge ]jmib \aZ}fh”exlv a \h~*gbf k_j ~h\bs
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1- = SWNT
0,25 ——2==k\* bc jhaDOB-719
3——k\+ bc jha(DOB-719+SWNT)
4—— \bljbfZgbc jhi(DOB-719+SWNT)

Absorbance

800

Excitation Wavelength (nm)

300
900 1000 1100 1200

Emission Wavelength (nm)

1300

0,06
0,04-
[}
(8]
c
(]
2
[e]
2 002-
< 1.- .SWNT
3— K\+'bc jha(POB-719+SWNT)
4—\bljbfZgbc jhaNOB719+SWNT)
0,00 : : .
900 1000 1100 1200
O(nm)
B e —
1900
I 1800
1600
1400
I 1200
1000
8000
6000
4000
SWNT+DOB19

TI RET >

Dye

E

22

E*
11

JbkR.6 Ki_dljb ih]ebgZZBghZjlBDplotlZ g _j] _lbgge "eZ]j
"ey k\e  \b]hlh\e gh@Bkmf&WNT m \h”"e <bkhdZ gl _gkb
PL\*h[jZ Z}Ivky q_j\hgbf dhevhjhf Ih”~e yd gbavdZ -
\*h[jZ Z}Ivky kbgef dhevhjhf DOBgp_ a@lZZjbkymgdm klZgh
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o — 11— 1 ¢

! [ [ [
! 0ejZevg (ms)//

0,8 /
0,6 /@/j
0,4 /Y
0,2
0 5 10 15 20
dhgp_gljZ3WNT (%)

735 nm, \erg hA"

PLijb @y

Jb.R.7 Dhgp_gljZpecgZ aZe_ "geklv 6:17 "ey ghjfZeeah\z
NE ijhex gf &y gfhtey oe¢jZevghkle
>hkee”” gh \aZ}fh”ex hj]ZgeqghJO@B- [Z]\gSWAIT,
Abki_jlh\Zgbfb Zgehgghx-zr\lb)\gdf\h_gh\IBSBBX m \h~"e a
\bdhjbklZggyf ki_dljhkdhie€ ih}&kbgd&ighkdhde&E |Z
<by\e, ghDOB-719 affyam}IWYNBemI\hjxgdZghkljmdImjh\Z
dhfie_dktp_j aEE \azZ}fh”reke*jhnh[ghkhjy gh]h]dhZjdZkm
Kijyfh\Zzghiimh~rghk j_~h\ba]z~jhneevg]dfbi ZfB0O;+ +COO"
<aZzZl}fhney jer|\_jA"m}lvky gh\bfb hilbgqgbfb oZzZjzdl _jbl
\eZkgh]h a[m”~" _ggy [Zj\gbdZ \gZkee"hd j_ahgZgkgh]h
[Zj\gbdZ SWINT M kmfeDD8- aSWNT afy\b\ky gh\bc i
ihlJebgZggy sh \e?ih\e”rZ} fhe _dmeZf [BWNT dPZ c aivfla Zgib
g_j\hgbc akm\ gf m ihje\gygge a fhghf_jgbdbilidhih if
DOB- Gh\e iBRdbsh \bgbdeb RETMwdly\bebky gZ "h\ 'bg-
afm”" _ggy gf 1Z “h\"bge o\bee \bijhtgh\ZYhly jeSshyf
\bijhfegx\Z&WNT E; ;cevr IhihiedRL ey kmfer_c fZ} kbev
g_j\hgbc akm\ ~h gf m ihje\gygge a i°dZfb abkll
objZevghKAWNT sh k\e~rgblv ijh kbevgbc 2« e dljbqgg
knhjfh\Zgbo dhfie_dke\ &&HDA bigm]@\bee a[m”~" _ggy g
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[mIb \bdhjbklZgZ "eySWNNen §lgyghfm k_j "h\bs<DOB- kmf

| BWNT fhghf _jge fhe _dmeb [Zj\gbdZ [meb Z[h m \eevq
AN ljZ"m\Zeb Z[h a\f\yamizebkikb a fepWBZfb klZ\Zeb
klZ[eevgerbfb LZdbf gqbghf \®DDBfh" ey} Z3IWNT \e~rdjb\Z}
gh\bc kihke[ ijh_dIm\Zggy _n_dlb\gbo 1Z gZkljhx\Zgbo
leevdb aZ\*ydb gmleb\hkle Ze ¢ k_e_dlb\ghkle "h gZg
<bkgh\db ~h jha”“eem

1. M j _amevlZle ~hkee”"  _ggy ijhp_ke\ \aZ}fhne€
[Zj\gbde\ a ZeenZlbqggbfb ZfegZfb 1Z \m]Je p _\bfb g
ijh~ _fhgklj\Zgh fh eb\eklv €0 \bdhjbklZggy yd
nemhj_ _kp _glgbo ahg”e\ 7~ey Zfege\ I1Z \m]Je _p_\bo gz
gZc[eevr hilbfZevgbc k_j_ ™ \bijh[m\Zgbo ~hdkZfhlybgtl
ANl _dlm\Zggy ZfeZdm Zfege\ m \h”gbo k_j "h\bsZo s
\eAghkgh g \ _ebde deevdhkle ZfeZ8mol/BLfegm ~h [

2. <by\e _gh sh ~ehdkZ[hjbgh\D@B-[Zj\gbflyam}lvky
\ml]Je p _\bfb gZghljm[dZfb 1Z mlI\hjx} gZghkljmdImj@&\Zg:
\azZ}fh”Nex Jerjhnh[gh]h Kkijy _ghlh]l]h dZjdZkm kijyfh\z
K j_ "h\bsZ a ]J**jhneevgBs®* }0OOZfbaz}fhrey ierI\_jA m}l
afeg _gbfb hilbggbfb 0Zjzdl_jbklbdzfb m f_"Zo \ezZkgh]h
\gZke+**hd j_ahgZgkgh]h i_j g _k_ggy _g_jl*€ \LZ[dhtgb
gbghf \azZ}fh”epROB-" 1Z gZghljm[de2fdgb\Z} gh\bc kih
ijh_dIim\Zggy _n_dlb\gbo 1Z gZkljhx\Zgbo |heMddjg a&\&lkd
gmleb\hkle Ze ¢ k_e _dlb\ghkle "h gZghljm[hd jeagbo ”
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Jharee >hkee”" ggy kljmdImjb hilbggbo IZ nhlh\hevl.
\eZklb\hkl_c Ilhgdbo iee\hd ]_I_hkljmdIimj I1Z dhfihable\
itheeZp ,&0 ihos?dbome jCegm
1ZjZ]jZn KijmdImjZ hilbggL L nhi\re\llkehb\h&dlgUhgdbo
ileL\hd | _IjZp_gm

PedZ\eklv "h "hkee”" gv | _IjZp_gm IZ ch]h ihoe~ghb:
lhlhyd | _1jZp_g [meh \bdhjbklZgh ~ey k_gkb[eecadp-£
e _f _gbB3@> iMjz]jzat "hkeL” _gh kljmdImjm Kki_dljb ih
nhlh\hevliZ€qgbc \L*]md Ihgdbo ieL\hd | _IjZp_gm 7F |
gZibe _gbo m \ZdmmfL flZ gZ jLagL iL"deZ"djd ijb
Nhlh\hevliZ€qgbc \L*]md \bfLjygh dhg”_gkZlhjgbf f_Ih”
gZ kdeygbo L d\Zjph\bo iL*"dezZ”*dZo ml\hjxxlvky hkljl
kmpLevgL ihelLdjbklZeLqgL ieL\db sh amfhle _gh€jLa
\azZz}fh~"L€ fhe_dme Lk fL kh[hx |Z La fhe_dmeZfb iL
Zlhfzfb dZj[hgm gZ ih\_jogL pibk iL*"deZ”hd

Jbkl. KIjmdImjZ ieL\hd Lk a Ih\sbghx gf gZ qbk
iL"dezZWWpmliilbgghfm fLdjhkdhiL ijb a[Levr_gglL jZalL\ L
k\LleL Z |Z kdZgmxghfm fLdjhkdhiL ijb iZz"LggL _e _dlI
450Mh ih\_joglL iettddBcelL\dbHp\glj ieL\db gZ kdeyglLc ilL

La Ihgdbf rZjhf \m]JexmpxgljZzdgL\db gZ fLAgLc iL"deZ

Md\ZaLZfhjngbo ieL\dZo a[m” gL k\Llehf fKe dr
A nhjfmxlvky kbevgLr_ ihjL\gygh La |Zdbfb mdioelld]
\Levgbfb fhe_dmezZtb ijb

M ki_dljZevghfm ~"LBiZvahglagZd njhglZevgh€ dhg”" _
nhlh jk gZ hk\Lle_gLc \LevgLc ih\_jogL ieL\hd 7F \L*"q}
ALjdh\m nhlhijh\L*gLklv -LhkevgeZL\hdlihLk Ih\sbghx
hk\Lle_ggy,diHea&v dljh® ydbc [_aihk_j_"~gvh dhglzdim}
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afLgx} k\Lc agZd m ki_dljZevgbd®5 h[22Wklyo < zijb
af_gr_ggL dhgp_gljZpL€ dbkgx m \bfLjx\ZevgLc aflifgmpl
\ _ ebgbgb \b]JbgL\ g _j] _Ibggbo ahg Lk [Ley |Ibepbb€ -
ieL\hd 3Bk
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\
Jbk Z Ki_dljb ih]ebgZggy ieL\hd Lk a Ih\sbghx |

kdeygLc iL"dezZ"dZbZ dipbsBghx gf gZ kdeygLc iL"de
2). Ki_dljb njhglZevgh€ [ 1Z Ibevgh€ \ dhjk"ielkhldh jgk €
lh\sbghx gf dib\LL gf dblZz ki_dlj ihlJebgZggy ie
Lk lh\sbghx gf 3djMDplil4 aZibkZpth Ibkdm ih\CljZ Z
djb\Z+10° 1Z
KljmdImjZ Ihgdbo ieL\hd Lk &’Ih\slmdZtbagZqzZ}lvk

\ _ ebgbghx g j]JLE agldmd €Lk fL° Kh[hkx a fhe _dmez
iL"dezZz~"hd rzZjL\ ,LH |Z ZIhfZfb dZjphgmilgZd e hogL
ijhp_kL | _jfLggh]h gZihjhr_ggy m \Z@mnokL lgZgZLRdbypgl
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Z[h d\Zjph\$o> W, iL*"deZ*dZo nhjfmxlvky kmpLevglL
iheLdjbklZeLqgglLifeh\dbgh

Md\ZaLZfhjngbo ieL\dZo a[m” gL k\Llehf fke dr
A nhjfmxlvky kbevgLr_ ihjL\gygh La 1Zdbfb m ihelLd]
\Levgbfb fhe _dmeZ#¥b ijb

MfhghdjbklZeZo L iheLdjbklZeLqggbo ieL\dZo LE fh~"
12 [Levrbc Wb~ Th[lh j_ahgZgkgZ \azZ}fh”~Ly ljZgkeypLcgh
fhe dme kbevgLrZ \LN 1Zdh€ ey ljZgkeypLcgh _d\L\Ze_

NhlIh\LA]md ijb njhgl&evighbrevg&fmk\Lle ggL ieL\hd
lh\sbgh@= gf } Ze]l [jZ€qghx kmfhx |ljvho dhfihg_ gl
nhlh jk > f[_jZ h[f}fgh€ Ijhtbjog-\DjT}jgbo -=nhkh
amfh\le _gbo \b]JbgZfb g j] Ibggbo ahg [Ley \Leegh¥dL
L k

M ki_dljZevghfm "LE&B2&8hglLag&dgZ \LevgLc ih\ _jogl
ieL\hd \L*"q}fgbc sh k\L*gblv ijh €0 ~Ljdh\m hhrmhijm\L
leL\pL Lk a Ih\sbghx& > gflh[Ilh \LevgZ ih\ _jogy aZjy’
ihablb\gh -ROK® ieL\db Lk a lh\sbghx gf afLgxh k\L
"\ho ki_dljZevgbo HK24Z&5yo 2,93+ ) <ijb af_gr_gglL
dhgp_gljZpL€ dbkgx m \bfLjx\ZevgLc dhfLjpL <glkdL "™
\b]bgL\ g j] _Ibggbo ahg 7F [Ley Ibevgh€ L\dbevgh€ ih

1ZjZ]jZn >hgdhZdp _ilhjgZ \azZ}fhel\d 2o ] | _jhkljmdImj
dhfihablL\ | _|jZ2p IgmZpLZgoLgh”bf |IZghf

M iZjz]jza+s "~hkelL” _gh kljmdIimjm ki_dljb ih
nhlh\hevliZz€qgbc \L*"Imd |Ihgdbo ieL\hd | _IjZp_gm Lk
7&14 ] | _jhkljmdIimj =KL dkhfilkaldL\ Lk 7&14 =K L dt
h~ jZgh ihkeL”h\gbf L h”ghgzZkgbf \Zdmmfgbf | _jfl
dhfihg,glL*ih\L~*gh Nhlh\hevliZ€qgbc \L"]md \bfLjygh
f ITh~hf Mi_jr_\klZgh\le_gh sh gaé&[L&«vridlpdbgih]ebgZg
=K L dhfihablL\ ihjL\gygh La I|Zdbf ”"ey kmfb ih]e
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kihkl _j_ " _gh \ h[eZklyo “bf_jgbo kfmpD&&14L \kLo «kfm]
(0& > PL afLgb k\L”qZlv ijh mlI\hj_ggy gz f_"L ih~"
dhfihablLYdKtie dkL\ FKDUJH WUDQVIHU FRPSOHJF
"hghj L 7&14 Zdp_ilhj _e _dljhgL\ sh iLM\_jA~ " m}lIvky
Lk L 7&14i \ ki_dljZo nhlh\L"]mdm =K L dhfihablf\ P_
"ey [Levr Jeb[hdh]h jhamfLggy ijbgpbiL\ jhgdhlb oih L agblo
ijbkljh€\ gZ hkgh\L pbo =K L dhfihablL\ khgy¥Ylggbo
ljZgabklhjL\ L k\Lleh”ALh~L\

<klZgh\e _gh sh @ZbkedegeglL iL*"deZ*db m \ZdmmfL
Lk =K L dhfihablL\ Lk7&14 } iheLdjbklZelLqggbdlZekE Llg\L
\ pbo ieL\dZo g_ i_j_\bsmikfikgb fidffmdIimjb ieL\hd 7&1
ihjL\gygh La 1Zdbfb gZ kdeygbo iL*"deZ”"dZfdheamifhae
gb gvh]h rZjm Lk Jbk

Te TCONQ Koxozur

Jbk KljmdImjz ieL\hd Lk 7&14 =K 7F 7&14 L dhf

kdeygbo iL*"dezZz”dZo La rZjhf ,LH \ hilbgghfm fLdjhkdh

jZaL\ L iheyjbah\Zghfm k\LleL dhfLjdb £+ 1Z \ e _d
dhfLjdB).
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GZc[LevrL a&l\gki_dljZo ih]JebgZggy =K L dhfihablL\
|Zdbf "ey kmfb ihlJebgZggy dhfihg_gl kihkl_j_~_gh \ h[e
7&14 g < L \kLo kfnii}lg Bk PL afLgb k\L~qZI
mi\hj ggy gZ f_ 'L ih*"Lerm[BKLIdhfihabdhfi&LdkL\ fL°
fhe _dmeZfb Lk 1Z2h&h4 Zdp_ilhj _e_dljhgL\

2 £

D, a.u.

15 2.0 2.5 1,10 35
E, eV

JbKB.4.Ki_dljb ith]lJebgZggy ieL\hd dh&ihdabdll\Zk=K
Lk 7&14 d2b\Zo jLagbplibWw L jLag8pL ki _dljZfb
ihlJebgZggy dhfihablzZ |Z Z*blb\gh€ km8h dhfihg gl

<klZgh\e _gh sh nhlhgmleb\Lklv ielL\hl&Z Kinkfl4g4gd BE
ihob[dzZfb \bfLjx\Zggy Ki_dljb nhlh\hevliZ€qggbo \L"]
dhfihablL\ Lk7&14 ijb €0 njhglZevghfm IZ Ibevghfm hk\
\ h[eZkIL ih]lJebgZggy ieL\hd Lk

TO+ 1 3.4
i e

804 .

509

03 =

-V, uv
D. a.u.

E, eV

JbIBS5. Ki_dljb njhglZ&vghE\lZ Ibevgh€jb\Z
dhg”_gkZlhjgh§knhlhh]ebgZggd iejb\\hd dhfihablZ Lk7&1
\klIZ\pL gzZ\_"_gh8Ki_Lelvbbc kb]gZ€é gurbc kb]JgZe =K

Lk 7&14 La Ih\sbghx rZjL\ dhfihg_gl ih gf dh’
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‘LevrL Lgl_gkb\ghkIL kfm] 1Z bdZeAdi LdigZ o
8 8vdhfihablL\ ihjL\gygh La 1Zdbfb ~ey =K 1Z kfm]b
jZAbdZeZ 7&\14qZIv ijh mI\hj_ggy dhdjBKIZ&LHLT}TIE
dhfihablL\ ijb hrghgqZkghfm gZibe ggL m NZEGNQnfL dhfil

1ZjZ]jZn <ieb\ dbkgx gZ nhlh_e _dljbgge \eZklb\h
kljmdIimj gZ hkgh\e i._glZp_gm

M jha”3ees "hkee”" gh \ieb\ dbkgx gZ nhlh_e dljbqg
K _gMkgmdlakKK gZ hkgh\le i_glZp_gh{Pmp IZes\hidjhkljmdIn
Pn/CdSSe €K Dhgp_gljZpey p_glje\ aZohie_ggqgy kijbqghb
ih[ebam fih™eem aZe_ "blv \e® fZ| jeZem \ _jogvh]h _e_
kdeZ "h\Z- njkkilmhfegmK)KA kbevgh hdbke _gbf $O \_jogef
g_j_a ml\hj_ggy Jeb[hdbo iZklhd ih[ebam f_"e¢ ih”"eer
A"hfegmKKa 1L 1Z $X _e_dljh~rZfb Qmleb\Kkba g¥hq dplkéy
]Jheh\gbf gbghhf 3Q

K_j_~ 1|_jfhklZ[eevgbo hj]JZgeqgbo gZie\ijh\e*gbd-
khgygqghlh k\eleZ I _glZp_g 3Q fZ} h”"gm a gZc
~n_dlb\ghkl_c nhlh]_g_jZp*€ ghke€\ aZjy"m 34@ Py _
j_gh\bgzZ 1Zdh™ g_ \by\ley} kobevghkle *h nhlhoefelmgbo
khgyqgbf hijhfeg ggyf Af[cevr_ggy Ibkdm dbkgx]hjb\h
aleevr_ggy nhlhijh\erghkleyd\ IIMfghdZkijh\ergeklv g_ afe
[5599 P_ hagzZqzZ} sh ~hferdh\e p_gljb dhfie_dkb K1\t
p_gljzfb j_dhf[egZp+*€ ghke€\ azZjym <hgb } izZkldz
p_gljZzfb nhlh] g jZp+*€ Djef Ihl]h 3Q g_ \byley} sihee
300+ . P_ kijhsm} | _ogheh]ex hljbfZggy ]hfh] _ggh€
\Zdmmfgh]h hkz”~" _ggy Pe hkh[eb\hkle jh[eylv 3Q h~*
fZl _jeZee\ "~ey jhajh[db hilh_e_dljhggbo _e_f_gle\
e f gle\ 1Z J]Zah\bpm6kE8g kBjsa\Z Zxgb gZ p_ j _Zevg_ a
ijbez”e\ gZ hkgh\e 3Q h[f_"_g_ g_"hklZlgeklx ~Zgbo |
ihheem fe° 3Q 1Z f _|ZeZfb Z[h g_hjl]Zgeqgbfb gZie\ijh\
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"Zgbo ijh \ieb\ dbkgx gZ pe \eZklb\hkle Lhfm f_Ilhx
"hkee”" _ggy \ieb\m dbkgx gZ \eB&tbeé&mklleZfhpegdZ fh e
aZklhkm\Zggy 3Q “ey hilh_e _dljhggbo _e f gle\
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Jbk  AZe “ghRI+I®~ Ih\sbgb rZjm 3Q
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00 -B() 0 T

U W
Jbk AZe MEh¥l®U "ey \Zdmmfm 1Z ih\eljy
h[eZklyo kbevgh]h |1Z kezZ[dh]hK ilZ]ebgHPgy
\eNih\ergh

<klZgh\e_gh sh ijbkimkgxkIb\h”*blv ~h ml\hj_ggy
p_glje\ aZohie_ggy a jeagbf qgZkhf | _eZdkédpe€mih]
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Dhgp_gljZpey pbo p_glje\ azZe_ "blv \er fZ| jeZem \_
Ih\eevgZ kdeZ "RPdKnHihfegm} Ifmdlk] a kbevgh hdbke _
\ jogef _e _dljh~hf g_j_a ml\hj_ggy Jeb[hdbo p_glje\
f “eihfeem P_ fh _ [mlb \bdhjbklZgh 7~ey ijh_dIm\Zgg:
e _f _gle\ iZffyle lhklecgZ qZkm IZdh]h U kfijdblZ klZgh
sh agZqgh [*evr_gglj]Zgyqgbo kljmdImj ijh6). . Jbk
R\brdZ kdezZz”h\Z ~hfegm} 7~ey kljmdIimj a 1L I|Z
<by\e _gh sh ijbkmligeklv dbkgxaljinNighdhv a¥h gr_ggy nh
?JK \eevgh€ ihdhjaopklZ} ae a[eevr_ggyf \bJbgm ahg ih[
JbB.7).?2n_dl "€ dbkgx } a\hjhlgbf *ey pbo kljmdIimj Q
] I _jhkljmdImj \bagZqgZzZ}lvky JTheh\gbif g4 ¢gtkfljmZdhrm j2Qfh "1

[mlIb \bdhjbklZge "ey ]Zah\bo k_gkhje\ I1Z khgyqgbo _e

1ZjZ]jZn Hilbgge IZ nhih_e _dljbgges \eZklb\hkle i
] I _jhkljmdImj | _IjZlehl_IjZp_gm kZ nme_j gm &
M 1ZjZ]jZBne [meh ~hkee” gh hilbgge |IZ nhlh_e dljb
] I _jhkljmdImj +6 gZ hkgh\e | _IiLZI{59 Sh@2 7GABE0/Ag.
<by\le _gh "h”Zldh\_ ih]JebgZggyestth LAj\d¥gks a €0
dhfihg _glzZfb sh k\e~gblv ijh mI\hj _ggy dhfie_dke\ fe" f
Ceo ih[ebam fihteem IC47 <he¥Fi _jgZ o0ZjzZdl _jbklbdz
| fgh\h]lh kljmfm kbf_IljbgqgZ [Z \e~ih\e~rZ} aZdhgm HfzZ
< M "eZiZahge gZijm] \e~ N h < ]eedZ <:0 ijb)ihab
i j \bsm} Jeedm ijb g _]Zlb\ged¢' ihed ¢k dljhre LZdl
gbghf m ihA\ecgec eh]Zjbrfdqdtibk@atvky ijyfbfb esgey
dmlh\bfb dh_nepe}glZfb | Z \eNih\ergh 1Z ihdZe
ie\eh]Zjbnfeqgbo dhhjOBRQIZIAB8GZijm]Z ohehkINJhfDh rm
ithablb\gm iheyjgekly _gZd6@2« g _aZe_ "gh \e~ gZijyfdm
ajZadZ -RbKh \bdebdZgZ Zglb[ehdm\Zevgbfb \b]JbgZfb
_e_dljhge\ ih[ebhahz Q2 _ dljh”e\ iee\hd Ly A*tZh\&"gh
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L fgh\bc _n_dlib\gbc iblhfbc hibkj77EH $6 Q2hje\gx0
H fuk f
>h~ZIdh\_ ih]lebgZggl€etihjt\gFgh ca kmfhx ih]JebgZ

ch]l]h hdj_fbo dhfihg_gle\ \dZam} gZ miI\hj_ggy fhe7dme
|Z &ih[ebam fihreem pbo rzZja8)Jbk

..................................................

| 5
r
i

..........

k
1._..?"_“_‘-.;-\‘_'_....._.. -
Sy -
et = - -
P 0
dwe | -
e} —laal
1 H
- :
S-S I
1 H
T |
H 1
H 4
I

s b s
—i; :
. .}:hh
e
: e

= G
T T
e
k- '?‘U
T
Rk
S

JbBB.Ki_dljZevgs aZe “ghkle hiltkgtna [Pkl bgbLLL
(3 DQG/ kdal

|, ma O, .

D!

f&}ﬂ/

Wl
?W 175 1m :‘.IE.'- 10 :‘.':'-.'- 2D ':d::l'-
[
Jbk Ki_dljZevge aZe_ "ghkle nhlihkljmfmlighjhldB]h &

hilbggh€ Imklbgb TTT/Ggy +6

ljb hk\ele gge #BlkcADdebdZ}Ivky nhlh_e dljbgghx ¢
sh \bgbdz} ih[ebamZ 6®Pe dljh"*e\ \gZkee~"hd Zglb[ehc
\b]bge\ ahg ”~ey g _je\gh\Z gbo 7¢jhd 1Z _e _dljhge\ m
\eNih\e~rgh 3Bhk

83



1ZjZ]jZ85.Nhlh_e _dljbgge \eZklb\hkle dhfihable\ 1Z ] | j
Koo @a jerdbfb djbklZeZfb I1Z iheef_jZfb

M dhfihaldZ@y, ihesf g K J_|_jhkljmdIimjZo ihje\gy
le*\dC¢ [meh \by\e gh a[eevr _ggy nhlh_e dljbggh€ gZ

2+ < "Cep \Vjbkmlige kliZgb a i_j_ _gh&€hklZgjly*"mb | Z
2,7 < >ey dhfihablgh]l]h ajzZzadz kihkl_je]Z}Ivky agZz
gl _gkb\ghkle 1Z i@ThE#nf]ey < |h”e yd nhlh_e _dljbqgg:
HS kbevger ajhklz} CThKéd kb <

AgZqg_ggy rbjbgb aZ[hjhg_gh€ ahghb hpeg _g°* gZ
Ki_dlje\ nhlh_e_dljbggh€ gZijmdgLGHZihRbIZhkljmdIimjb
nhlh_e dljbgghx gZijm{x }leg¥kbdmigbfb < Ney dhfi

< m\biz*dm ]_I_jhkljmdImjb

Dhfihablge ajZadb [meb hljbfZge reyohf aferm

ihjhrdhih~e[gbo djbkkZe-l*¥Zk LZ fZk Kem fo
ihfesZeb \ dhfsjdm fe° ~\hfZ kdeygbfb ieZklb$nDib a
e _dljh~"Zfb Lh\sbgzZ ajZads\ fdf 1z iehsZ

\klZgh\e _g* | _nehgh\bfb ijhdez”~dzfb K\e hijb]lhlh\
h~rghjergbfb sh [meh ie~I\_j~" gh \bfejx\Zggyfb n
gZijmM \ h[eZkle kbevgh]h ih]JebgZggy i qZk a[m”"~
ajZadZ je¥glbpgZ f _grhx aZz NhlhgmI&@phBc[mXj
hljbfZgbc f_Ih2hf \Zdmmfgh]h hkZ”~" _ggy gZ kdeyge-
ijhahjbf®nQ- e dljh~zZfb L _fi_jZImjZ ie~"dezZ~dbKklZgl
Lhisbgm rZjeVZLC [meh \klZgh\e _gh j2\ghX fedjhge\
\eMih\e~rgh

>ey klI\hj _ggy dhfihable\ [meh \bdhjbklZgh gZk
ihee\egeedZj[Zahe I<{xhdihegeedZj[Zahe hdlbefP-BEdjbe
OVC.OMA) IZ ihee\egee leeZev I<?

>ey ihje\gyggy 1Zdh" [meb i*?*]hlh\efgklydhfejar
iee\d@y a Ibfb ~ izZjzf |jZzfb Ih\sbgZ iehsZ Ihsh
\b]hlh\e lg+Jal_jhkljmdImj
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hQeV

JbkB.10Ci_dljb nhihgmleb\hklag li2 «d t bi fKa behed K
iheef jZfb » jdjdblkiZehf

<klZgh\e _gh sh gl _gkb\geklv <« iehsZ kfm]b am
i _j_ghkhf azZjym < fzdkbfzZevgh ajhklz} "~ey dhf
hkgh\e iheef_jm I<D 9& 30$% Jdk djb\zZ Py kfm]Z 1Zdh
kbevgh ajhklz} ~ey dhfihabl a je*dBAOdghlkIZehf KXk Z
_<gZc[eevr gl _g¥bAgdhfihablgh]h ajZadZ WYCIOMANLZ 3
] I _jhkljmdIimijb a je*dbf djBkdZdhid\+JbkZ

J amevlZlb jhadeZm gZ ]Zmkkh\e kdeZ”~h\e Kkbe
\erghkgbo h”"bgbpyeyt\keo “hke«”" gbo ajZaded]agyd\e
ljb\bfejgh€ "eZ]jZfIB.QlZ Jbk
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3 - Igo K< dhfihabl

1 lh]lebgZggy
a4 1 -Ig0 I<D dhfihabl

~99) kr v BN K 3 ., 9& 20$ dhfiha
&Yy B K I<? dhfihabl

JbIB.11LJ amevlZl jhadeZ”m Kki_dlje\ gZ ]Zmkkh\

KmIl}\_ ajhklZggy nhlihgmlah\fikbeeblgbo ajZade\ fh _
hfmfh\e _gh ajhklZggyf \gmljergeo _e _dljbggbo ihe*\ g
ihheemy & iheef jdimfihale® sh [eevr ykdjZ\h \bjzZz g _ \

klZzge\ a i_j ghkhf aZjy™m
FZdkbfZekg "ey dhfihablehkgBl\e ihee-f- EBVCIOMA
amfhle _gh e<fh\ejgh [eevr _n_dIb\gbf i_j ghkhf agjy~n

1z Zlhfhf ch”m Z[h “h\]bfb hdleef_I|ZdjeeZlgbfb o\hklZfl
P \eA[m\Z}Ivky Ihfm shgflie’ dme&@fe&m\ZIibkv m A\edg
mi\hjx}Ilvky -\19& 20$% fe hdleef_I|ZdjeeZlgbfb ]jmiz
aZfesmxlv \ pvhitreetdhe qgZklbgm dZj[Zahevgbo ]jmi
jhalZzrm\zZggy agZqgh ihe_]rm} i_j_ghk aZjyl’m wedZklge o

ea kZfbfb hdleef 1ZdjeeZlgbfb ]jmiZfb 1Zd « a ZzZihfzf
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dzZj[Zahevgh€ ]jmib KljmdImjzZz fhe_dmeb K< |Zdh"
| _j_ghkm azZjy”m aZ jZomghd i_glbevgh]h o\hklZ vydt
hdlbevgbc e\ik9&8 20$ } "hklzZlgvh ~h\]bf ey kmll}\h]h
I _j_ghkm aZjy"m a fge_dmehx K
LZzdh™ |j_[Z \e“agZgblb sh ajhklZggy nhlhgmlek
dhj _ex} e<a \_ebgbghx ijh\erghkle \ipbeffqgefzAevg 7
g_cljZevgh]lh 1<? 1Z agZqWey 4gjlekiZ}ijh\er*gbo I<OQ [Z
9VC:OMA.
JD =Ko Eg:2.26eV

I<D dhfihabl Eg:2.20eV
0’5_ JD dhfihadl Eg:2.18eV

JbkB.12 HpegdZ rbjbgb aZ[hjhgse.gh€ ahgb &

Hkdeevdb yd nhlhagilleddekljeagbpy nhlhgmleb\hkl_c
Z[h ]_1_jhkljmdImjb ¢f VeehdgzZKih\h aZe_"ZIv \«* gbkeZ
d\Zgle\ k\eleZ lh \e"ygWNr gggy[m”_aZe_ “ZIlb \er dh_
ihljebgZggy « [m”_ ijhihjpecgh d\Zglh\ec _n_dEllxz\gkPkle

"hal\hey} dhj_dlgh \bagZqgZlb rbjbgm aZ[hjhg_gh€
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fhe dmeyjgbo djbklZes\ dkljZiheype}x eegecgWM-\B"jea
(hQ [60@ < ebgbgZ rbjbgb azZ[hjhg _gh€ ahghb \bag:
ijhp_"mjhx a ihje\gyggy ki_dlje\ nhlhqgmshedhkkiledlpgzZid |
\eNih\e~rgbo dhfihable\ 1Z ] _ | _jhkljmdmlj kdeZeZ

_<*ey ] | _jhkljmdIn3j12). Jbk

HljbfZge agZq _ggy rbjbgb aZ[hjhg _gh€ ahghb
[ebavdbfb "h agZq_gv rbjbgb aZjhphdy phé€bahlgdgKqg g-
Z\IhjZfb aZ |J_amevlzIiZfb "hkee™” gbd imhNIho §e KeEE
nhlihijh\erghkle

LZdbf gbghf \klZgh\e_gh sh \ h[e2Z¥%y dhfihable)
] I _jhkljmdIimj?dKlhagZgqgh ajhklzZ} ihje\-gAdgkh i@« Yo h
1gl _]jZevg_ ajhklZggy nhlhgemheb)\hjkbeglkae&ZjZad»\"Hen
1,49.

:gZe+a ki_dlje\ ih]JebgZggy |Z nhlhgmleb\hkle ah
]Zmkkh\e kdezZ”h\e \ h[eZkle _g_j]ec + < Qe
hfeZkle ifylb kfm] ~\e a ydbo h[mfh\e_gh klZgZfb a i_j_

<klZgh\e _gh sh ”"“ey dhfihablgbo ajZade\ gZ hkgt
dijbklzeadkbfZevgh ajhklzZ} gl _gkb\geklv ¢« iehsZ kfm]b
a I _j_ghkhf azZjy™m <  Z "v&y hddginh aBDMA | Z
] I _jhkimdIimjb a jerdbf KfjinkbZeh$h\ j ameviZle ijb\h”b
ajhklZggy *gl_]jZevgh€ nhlhgmleb\hkle

FZdkbfZevg_ ajhklZggy ey WONCiOMAlamIh\e gh [ecev
~n_dlb\gbf i _j ghkhf azZjy®"m f€s fheZlthfrhrefhxkh”m ¢« Z[h ~h
hdleef |ZdjeeZlgbfb o\hklZfb fhe_dme iheef_ jm

HljbfZge aZ _dkljZiheype}x eegecgh€ ™NEygdbQaZe_
agZq_ggy rbjbgb azZ[hjhg ghZXx &a&hgb <z } [ebavdbfb
agZq_qgVv ik yde [meb \bagZqg_ge e<grbfb Z\lhjZfb aZz
"hkee”" ggy nhlh _feke€ 1Z ih\_jog_ \h€ nhlhijh\e~rghkle
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<bkgh\db ~h Jha”eem

1. <by\le _gh sh kljmdImjZ Ihgdbo ieL\hd | _I|jZp_
\_ebgbghx g jJL€ \az}fh~"L€ fhe _dme fL kh[hx |Z a flI
_e _dljh?e\ M ijhp_kL I_jfLgqgh]h gZibe_ggy m \ZdmmfL
Z[h d\Zjph\bo iL"deZ”"dZo nhjfmxIvky kmipeévdghklZehll
leL\db \L”ih\L”gh M d\ZalLZfhjngbo ieL\dZo a[m~” _
| IjZp_gm ijbK "~ _nhjfmxlvky kbevglLr_ ithjL\gygh Leé
iheLdjbklZeLggbo ieL\dZo IZ \LevgbfbKfhE _fdngddib kiljbe .
L iheLdjbklZeLggbo ieL\dZo j_ahgZgkgZ \aZ}fh”~Ly ljZg
fhe dme \by\beZkv kbevgLrZ \L™ I1Zdh€ ~ey ljZgkeypLccg

Nhlh\er]lmd ijb njhglZevghfm L Ibevghfm hk\Lle
| IjZp_gm } Ze]l [jZ€qghx kmfhx ljvho dhfihg jghhMpnm:
_jk > _f[_jZ h[f}fgh€ ijbjh~b |-4ZijH\}jgheE -ihkh amfhle gk
\b]bgZfb g j] Ibggbo ahg [Ley \Levgh€ |IZ Ibevgh€ ih\_

2. MklZgh\e _gh sh gZibe gL gZ kdeygL iL~"dezZ"d
] I _jhkljmdIimjb 1Z dhfihabT&14Ij}ZphegtdjbklZeLqgbfb A
mi\hj ggy gZ f_"L ih“Lem ]J_| _jhkljmdImj 1Z-dfif%e}fdkdhf
FKDUJH WUDQVIHU FRPSOH[HV fL fhe_dmeZfibhlj_1jZ
_e _dljhgL\ ljb h*"ghqZkghfm gZibe _ggL m \ZdmmfL
7&14 ml\hjxxlvky dhdjbklZebkT& U4 I\ Zhm[G}fL dhfihablL\
ijb\h”~blv “h ajhklZggy *gl _]jZevgh€ nhlhgmleb\hklse

3 MklzZzgh\e _gh sh Z”*khj[pey dbkgx ijb\h”~blv ~h |
p_glje\ aZohie_ggy a jeagbf qgZkhf | eZdkidpes€kmih]
Dhgp_gljZpey pbo p_glje\ aZe_ "blv \er fZ| jeZem \_
lhleevgZ kdeZ "RPIdKnklihfegm} ~ey kljmdimj a kbevgh |
\ jogef _e _dljh~hf g_j_a ml\hj _ggy Jeb[hdbo p_glje\ |
f "¢ ihheem P_ fh ' [mlb VbahhjighlZddm\Zggy hilh_e dl
e _f _gle\ izffyle R\b~rdZ kdeZ”h\Z ~hfegm} "ey Kklj
_e _dljh~Zfb ?n_dl ~«€ dbkgx } a\hjhlgbf ey pbo kljr
dbkgx ]_Il_jhkljmdImj \bagZqZ}lvky ]Jheh\gbf gbghf rZj
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kKljmdImjb fh ' mlv [mlb \bdhjbklZges ey jhajh[db ]Za®h\bo
_e_f _gle\

4. Mklzgh\le_gh sh \ h[eZkle + < ~ey dhfihable\
nhlH?JK agZqggh ajhklzZ} ihje\gygho altgt\dhke&g_ ajhkl
nhlhgmleb\hkle klZgh\beh "ey jea®blb ajZadbly\e*gh sh
dhfihablgbo ajZzades\ gZ hkgh\e iheef _jm ihee\egeedZj[Za
fZdkbfZevgh ajhklz} e<gl_gkb\geklv ¢ iehsZ kfm]b a
i_j_ghkhf aZjy"m < Z "ey dhfihablzZ gZ hkgddhtzj]
iheef jM1P& 20% IZ ] | _jhkimdIimjb a jerdkffrdjbklZeh&+t
sh \ j _amevlZle ijb\h”blv ~h ajhklZggy -<gl_]jZevgl
FZdkbfzZevg_  ajhklZggy ”"ey- dh9é& 2018\ ainfhle _gh [ee
_n_dlb\gbf i _j ghkhf azZjy*"mxf€q fheZlthfrhefhch”~m « Z[h ~h
hdleef_|ZdjeeZlgbfb o\hklZfb fhe_dme iheef_jm

Jhanee Hilbgge |Z nhilh_e dljbgge \eZklb\hkle iee\hd |
dhfihable\ gZ hkgh\e iheef Ibgh\bo [Zj\gbde\ nhlhgmleb\
hlezZkle

ljhly]l]hf hklZggeo ~_ kylbeelv Zdlb\gh jhal\b\Z}I
\b]Jhlh\e _ggy ies\hd iheef_jgbo dhfihable\ sh fh mlv |
\bjh[gbpl\e » r \bo hghZgaggbo khgyqgbo _e f _gle\

ljhl_ gZc[eevr _n_dlb\ge g _hj]l]Zgeqge khgyqge e f
CulnSe n _dlb\gh ih]JebgzZxlv khgygqg_ \bijhfegx\Zggy \ h]
1100+ gf kl\hjxxgb ghke€ aZjy™m M |lhc ~_ qZk gZcd
khgyqggbo ijbkljh€\ sh "hke*” mxlvky aZjZa ihlebg&} k
aZjy™m ebr_ \ hl[eZkle 6% 62@gf P>~ h”gZ a ijbgbg f
_n_dlb\ghkle i_j I\hj_ggy k\eleZ hj]l]Zgeqgbfb khgyqgbf
Zdlmzevghx ijh[e_fhx } jhajh[dZ iee\hd k\elehgmleb
rbjhdhfm ki_dljZevghfm ~eZiZahge + gf Ney
\b]hlh\e _ggy hjl]Zgeqgbo khgyqggbo ijbkljh€\
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Dhfihablb sh kdezZ”Zxlvky a ijh\e*gbo iheef _jgbo k
Coo \b\gZxlvky \ [eevrhkle jh[el "“ey KklI\hj_ggy gZc]|-
hjl]Zgeggbo khgyqggbo _e f gle\ m jZfdZo dhgp_ipn€ h]
b\ gZijb®de@" ™M pbo kbkl fZo _n_dlb\gZ i _ j "ZqZ a-
fe' fhe _dmeZfb iheef jm IZ nmee_j gm

>ey ih”"Zevrh]lh i**\bs_ggy _n_dIlb\ghkle 1Zdbo kh
g _h[oe*gh kbgl_am\Zlb ghye yhee*gZjZ&|l jbamxlvky
jhagbggeklx 1Z [dMribghx “bnma+€ nhlh] g jh\Zgbo gh
|Zdh [eevr rbjhdhx h[eZklIx ih]lJebgZggy khgyggh]h \bijhfe

J amevlZlb pbo "¢~ hghhkZge \ deevdho h]ey”h\
"b\ gZijbdglxr >

| jrZ a \bs _aZagZq_gbo ijh[e_f ijZdlbggh \bjer_
\bjerm\ZIb egre g _h[oe*gh rmdZIlb gh\e fZI jeZeb

H~rge}x a fh eb\bo kljZl_Jec ihrmdm fZl _jeZees\
~n_dlb\ghkle hj]l]Zgeqgbo khgyqgglbokl\hg foggle\ihbof jg
dhfihadl yde aZ[_ai_qgZlv _n_dlb\g_ih]JebgZggy k\eleZ
ghke€\ azZjy™m \ hl[eZkle + gf ~_ kihkl _je]Z}I
gl _gkb\geklv ihlhdm khgyggbo nhlhge\ lekelyrbglahdh 1
hfeZklv nhlhgmleb\hkle yd m dhjhld@odbehyg\ifm kZkdjheg m
Ah\lho\bevh\m ~h fdf

>ey i*"]hlh\db IZdbo dhfihable\ [meh\bahijjhk hall\.
iheef Ibgh\e peZgegh\e [Zj\gbdb a fZdkbfZevgbf kbe:
h[eZkle + gf > _yde a pbo [Zj\gbde\ fh ' mlv _n_d
"bf _jge Z]j_1Zlb a [eevrhx _n_dlb\geklx nhlh] g jEp-€
eahevh\Zge fhe_dmeb

>ey \b]lhlh\e_ggy iee\hd dhfihable\ \bdhjbklh\m\.
fZljbper _deevdZ dZj[Zahe\fekgbo iheef_jgbo kiPVKEmd
ihee ihdkeijhicedZPBEE@heéheesf>1hd¥b(2 ?Ibe] _dkbehdkb
N _gee _g\egee g38B9 0(Z ihees\egee |IbeZev 39( yde ~h[j
hjlZg+eqgbo jhaqgbjddtiiZo
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Sh[ a[eevrblb nhlhgmleb\eklv dZj[Zahe\fekgbo ihe
dZj[Zahem ~h~Z\Zeb ZIhf chm Z ieZklbggeklv ihkbex\
iheef _jgh]h eZgpx]Z a o\hklhf hdlbef |ZdjbeZIlm HF:
(VB) Jb«kl).

Ydk\elehgmbedhfihg gl \bdhjbklkymeZéblbgh\s [Zj\gbc
yde fZxlv aZfekgbdb ki_peZevgh fh*bnedh\Zge "&yeit™\D
hjl]Zgeqggbo jhaqbggbdZo fZdkbfmf ih]JebgZggy M080aqbc
gf 1Z \erkmlgeklv ]Jjhfea”dbo azZfekgbd+63\64@ah thlellz'g o
h[klZz\bgZ } g_h[oe”ghx \bfh]hx \e4@\*gly “m_dlb\g
mli\hj ggy ~"bfhjahgbo Z]j ]J4bim+azZz jZomghd fZc _ ie
\b]Jey”m fhe _dmeb

>hkee” m\Zebkv k\elehgmleb\e ieh\dinfZgrefibadpZRlimic

[Zj\gbd +,7& fClah 1z (JWK1I).
Me Me Me. Me
LS T
" BE \

Me 4 Me
Zj\gbd +,7&
(| [
-~ . . . .-rr". .. -____.-'_':.\_?;
| - +Ndfhh{u¢#r}n\ﬁ}{1 By -.’J
A _ N _\_\-\"-.-_'_.
BFy Gy H tl':.z—|_EI
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VC-OMA [-VC-OMA VC-VB

Jbk.1 KIjmdimjges nhjfmeb \bdhjbklZghbe[Zj\ghde\ 1Z

<eZklb\hkle ~hkee”" m\Zgbo ies\hd iheef_jgbo dhf
i _j_ \Z"gh \e~ dhgp_gljZp+€ nhlhgmleb\h]h [Zj\gbdZ Iz f
iheef jgh€ kihemdb 1Z [Zj\gbdZ GZc[eevr ih\ge "Z
\eZklb\hkl ¢ dhfihablm \e® dhgp _gljZp+€ [Zj\gbdeéy\ gt
iee\hd iheef_jgbo dhfihable\ gZ hkgh\e [Zj\gbdZ +,7&
Jbkd.2 gzZ\ ~ gh aZe_ "ghkle Jheh]jZneqgh€ ~“bnjZdpecgh

gl _]jZevgh€ gl _gkb\ghkle nhlhexfeg kp_gp-<£€
gl _]ljZevgh€?hklhdjb\Zz \er dhgp_gljZp+€ [Zj\gbdzZ A
dhfihable\

Yd \brgh a hljbfZgbo aZe_ "ghkl_c¢c ijb fZebo dhgp.
kKihkl _je]lZxlvky agZqgZ exfeg_ _kp_gpey * \bkhdzZ _n_dlI
ijZzdlbggh g_fZ} nhlhgmleb\hkle dlgp)\géjzdbrgo [Zj\gtk
gZ\izdb kihkl_je]Z}Ivky agZqgZ nhlhgmleb\eklv g_ag
gbavdZ ~"bnjzZzdpecgZ _n_dlb\geklv aZibkm egnhjfZpe€

AZlmoZggy NE ijb af[eevr_gge dhgp_gljZp+*€ hib|
RI_jgZtNhevf_jZ “jm]h]lh ihjy*dm P _ k\e~rgblv Zjde @yfAy\
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]Zkeggy exfeg kp_gpe€ h~rgbf a ydbo } al\bgZcgbf dhg
\bdebdzZgh€ fe]jZpe}x _g_j]*€ fe hdj_fbfb fhe_dmeZfb |
|Zdh€ fe]jZpe€ ijbjhrgh ajhklZ} a dhgp_gljZpe}x

>im]bc gZc[eevr offh\ofpgraf ih\ yaZzgbc a ml\hj_ggy:
yde \ gZrhfm \biZz*dm r\b”~r_ azZ \k_ } "b63, pdlbfb Z]j_1ZI

Hdj fe ~"Zge ey egrbo iheef jgbo dhfihable\ k\erqZ
fZxlv ZgZeh]egqgbc o0Zjzdl_j dhgp_gljZpecgbo aZe_ "gh
ydekghfm Zki_dle €0 nhjfb keZ[dh aZe_ “Zlv \e~ fhe
[Zj\gbdZ 1Z ihesf_ _jgh€ fZljbpe

Vin , a.u. Ko @-U. Ple, a.u.

2600 — -=heh]jZneqgZ _n_dlb\ge-kl\
-1gl_ljZzevgZ NE - 36
-19gl_]jZevgZ Nhlh 9 34
32
30
28
26
24
22
20
18
16
14

1
2
3

2400 -

2200

o
S

1
Iy
o

2000 -

1800 —+

1
o

1600 —+

1400 —+

1
o
A B R o B R

1200 —+

1
o
T
o

1
B o
(I L a HT O AU T R

1000 —+
800
600

400 -

I
o

200

10" 10° 10
Log dhgp_gljZpuE

Jbld.2 ?n_dlb\geklv "bnjZdp-€ gl _1jZevgZ nhilhe
|Z egl_]jZevg2JkKhlh 7~ey dhfihablgbo iee\hd ihje\gy
dhgp_gljZpe}x[ZjVeebdZ \ iheef _jgec kihempe 3(3&

?n_dl fhe_dmeyjgh€ kljmdImjb [Zj\gbdZ

Gb g_ hkgh\gm m\Z]m [m”_ ijb”ee_gh nhlh_e _dljt
dhfihable\ a dhgp_gljZpe*}x30%ewrhfea®|l= 158 + <
kihkl_je]lZxlvky fZdkbfmfb kfm] ih]JebgZggy i_jrhlh _e
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"hkee” m\Zgbo [Zj\gbde\ m jhaqgbgZo hj]J]Zgeqgblm]hjhart
g _jl_Ibgg_ iheh  _ggy ”"ey \keo \b\qg _gbo [Zj\gbde\ ag
[ebavdec "h fZdkbfmfm ihlhdm ké&5)(Jogdd). nhihge\ >
ljbjh~gh sh ijb ijb]lhim\Zgges iheef _jgh€ dhfiha
Kihkl_je]Z}Ivky afes_ggy fZdkBfm[frdf _grbjge€g_jlec gZ
< 1Z <klhlg_ zZkbf_Iljbgg_ jharbj_ggy k#3] iAk#b\gZg
gZ [§dgrbog j]l]ec amfhle_gbc keZ[dbf a\fyadhf fe  fhe
|1Z fhe _dmeZfb iheef _jgh€ kihemdb \ dhfihable KlggvgZz
ihlebgZevgbo kfm] ydZ \ hkgh\ghfm kibfmex}Ivky
ihljJebgZggy \ deevdZ jZae\ ca a[eevr_ggyf g _j]*€ d\Zgls
AhArZIdh\h]lh ih]jebgZggy \ iee\dZo iheef_jgbo dhfihable\

—— HITC+3I-VK-OMA

D, a.u. D, a.u. meso-Cl+31-VK-OMA
) ; 1,00 ¢ 11,00
1,0 1,0 1
! 5 ——HITC | 2
é —o— Meso-Cl
osk {os 0,75 - {075

-4 0,50

0,6 O ﬂ 40,6
0,50
- g E
\D
\
(]
]

04} T {04
L 025 | {025
02} l b, 40,2
. 7
| Y
3 h=4)
ook ) , , Oech : | |
14 16 18 20 22 24 0.00 15 20 25
E, eV E, eV

Jbl. Ki_dljb ih]JebgZggy jhaqbge\ |Z iheef_jgbo
iheef_Ibgh\bo [Zj\gbde\ +,7(2) OHVR

P_ ih]lJebgZggy g9_ kihkl_je]Zehky \ keZ[dhdhgp_c
[Zj\gbde\ ¢ \bdebdZg_ mlI\hj_ggyf Z]j_]Zle\ihydpgbdbh\.
Z]j_1Z1Zfb Nhjfm\Zggy 1Zdbo Z]j_1ZIl*\ o0Zjzdl_jg_

iheef Ibgh\bo [Zj\gbde\ pWA3|B4@eZ&magZqg_ jharbj_gg
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ihlJebgZggy \ jZchge f_gribo<Egg hj[jmdh\e _gh jhamihjy*dm
fhe _dme [Zj\gbdZ m iee\dZo dhfihablm aZ \bgyldh
ihlebgZdwgy H9 N ih]lebgZggy dhfie _dke\ fe" fhe dn
|Z iheef _jgh€ kihemdb fh _ ijhy\eylbky m ~ _ydbo dhfiha

:gZee+a ki_dlje\ ihljebgZggy ies\hd pbé.3ditihaml\gZIL
sh Zkbf_ljey kfm] ih]JebgZyowZgihthlv “ lee\thZo
dhfihable\ h[ho [Zj\gbde\ sh k\e*gblv ijh ijb[dbagelklN"g
Zlj _1Zp+*€ fhe _dme +.& |IZ OHVR

Hkdeevdb \g _khd yd \gmljergvhfhe _dmeyjgbo dheb'
ihlJebgZggy dhfie_dke\ [He\dgbpd kihkl je]Z}Ivky ebr_ \
keZ[dh]h 1ih]JebgZggy f_gr_ \eN fZdkbfZevgh€ \_
]mklbghb Kie\\eAghr_ggy ie\rbjbgb kfm]b ih]JebgZdglgy a
[hdrd? “h ie\rbjbgb kfm]b ih]lJebgZggy a “h\]hio2keVvh\h]l
o0ZjZdl _jbam\ZIlb cfh\ejgeklv ml\hj_ggy Z]jl 12012\ <D ght
ey dhfihable\ +,7& 80 GHAYR \bIvV . \eNih\ergh

M ydhkle _jrh]lh gZ[eb  _ggy Kki_dlj ih]JebgZggy \ke
mli\hj gbo m dhfihablgbo iee\dZo fh _ [mlb hljbfZghb
ki_dljhf ith]lJebgZggy d\Zaeeahevh\Zgbo fhe _dme g_ Z]
sh [ebavdbc “*h ki_dljm ih]JebgZggy jhagbgm pv
_dki_jbf_glZevgh]h ki_dIjm ih]JebgZggy ies\db dhfihab
g _h[oergh ghjfm\ZIb h[b”™\e pe ki _dljb aZ agZqg_g®yf hi
Ki_dljb ©ih]JebgZLgy]Zd427& |1Z OB@ORVG-20$ hljbfzge
|Zdbf qbghf ihdZaZgk gZ Jbk

<b” ki_dljZ \ h[eZkle + < \eMagZqgZ}fh gZy\g-lk
ie_q _c fh_ k\ergblb ijh mlI\hj _ggy "~ _deevdho olbie\
dhfihablZo yde fh ' mlv \e€4-dgglliekix fhe dme €0 hje
Z1j_1Zls = yd gZkee"hd _g_jl*}x a[m” ' _ggy GZ "Zev
Z]j_1Zl*\ a pbo ki_dlje\ gbavdZ sh cfh\ejgh } j_ame
jhamihjy*dm\zZggy Z]j_]1Zls\ 1Z kmll}\h]h i_j djb\Zggy kf
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S _ [eevrZ Zkbf ljey kfm] kihkl_je]Z}VuK k¥.5<i pdlgZo
dhfihable\ Eh]Jeqgh sh py Zkbf Iljey ih\bggZ aZe "Z
nhlh] g jZp*€ ghke€\ aZjy"m ijb ih]JebgZgges k\eleh dh
ihje\gygge a \biz*dhf nhlh]_g_jm\Zggy e<ahevh\Zgbfb
d\Zglh\Z n_dlb\geklv nhlh] g _jZp*€ ghke€\ aZjy"m \ Z
d\Zglh\Z _n_dlb\geklv nhlh] g _jZp+€ ghke€\ aZjy’bmo ie"
fhe _dme |h Zkbf_ljey aZ]Zevgh€ kfm]b gZ ki_dljZevq
[*evrhx ge¢ m ki _dljZo ihlJebgZggy ie*\hd pbo dhfihable

Djef Ih]h fzdkbfmfb ih\bgge afyleylbky m ki_dlI]
a[m”~" _ggy Z]j_1Zls\ Lzdbf gbghf _g_jley fZdkbfmfe\
g _jl*}¥x Z]lj_1Zl\ Z €0 Zfieelm”~b ih\bgge aZe_ "Zlb vy
~n_dlb\ghkle nhlh] _g_jZp+*€ ghke€\ azZjy™*m Z]j_]2IhX |1Z
|Zd o \feklhf pvh]h Z]j_]1ZIm m iee\dZo dhfihablm

D, au. HITC+-VK-OMA Ve V' 1-1-VK-OMA+HITC

—o— Meso-Cl+l-VK-OMA r 2 - I-VK-OMA+Meso-ClI
0,8 0,8 120 120
2 . modmsoooo%
0,7 1 0,7 1
&& + 100 £ R& 100
0.6 0,6 ; 7[ [\
i \ 80 X 80
0,5 0,5 L f \q
\ 60 60
04 0,4 r \\
0,3 \ 03 40 I 40

0,2 \ 0,2 20

014 0,1
0 0
0,0 & 0.0
' ' 1,4 16 18 20 22 24
1,4 1,6 1,8 20 22 24 26 e &

Z E, eV [

Jbk4 Ki_dljb ©~h~rZIdh\h]ha ih]ebgZdgyk Z V] |\
rney dhfibabl7& 1Z -@OVR [Zj\gbd+\ a ihee-DMETD ,

HklZggy deevdeklv ih\bggZ [mlb ijhihjpecghx \_ebqgb
\ h[eZkle ihlebgZggy Z]j_1Zl*\ « ijbjhrgvh [m”"_ aZe_ °
Lhfm ijZ\bevger_ hpegx\ZIb _g_jlex [Z _n_dlb\geklv n
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azZjy™m dhgdj_Igh]h Zlj_1ZIm sh”h ~n_dlb\ghkl
d\Zascahevh\Zghx fhe _dmehx aZ ki_dljZevghx aZe_ "g-
|Zde aZe_"ghkle "ey ies\hd dhfihabQeA3BNC-RIOGhindEFZakhg-
gZ Jdl.

A pbo aZe_ "ghkl_c¢c fh'gZ qeldh [Zgblb fZdkbfmfb

< \ ydbo kie\\eMNghWrDgghh[lh kie\\erghr_ggy d\Zg
~n_dlb\ghkl_c nhlh]_g_jZp*€ ghk<€\ aZjy*m Z]j_1Z1Zfb |
[Zj\gbdZ [eevr_ . \eMih\erghabIM e
+,7& fZzdkbfZevge ¥gDgkidky je]lZxIvky ijb
H9 Z \e~rih\eNrge kie\\e*ghr _ggy 1Z

3I-VK-OMA+meso-Cl v/D, a.u.

V, D, a.u. _3

NITAENIFIN
WL

0.25

0.00 : : : . (0]
1.4 1.6 1.8 2.0 2.2

Jbld5 Ki_dljb ih]jJebgZggy -?JKZ ndhthiihablgh€ ie<\d
f_a@l/3I-VC-20% 1Z €0 kis\\e~*ghr_ggy 9
1fh\ejgeklv ml\hj_ggy Z]j_1ZIm Ih]lh gb egrh]lh 1Ib
ijhihjpecghx kie\\erghr_ggx iehse ch]h h[eZkéhshk]ekepZ
kfm] ih]JebgZggy m h[eZkle i_jrh]l]h _e _dljhggh]h ixj_oh
cfhlejgeklv g _h[oe*gh jhadezZklb kfm]m ih]JebgZggy i
i_j_oh”m \ dhfihg_glb =Zmkkz P_ fh'gZ ajh[blb Ikggh
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ihabpe€ \keo dhfihg_gle\ [meb "hkblv IThgqgh \mZgphy bE
Kie\\eAghr_ggy. 9V

LZdbc ZgZeea ”"ey iee\hd dhfihabl«Gl /gZA-VEIOMA «
ithdZazZ\ sh cfh\ejgeklv ml\hj _ggy Z]j_]1Zls\ a g _j]eyfb

< |Zdbfb ijb[ebagh . "ey i_jrbo Mlawdsh pbo k
"ey "\ho gZkimigbo kfm] « a Ney ]jmib a gZd[\ee\grh x
KmfZ pbo \ejh]Jerghkl_c ydekgh o0ZjZdl_jbam} aZ]Zev
[Zj\gbdZ yde ml\hjxxlv Z]j_1ZIlb <&gzZ kizZzygMiblIpz 2}
_n_dlb\geklv Z]j_]Zp*€ \ pec iheef _jgec kihemp-

M j _amevlzZle \bkhdh€ _n_dlb\ghkle nhlh]_g_jZp-f
fhe _dmeZo Z]j_]1ZI*\ m iheef jgbd&CdR0OI$h &£l Zxchldgmlieb\e
\bsZ g m gZg_k _gbo m \Zdmmfe iee\hd nlZehpeafy+g-
Ibo ~_ mfh\

Meso-Cl+I-VK-OMA - 1
—o— HITC+I-VK-OMA - 2
—o— PCBM+PTPTB - 3
—-— CIS+PCBM - 4

N
i
o
o

1,00

e
3
gl

0,75

o
a1
e}

0,50

o
N
a1

0,25

Nhlhgmleb)\dkMNg h

0,00 SN A 0,00
300 400 500 600 700 800 900 1000

Jbl6 Ki_dljZzevge aZe -@HIKI«dhhilthable\ gZ hkgh\e +,

f aBl(2 Ejhajh[e _ge rZjb "ey ieZklbggbo khgyggbo _e_
PTPTB (3)I1Z &,6 BR&).

GZ JBij _"klZ\e_ge ki_dljZevgeva2g jlydjklrfe _gbo g:

iheef jgbo dhfihable\- djbhfihabls\a &jh\ergbfb iheef jZ

63,6 @ dj&\WW). A ihje\gyggy ihdZaZgbo ki_dlje\ hg_\b"g
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ihlJebgZggy khgyqgqgh]h k\elezZz aZzZijhihgh\Zgbfb iheesf |
gZ[Z]Zlh [eevrZ g+ "ey iheef jghbo dhfihable\ &

Fhe dmeyjgZ kljmdIimjZ iheef _jgh€ fZljbpe kbe\
_n_dlb\geklv nhlh]_g_jZp+*€ ghke€\ aZjy"m \ dhAilfaglZo
3(3. gZVG-20% ijba\h”blv ~h a[eevr_ggy 9 [sevr_ g+ gZ
(JbKt7 M lhc °_ gZk ki_dljb ih]JebgZggy ies\hd pbo Z]j_
afegb Z[khexlgh]h agZq_ggy M fpyghtm \biZ~*dm J]Jheh\ghbf
aleevrm}lvky n_dlb\geklv nhlh] g _jZpe€ ghke€\ 2Bkhd}l
< Z]j_1Z1Zzfb GZijbdez”® \\_~ ggy ZlhfZ ch”m \ ihe-
jbk.1 \bdebdZz} a[<&NY_gjgyab hjb < o fZc jZme\ ijb
hv=2 < djb\e |Z4.7Zjbklh~e[gZ afegZ fhe _dmeyjgh€
iee\dZo dhfihabl-&OPHWRh"blv ~“h a[eevr3-ggyZa@\m ohqz:
_n_dlb\geklv mI\hj_ggy Z]j_1ZI*\ ijZzdlbggh h*gZdh\Z

- % -PEPC+HITC

V. fd< --0- PVK+HITC D, \e~g h~
! ' ' - ® - -VK-OMAHHITC
120
3 1 —A=HITC+PEPC
110 Ay ;N\‘ 1.00 e Ol HITC+PVK
w4 ] ' I —of HITC+-VK-OMA
100 b A 177 N 3
AN
90 { \ / i‘ x\'&
| -
80 l \ 0,75 1r® \ Y
' 1 Ir \,‘\
7 ! \ l by
1 R -
60 : it %
! ‘\ ] i &
50 4 2 0,50 —+? o
Iu’ }fQOQooomQ \ ] i L TN
40 ! 1 2|5\
i LI .
|/ RN e
30 1 < 'y )
] . \ N
20 l% x \ 0,25 i N D N
10 !‘j{ 1 \%v ] o’ : \\ N
Jococy W} . EHEN B
0 W i ) (N
-10 " . R 0,00 -
14 16 18 2.0 2.2 2.4 1,50 1,75 2,00 2,25
E, _< [ E, _<

Jbk7 AZe_ "ghkd+z9ki_dljb ih]ebgZggy [ ”"ey dhfihe
a 3(3& 3 9-VK-OMA (3).
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| jki_dlb\b jharbj_ggy h[ezZkle nhlhgmleb\hkle
dhfihable\ m dhjhldho\bevh\m I\ “h\]ho\bevh\m klhjhgb

:gZe+a "Zgbo \bdezZ” gbo shsharihdgdgminhlhgmleb\
|Zdbo dhfihable\ m dhjibladhdilbeekh\ azZ jZomghd \bdhjtk
gh\bo [Zj\gbde\ a [eevrhx _n_dlb\geklx nhjfm\Zggy 2
f grbfb h[f}fgbfb [sqgbfb ]jmizfb 1Z ijhlbehgzZfb Z[h
egrbo iheef _jgbo kihemd yde fZxlv \eZkgm nhlihgtleb)
< AZ gZrbfb hpegdZfb i _jrbc reyo f _gr _n_dlb\g
jharbj _ggy nhlhgmleb\hkle dhfihable\ 1Zdh]h Ib0&0f eb

<

>ey i_j_\ejdb _n_dlb\ghkle “jm]h]h kihkh[m ijh\h”b
ZgZeh]eqge \bs _a]Z”"Zgbf 7"ey ies\hd dhfihable\ ghghhkz
HITC / MEH-PPV. >ey Z]j_]Zle\ +,7& 33D (kihkl_je]Z}Ivky <kl
al[eevr_ggy nhlhgmleb\hkle \ dhjhldho\bevh\ec hJe.
aZe_ "geklv 9 ihdZazg#48 gZahifblka \<*ih\e~"gbfb ki_dljzf
dhfihable\ + -V&OMA.
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V, \e~g h~» D, \e~g h
V, ppv+HITC —A— D PPV+HITC
—l \/, ppV+HITIC D I-iVC-OMA+HITC

3

200
-1 1.2

A WARNS,
Y,

_ifj

1,5 2,0 2,5 3.0

Jbld8 Ki _dljZevge aZe_ "ghkle ih]ébdbgPZggyey iee\hd
dhfihable\ +,7&-3808+ -IZ-QMA (2, 4).

<brgh sh aZfegzZ iWEROMM gZ 0{339 ijb\h~blv ~h
aleevr_ggy \e*ghkgh€ k\elehgmleb\hkle ies\hd -@Bf9hmbp
dhjhldho\bevh\ec h[eZklhv jZaskijb

LZdbf qgbghf gzZf \~Zehky i*M\_jrblb fh eb\ek
k\elehgmledhdohable\ \ ~eZiZahge< gZ hkgh\e iheef IDb
[Zj\gbde*\ |1Z ihoe*gbo 339
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lheef _jge dhfihablb hilbkZge"gno jha”*eéZgbcmqgZk

ihje\gygekgmdIimjZfb gZ hkgh\e 6L yd ih ~e«ZiZahgm ih
\erghkgec _n_dlb\ghkle i_j I\hj_ggy khgyaggh]h \bijhfe
850+ gf :gZeea hljbfZgbo "Zgbo ijh itheef jgegdhnbitnab
[Zj\gbde*\ ihdZam} sh ”“ey jharbj _ggy ki_dljZevgh€ hJe
dhfihable\ gZ ~h\l]ho\be¢h\bc [¢d< g _h[oe~gh \bdhjbkl
iheef Ibgh\e [Zj\gbdb a fZdkbfmfhf ih]Jehd&bgydm jhagb
a \_ebdhx cfh\lejgeklx mlI\hj _ggy ~bf_jghih”~e[gbo Z]j_
g_h[oe*gh sh[ €0 fhe_dmeyjgZ kljmdImjZ g_ fZeZ -]jhfe;
iheh™ _gge fhe _dme Z n_dlb\geklv exfeg kp_gp<ZEgbhmeZ
gZk g_ *kgm} djbl_je€\ \b[hjm I1Zdbo nhlhgmleb\bo dhfih
~n_dlb\gh€ nhlh]_g_jZp*€ ghke€\ aZjy m \ [Zdbo dhi
_dki_jbf_glZzevgh i.j \ej gZ

D, \eAg h~
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i VESEREER
Y Tl ‘a-
09 . — 1 o
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- 7 o -
0,8 ) e N j
] A - 1\
1 . -
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0L ¢ o 1] Iy .
"4 D | - —A 2 \
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04 1 A b
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|<_; i \ -
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IEANNRNNRRSY
00 4esF ST cLITATA AP
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E, <

Jbk9 Ki _dljb ih]ebgZdyylZ (B [Zj\gbds\ m jhagbg:
ieshdobo [Zj\gbdes\ \eAih\eAgh

103



Ki_dljb ih]JebgZggy "“hkee”"m\Zgbo ie*\hd dhfiha
dhgp_gljZpe}x [Zj\gbdZ thdZ@ Zgeygihjdbgyggy p_c jbl
|Zdh™ ihdZam} ki_dljb ih]JebgZggy jhaqgbd«demhol ZHj\gbd-

lhje\gyggy ki_dlje\ pbo ies\hd IZ jhaqbge\ k\ergblv ij

ljb i_j_oh”e \er jhaqbgm ~h iee\db dhfihablm
g \ _ebdz + f?< afes _ggy g _j]l*€ gZcgb gh]h _e_
fhe _dmEp < mf[gdbo _g_jlec P_ o0oZjZdl_jgh *
hjlZgeqgbo gZie\ijh\ergbde\ <« k\ergblv ijh eyEyprklv
fe'fhe _dmeyjgh€ \aZ}fh”e€ fhe _dme [Zj\gbdZ IZ iheef jr

< h[eZkis _\ m ki_dljZo ih]JebgZggy dhfihablgbt
[Zj\gbdZ <kgmxlv ~\e kfm]b ih]lJebgZggy a fZdkbfmfzZfb [
g_ fZxlv ZgZeh]e\ m ki_dljZo ih]JebgZggy pbo [Zj\gbde)
[mIb ih\fyaZlghj ggyf “\ho Ilbie\ Z]j_1ZI\ ydZ]jcfiz\h
Abf_jgh]lh I1®B3n64 1gl _gkb\geklv ih]ekkghdgybopdbo g
ihl]ebgZggy d\Zae<eahevh\Zgbo fhe _dme \ dhfihablehijb
|  sh cfh\ejgeklv mlI\hj _ggy ~bf _jghih”e[gbo Z]j_]ZIe\
[revrZ g+ 7ey dhfihable\ gZ hkgkO +EB& <isffdah <
\eMh[jZ Z}Ivky \ iee\dZo Z]j_]ZIe\ m pec h[eZkle 1gl

[eevriZ ge "ey iedm ijb < |Ih[lh \ pvhfm dhfihab
mi\hjx}Ivky h”~bg Ibi Z]j_1ZI\ a _g_j]*}x < C

\bjZz" _gh]h ie_qZ \ ki_dlje ihlebgZggy pvh]h dhfiihablIm
[mIb ihykg _gh mlil\hj_ggyf Z]j_]1ZIm a gbavdhx _n_dl
Z]j_1Z1Zfb a gbavdbf ih]JebgZggyf

< h[eZkle gbavdbhwv<Eg jdrcdljb dhfihable\ h[ho [Z]
fZxlv "h”~ZIldh\_ ih]J]ebgzZggy yd_ \e~kmlg} \ ki_dljZo jhe
oZjzZd!l_jbam}lvky i_j _]bgZfb \ h[eZkle + < 1P i_
ih\fyazge a ml\hj_ggyf dhfie_dke\ fe" fhe_dmeZfb [Z]
1gl_gkb\geklv ihlebgZggy \ pec h[eZkle,idZ]Zighhh _[gexrZ
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ge m dhfihablZo [Zj\gbdZ +,7& Ih[lh [eevrZ cfh\s]
dhfie_dke\ m dhfihablZo [Zj\gbdZ

>ey i_j _\ejdb _n_dIlb\ghkle nhlh]_g_jZp+*€ ghke€\ a
\bs_a]z~Zgbo Z]j_]1Zle\ 1Z dhfie_ _dWke<\ 29ZgRYZggy hibk:
jZger_ [meb ijh\_"~ g ~ey ie*\hd pbo dhfihable\ VKi_d
ihdZaZge #40Jbk

A ihje\gyggy djb\bo4d.9 Z IbK.10 \b~gh sh \ke Z]]_ ]Z
dhfie_dkb yde [meb \by\le_ge \ ki_dljZo iee\hd h\e dl
[Zj\gbde+s\ } nhlhgmleb\bfb 1Z kl\hjxxlv ghke€ aZjy”"
GZc[eevrZ _n_dlb\geklv nhlh] g jZp*€ ghke€\ azZjy~n

Z]lj_1ZIm _<410bldjb\Z e \hgZ [eevrZ ge< ijb
d\Zae*ahevh\Zgbo fhe_dme [Zj\gbdZ
KbimZpey } [sevr kdeZ”ghx |Z g _Ibih\hx m \biZ~dm
[Zj\gbdZ
Ihi_jr_ Z]j_1ZIb [Zj\gbdZ a _g_j]le}x <

gmleb\e "h k\eleZ sh ijb\h”*blv “h ihy\b fegefmfmhgle ki_
9 \ pec ki _dljZevgh€ h[eZkle M lhc ~_ qZk ied a _fZdkt
geldh \erh[jZ Z}IA\Kdy dhjZ0-~fm] _-id qeldh kihkl je]Z}Ivk

<
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V, \eAg hA VID, \*~g h
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Jbld10 Ki_dljb afhdK 9 |Z \e*ghr_ggy ih]lJebgZggy *
?JK 9 "ey dhfihable\ gz IBkaid\5011t (2, 4).

P _c ied amfh\e _gbc ml\hj _ggyf dhfie_dkm fe  fhe d
iheef jm o ch]h egl _gkb\geklv [eevrZ?, gkZdmf hdbgkf
~n_dlb\geklv nhlh] g jZp<€ ghke€\ aZjy"m pbfmdhifiZza-d
cahevh\Zgh€ fhe_dmeb

Hkdeevdb qzZkldb k\eleZ ih]Jebg _ghlh jeagbfb Z]j_]Z
jeage fb ih[m"m\Zeb ki_dljZevge aZe_ "YhRIdkKird\eNGghr _
Jbk1l0 sh[ \jZom\ZIb p_c nZdl « [eevr ijaVblaygghl etbpefghb
jeagbo p_glje\

<b”rgh sh _n_dlb\geklv nhlh]_g_jZp*€ ghke€\ aZj
[Zj\gbdZ "ey Z]j_]1ZIm |1Z dhfie [tklesrZ g+ "ey eahev
fhe _dme Z ied ih]lebgZggy [edbm¥ldhe gbc aml\hj ggyf
Z]j_1Z1*\ a _g_j]eydb < a g_\_ebdhx _n_dlb\geklx n
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led 9 gZ ies\thZo \bdebdzZgbc ~"\hfz Z]j_1Z1Zfb a _

< ag_\_ebdhx _n_dlb\geklx nhlh] _g _jZp-€

GZ Zev _n_dlb\geklv nhlh]_g jZp*€ ghke€\ azZjy”"r
[*evrZ ge¢ m eahevh\Zgbo fhe _dme pbo [Z)\fDbdjha’<eeml

_n_dlb\geklv nhlh] g jZp+*€ ghke€\ azZjy™m fh _ k
\b[hjhf iheef jgh€ fZljbpe Lh[lh ihi_j "~gec fihbgd\lgd\k
[Zj\gbde\ a fZdkbfmfhf [ebavdh _< ie™M\_jrb\ sh
nhlehgmleb\s dhfihablb \ h[eZkl- +

LZzdbf gbghf _dki_jbf _glZevgh ie*I\_j~° gh fh eb\
N r_\bo k\elehgmleb\bo fZl _jeZee\ ey jhajh[dk
nhlhljZzgknhjfzZlhje\ Pe dhfihablb } k\elehgmleb\bfb \ r|
ge m kdezZ”e dhfihable\ gZ hkgh\e nlZehpeZgegm k\bgpxX

V, \eng I

1,0

0,6

+— 0,4

0,2

00 00

Jb.ld. Ki_dljb nhdK gh\bo iheef_Ibgh\bo [Zj\gbd-)\
wW m iheef _jgec fZljbpe >ey ihje\gyggy gZ\_~ gh |
k\bgpx 3E3F -nhlE _@&Lf glm
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HI", aZzZijhihgh\Zgh gzZijyfdb klbkjhadjgdhgp gljh\Zq
iheef _jgbo dhfihable\ gZ hkgh\e iheef_Ibgh\bo Hlbj\gybd
nhlhgmleb\bfb m ijZzdlbggh \kvhfm \b bffhdkbfmefZiZa
nhlhgmleb\hkle agZoh”blvky-mjeZ&les gejcebla@Qdh ~h fzdl
ithlhdm khgyggbo nhlhge\ ?dki_jbf_glZevgh i~ _jn
aleevr_ggy €0 nhlhgmleb\hkle mhcfldsdhldho\bevh)

Kimiegv ih]jJebgZggy khgyqggh]h k\eleZ 1Z rbjbgZ Ki
k\eleh\h€ gmleb\hkle djZsbo ea aZijhihgh\Zgbo[sderd |g
ge |Zde "~ey "h[j_ \b\g_gbo ieZklbgqgbo kljmdImj gz
iheef je\ k_gkb[eeecah\Zgbag, ihbcdRighbd &lZevgh ieMI\_j’
fh eb\eklv \b]Jhlh\e ggy dHhfiihalhZavaghx h[eZklIx nhlhgml
jharbj_gm ~h fdf

Hkgh\ghx ijbgbghx jharbj _ggy ki_dljZevgh€ ”"eeygd
"ey pbo iheef_jgbo dhfihable\ } mli\hj _ggy ~"]dbevd]
iheef Ibgh\bo [Zj\gbde\

Pe iheef jge dhfihablb } [Z]ZIhnmgdpehgZevgbfb
\bdhjbklZge ~ey jhajh[db ~ r \bo khgyggbo ]Jgmgdbo
NZIgbdb\AiQhfegx\Zggy fZIl _jeZeb "ey aZibkm klZpehgZ
eZa_jZfb gbavdh€ «gl_gkb\ghkle f<l ijb fZebd\dhgp _
Z[h yd e _m glbeegecgec hilbpe

<bkgh\db “h Jha”eem

1. AZijhihgh\Zgh gzijyfdb klI\hj _ggy \bkhdhdhgp_gljh
dhfihable\ gZ hkgh\e iheef Ibgh\bo [Zj\gbde\ yde }
ijZdlbgqgh \kvhfm \b~bfhfm ~eZiZahge |Z fZxlv fZdkbfm
[eb gec-H[@Zkle ~ agZoh”blvky fzZdkbfmf ihlhdm k&t
Kimiegv 1ih]JebgZggy khgyqggh]h k\elezZz |Z rbjbgzZ ki
nhlhgmleb\hkle djZsbo ea aZijhihgh\Zgbo iheesf_jgbo dl
|Zde ~ey ~h[j_ \b\g_gbo ieZklbgqgbo kljmdIimj gZ #f\kgh\
k gkb[eeeah\Zgbo ihoe*gbfb nme j ge-\
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2. ?2dki_jbf_glzZevgh ie?I\_j~" _gh fh eb\eklv \b]hlh\e _
ae ki_dljZzevghx h[eZklx nhlhgmleb\hkle "hraddh)
Ah\lho\bevh\bc [¢«d ~h fdf Hkgh\ghx ijbgbghZepgh®|
hfeZkle nhihgmleb\hkle ~ey pbo iheef _jgbo dhfiéadho\ }
Ibie\ Z]j_1ZI*\ iheef _Ibgh\bo [Zj\gbde\

Jha”ee KI\hj _ggy iheef jgbo dhfihable\ nhihgmleb\bo
ki_dljZevgec h[eZkle gZ hkgh\e dk_jh]_exNhdkb”"m \Zgz~"
f 1Zehhj]l]Zgeqgh€ kihemdb |IZ e _dljhexfeg_kp_glgbo dh
kljmdImj f_jhpeZgegh\h]lh [Zj\gbdZ
1ZjZ]jZn <ieb\ Z]j_]1Zp+€ gZ hilbgqge *« nhih\hevlZ€qg
f 1Zehhj]l]Zgeqgh€ kihemdb

<b\g_gh hilbgge IZ nhlh_e_dljbqgges \eZklb\hkle f IZeh
ged _ex ,, [k ~bleh[_gae*em 1%'% \ jeagbo klZgZc
\Zdmmfe iee\dZ iheef_jgbc dhfihabl

Ki_dljb ih]lJebgZggy sh kihkl_je]Zxlvky ihykg_gh m
Z]j_1Zl*\ m hkzZ~" _gbo ie*\dZo yde \e“"kmlilges \ jhagbge |-

>hkee”" ggy ki_dljpAJKnhilndZaZeh sh yd hkzZ”"" m\Z
dhfihablge iee\db } nhlhgmleb\bfb \ ~eZiZahge +
~n_dlb\geklv nhlh] _g_jZp+€ ey ijyfhlh a[m”~  _ggywyZ]j_
alm”" _ggy fhghf_ je\

;eevreklv hj]Zgeggbo kihemd fzZxlv “h\"bgm o\bee ih
A h + gf P_ h~gZ a ijbgbg \e*ghkgh keZ[dhedg blodh
kihemd \ 1Q h[eZkle "ey jeagbo ijZdlbgqgbo aZklhkm)
[Zj\gbdb hj]J]Zgeqge* k\eleh”eh”~b nhlhdhg\_jl jb khgyqg

Lhfm f_Ihx [meh jhajh[dZ hj]Zgeqgbo rZje\ yde fh' m
\ [eb ge+ech]®ZKka6, 67|.

>Zgcimgdlibkm} \b\q_ggy hilbgqgbo 1Z nhih_e_dljbqgghb
f I1Zehhj]l]Zgeqgbo ies\hd nHEgmtebiRY k-
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Ph S S Ph
“a P ~
P g g Ph
NBDB

JbI1 KIjmdImjgZ nhgtohe&x ,, [k ~bleh[_gaeem 1!

Kihkl_j_ ~ ggy-2Khijb hk\ele _gge gZibe _gbo iee\hd
ieM\_jA"m} sh ie” qZk ih]JebgzZggy k\elezZ Z]j_1ZIdemI\hj
jhareeyxlvky \gmljergefb e dljbggbfb inhg y M\ Z gag yj
ihl _gpeZevgh]lh [ZjY}jm gZ f_ "¢ ih”eem, 4Z @Zd\pleViyfe
ih\_joge 1%'% Djef Ih]h kee® aZagZqblb sh \bkhglZ ih
f "o feo 1%'% o pPQ2evrhx g+ \b]Jbg g j] Ibggbo ahg
th\_joge

;eevrZ \erghkgZ <gl _gkb\geklv "h*rZldh\bo-RIMK] g Ki_
m Kki_dljZo ih]JebgZggy iee\hd k\e*gblv ijh I_ sh d\.
nhlh] g jZp<€ "ey ijyfhl]h a[m”  _ggy Z]j_]1Zle\ [eevrZ
fhe _dme fhghf_jm 1%'%

IhdZaZgh sh fhaZ€qgZ kljmdIimjZ sh kd&dg"NZ}lewky
MI\hjx}Ivky m gZg_k _gec m \Zdmmfe ieptiprh2 %' %g Zmidhk\c
1%'% kdez”Z}Ivky a djbklZeels\ \bizZz*"dh\h jhalZrh\Zghbc

>hkee?" ggy Kki_dlfAJKnhilmdZaZeh sh yd gZibe ¢
dhfihablge ies\db } nhlhgMmzEiZz\dHfem = gf Gh\le kfm]
ydbo \fdebdZgZ ml\hj_gg{yjif kZlgt\ekihkl _je]Zxlvky "“ey ¢
iee\hd yd m ki_dljZo ih]JebgZggy |ZdJK\ ki_dljZo nhlh

R\bArdbc ijh]j_k m JZemae+ hj]Zgeqgbo k\rkeéB ggh"pehdIs
kilbfmex} egl_j_k “h jha\bldm hj]Zgeqgbo khgyqgbo _e f
ebr_ - ~n_dlb\ghkle i _j I\hj_ggy khggg@i® ¢ jdeEx >
hkgh\gbo ijbgbg g_"hklZlgvh€ _n_dlb\ghkle } \mavdZzZ
nhilhhgmleb\hkle \bdhjbklZgbo hjJ]Zgeqgbo fZIl _jeZe-\
gbghf jharbj _ggy "*ZiZahgm nhlhgmleb\hkle hj]Zgeqgh
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1<h[eZkle } h~rgbf ea hkgh\lgbo aZkh[e\ i**\bs_ggyo n_
khgyggbo _e f gle\ Lhfm gZrhphafjhlfd&Z [IméZgeqgbo r.
nhlhgmleb\bo m [&€b[@fkle yde fh ' gZ \bdhjbklh\m\ZIb yoc
hjlZgeggbo khgyggbo e f _gle\

>ZQbcizZjZ]jZmibkm} “~hkee”” ggy nhlh_e _dljbqgbo
hjl]Zgeqgbo ies\hd nhlhgmleb\boeZkdbe dZcklhj gbo gZ
pbo iee\hd ~\hrzZjh\bo ] _I|_jhkljmiimgmletki\bo m rbjhd
ki_dljZevghfm ~eZiZahg- + gf

AgZqgg_ jharbj_ggy ki_dljZzevgh€ h[eZkle nhlhgmlek
"ey =Ko K1%'% ijb hk\ele _gge a (Rpkd. [hdleg! ]jZ¥wgZ
NeZiZahge + gf ihfelgh [eevrZ g¥ "egl hidjevbd
dhfihg_gle\ Kie\\er@Ehr hgeghygx} ijb hk\ele gg@e rZjm .
ijb hk\ele _gge rZjm 1%'%

V, i NBDB

60 V, i/ NBDB
8
—s—HS, e
illuminati 60
CGPI”L'I—:T;IFI&IIIOH BN
NBDB illumination 6 N ~-e* *NBDB filn
40 - e NBDB film —o0—C,, film
—o—C,, film =
4 _’”‘.: \E/E\

Y N =

o e e o (Y i A . 0 -
400 500 600 700 800 900 1100 700 800 900 1000
Qnm Qnm
Jbk Ki_dljZzevge aZe ?3KhREynileBGY,INBDB | Z =K

Ceo/ NBDB <Ihdj fe _gZ "eeygdZ m afeevrijghhmm\dpley”e

ko rZj aZ[_ai_gm} hkgh\gbc \g_khd m 9 \ ~eZiZahge
rZj meZiZahge + gf \e”ih\ergh F _grbc \g_khd n
ghke€kZnNBDB g+ Kg fh _ [mlb ih\fyazZgbc a Ibf sh \
[meh hilbfeah\Zgh g Ih\sbgb dhfihg_gle\ ge mfh\b gZg._
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lhdZaZgh sh iee\dZ 1%'% fZ} nhlhgmleb\eklv r
NeZiZahge \eN A h gf G_\ _ebd_ af[eevr_ggy 9 |
kljmdImj 1%'% 3F mahipsgydfde kZfbo Jk

lee\dZ 1%'% fh _ [mlb \bdhjbklZgzZz 7ey kl\hj_g¢
kljmdImjgpa khihgmleb\bo \ rbjhdhfm ki_dljZevghfm "eZij

gf Lhfm pe kljmdImjb fh ' mlv [mlb \bdhjbklZgrgbey |
khgyggbo e f _gle\ a jharbj_ghx h[eZklx nhlhgmleb\hkl

1ZjZ]jZn Nhlh\hevlZ€qge n_dlb \ dhfihalWp@gpadk jh]_e
iheef _Ibgh\bfb [Zj\gbdZfDb

>hkee”" _gh nhlh\hevlZ€qge \eZklb\hkle dhVisabde\ a
\h~hjhaqgbggh]h iheef Ibgh\h]h [Zj\gbdZ e<g”hpedigktlymh\b
kKie\\eAghr_ggyfb dhfihg_gle\ AgZc”_ gh?VUXglodd rdglydrlit
ki _dljZevghfm 7~eZiZahge \o7 A h gf FZdkbfZe\
Kihkl _je]Z}Ivky \ ~eZiZahge + gf « ajhklzZz} a dhgp
Ki_dljZevge aZe_ "ghkle nhlhgmleb\hkle "hkee™ " m\
ihje\gxxlvkyia«dljZevgbfb aZe "ghklyfb jhajh[e _gbo ]Jgn
e _f _gle\ gZ hkgh\e ijh\er*gbo ihe*f_je\ a hj]J]Zgeqgbfk
nhlhijh\ergbdZzfb H[]h\hjxxlvky kihkh[b i**\bs _ggy
"hkee” m\Zgbo dhfihable\ m dhjhldho\bevhlec ki_dljZev

= e+ kdez”gbo hdkb”e\ f 1Ze@®@3 hhdjjKiZ dBob\gbfk
fzl _jeZzezZfb "~ey \bdhjbklZggy vyd [ZdEfhh@jlgibo Z]]
dhfihabpecgbo klIjmdIimj] 7“ey jeagbo nhlhggbo agkihkr
ijh\ergeklv 1Z fh eb\eklv afegb €0 e _dljhggbo \eZklb\h
gZghjhafejgbc n_dlI

Alenrgle8ad > | ,.0euQ G xp_ ]*"jZIlb ihee\ZgZ"e}\h€ dbke
fhe_dmeb hdkb”gbo rzZje\ af}*gZge rZjZfb fhe_dme \hA~
gZklbgb \h”~b iKonhjfm}livky dk_jiQsue& HID a fe rZjh\hx
\erklZggx c Al]**gh "~Zgbfb _e dljhegBE@fedghkd
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dk_jh]_ev kdez~Z}Ivky a iehkdbo kfm] “h\"bghx a C
lh\sbghx C

ljh\eAgekls @H,2 kl1Zgh\Bh1a# Ohm*m® sh gZ ihjy~d
[*evr_ ge ijh\ergeklv-RKAMmMmadbo ie,OHM®@ M IZdbo iee)
dk_jh] _ex kihkl _je]Z}Ivky g _\ _ebdZ nhhe@xkédb\lyhM _ \ €
ihlJebgZggy 1Z nhlhgmleb\eklv m \b” bliteZliZy[®@b‘mgec ¢ R
g _aZe_ gh \er kihkh[m \b]Jhlh\e ggy Lhfm \hgb ¢g_ fh
Ney n_dlb\gh]lh i_j _I\hj_ggy khgyqggh]h k\eleZ

F_Ihx ~Zgh€ jh[hlbgh@aphgddzZz dhfihable\ dk,Qhla ex
hjlZgeqgbfb [Zj\gbdZfb nhlhgmleb\bfb \ *eZiZahgy €0+
nhlhgmleb\hkle Hkdeevdb dk _jh] e \e iee\db hke”rZxlv
pe}€ f_Ib [meh [IZ[j\D@dp +g”*hp@zZegeqgbl 72@ ydbc fZ} ]Zj
jhagbggeklv m \h~e |Z fZdkbfZevg_ih]JebgZggy [ebavdh

HITC jhaqbg
10 f—— ——HITC+V,0, —

V205

VIR
A
A

400 600 800 1000

Qgf

Jbk.3 Ki_dljZzevge aZe_ "ghkle hilbggh€ Jmklbgb dh
[Zj\gbdZ +g2& peZgdyan-green a, O dhgp_gljZpey [Zj\gbdZ
\Z] Djb\z |1Z \h~gbc jhagbg [Zj\gbdZ] degpdjZp-:

1Z ki_dipPs9djb\z
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GZy\geklv ih]JebgZggy 1Z niMsehgmhédXlkkde =+ gf [n
aZijhihgh\Zighkgblb mlI\hj nggyfhke+s”~" gbo dhfihablZo *»

lbie\ Z]j ]Zls\ a _g_jle}x \ ~eZiZahgs + < Nhj
0Zjzdl _jgh ~ey pvh]lh deZR®@ [Xf\gbktm 3biZ "dm \ ¥bde .
m pec h[éZkhy\Z i j ]bge\ k\erqZIv ijh |_ sh _n_dib\gsl

ghke€\ aZjy™m ~ey Z]j_]Zle\ [sevrZ g+ "ey esahevh\Zgbc
M~Ah\]ho\bevh\ec h[eZkle kihkl_je]Z}Ivky nhlhgmleb\l!
[ebavdh < Hkdeevdb €€gZg_jley<t_a@rZ g _jley i
_e _dljhggh]lh i_j_oh”m \hgZ gZcefh\ejger_ amfhle g
a\fyazZzgh]h dhfie_dkm a fhe _dme [Zj\gbdZ 1Z dk_jh]_ex
> yde agZc”™ _ge* Z]j_1ZIb 1Z dhfie ndlKbhjflyemh@fimIb

dhfihablgh€ ies\db 1Zd » i j \Z gh gZ €€ \eevgec ih\_jo
v, fd 454 35 3 25 = _2< 15 D, \+%g h”
150 r———————1—— T~ : . : n 1,75
| Y ﬁ —-1,50
—2 —-1,25
100 3 ﬁ .

50

Qgf

Jbk.4 Ki_dljZzevge aZe_"ghkle hilbggh€ ]ird kdaBbglis
Vs le*Y@b 9Zj\gbdZ «g“ehpe Zgdyan-green a jeaghx
dhgp_gljZpe}x [Zj\gb.dZ (1, 4)<32] % (3, 6).

<erghkgbc \g_khd i_\ghlh Ibim Z]j_]1ZIm \b\g_ghlh

kbevgh azZe_ "Zlb \en fZI_jeZem ~jm]h]h dhfihg_glZ Sh
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\b]hlh\e_ge iee\db [Zj\gbdZ e<g*"hpeZgegeg a_ebglihd a
I<K 1Z \b\g_gh €0 hilbgqge |Z nhlh_e _dljbqge \eZl
ki_dljZzevge aZe_"ghkle 9 ijb hij®n@g _eogcljtfeadhfihabl
[Zj\gbdZ a dk_jh]_e_f « \h”"hjhagbgghx iheef jghx
Ij_~klZ\e g+ g5.4Jbk ihje\gyggy €0 Kki_dljZevgbo aZe_
hg \b~rgbf sh \e~*ghkgbc \g _khd Z]j_ ]Zls\ a g yéyyfb
iheef jgbo dhfihablb\}c [gevrm Z]j ]Zls\ a dk_jh]_ e f P_
hfmfh\e _gh [eevrhx cfh\ejgeklx ml\h]j _ggy Z]j_]ZIe\
dhfihablZo aZ [eevrh€ dhgp_gljZp-€ | Z Z[h [ee
nhlh] _g_jZp+€ ghke€\ aZjy™m aZ ~hihfh]lhx pookaZ]jdIjZ\
hilbggh€ ]mklbgb dhfihablgbo ies\hd 5hd2afidhbosiyZ€d
ki_dljb ijZzdlbggh a[e¢]ZxIvky Ih[lh \erghkge Kkie)Xd%ghm _
dk _jh] e« 1Z iheef_jgec kmfere ijZdlbggh h~rgZdh\e I
[Zj\gbdZ a I<: _n_dlb\geklv nhlh]_ g _jZp+*€ ghke+€\ aZz
Z1lj_1Z1Zfb + < [eevrZ g Z]j_]1Z1Zfb m dk_jh]_e-

V,\sng hn . .
9,h 2V, \e”g h

1,0 1,0

0,8 0,8

0,6 0,6

0,4 04

0,2 —— 0,2

\);\E\% 0,0

600 900

0.0 oo ®

Jbe5 Ki_dljZevge aZe -@HKI«ijihhik\ele _gge g j a

_e _dljh™ dhfihablm aP\Re(df, @f a [Zj\gbdhf |1Z €0

kie\\e*ghr_ggy Ney dhfihablgbo ies\hd a -a [&]\gbad Z
(cyan-greeh
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lhje\gyggy ki_dljZzevgh€ &Zehljghkgbo Z]j ]1ZIe\
ki_dljZzevghx aZe_ "geklx g _sh”~Z\gh jhajh[e_gbo ieZz
ijbkljh€\ gZ hkgh\e dhfihable\ ijh\e*gbo ihgt66@gZghk &h &
[73@ ihdZam} sh dhfihdbbhgZxly&@8yn dlb\ger_ ih]JebgzZxl
[eb 'gec gZklbge egnjZq_j\hgh€ qZklbgb khggklghg kjlx"
khgygqghlh k\elezZz } [eevrhx [Z f_gr _n_dlb\ghx m dhjhl
\bAbfh]h *eZiZahgm + gf

?dki_jbf_glZevgh ie?\ _j~" _gZ fh eb\eklv klI\hj_gq
dk_jh] _&¥xOs a \h~hjhaqbggbf iheef Ibgh\bf [Zj\gbdhf
a_e _gbc nhlhgmleb\bo m ki_dljZevghfmgfeZiZAthkghfmf
nhlhgmleb\hkle hljbfZgbo dhfihable\ afesm}livky \
gl _gkb\ghkle khgyqggh€ jZ"eZpe€ sh } g_hjfloapghb \
khgygqgbo ijbkljh€\ gZ lédZakgih\e sh rbjrZ ki_dljZevgZ
ihlJebgZggy dhfihable\ m ihje\gygge a-* ki_dljafhhiddb g gz
[Zj\gbdZ \bdebdZgZ ml\hj_ggyf " _deevdho Ibis\ Z]j.
dhfie_dke\ fhe_dme [Zj\gbdZ 1Z dk_jh]_ey yde Jrg_jm
~n_dlb\gh ge¢ eahevh\Zge fhe _dmeb [Zj\gbdZ

HIjbfZzge "Zge "ha\heyxlv kih”e\ZIbky sh \bdhjbklZc
I<K sh ihdZam} agZqg_ ih]JebgZggy |1Z nhihgmlel\eklv
Z[h iheehdkhf_ |ZeZIm a f_grhx rbjbghx aZ[hjhg_gh€
nhlhgmleb\eklIx azZfeklv Vd®_ijb]\ ex ~h af[eevr_ggy -<gl_ ]
nhlhgmleb\hkle dhfihable\ m dhjhldho\bevh\ec gZHKkbg-
kiI\hj _ggy iheef jgbo dhfihable\ nhlhgmleb\bo m rbjh
hfeZkle khgyqgh€ jZNeZp+£
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1ZjZ]jZn NhihlZz e dljhexfeg _kp_gpey f _jhpeZ
[Zj\gbdZ480.

<b\g_ge* ki_dljZevge nhlhexfeg_kp_glge NE 1Z _e
?E \eZklb\hkle Ihgdbo ies\hd f_jhpeZg=-gh\RhajlzZ[jéglyd
| ogheh]ex \b]hlh\e _ggy _e _dljhexfeg _kp_glgbo kljmd]l
[Zj\gbdZ

Jelghfejg_ "h\l_ \bijhfegx\Zggy I|hgdh€ ie+ddb [Z
kKihkl _je]Z}Ivky ijb gZijmae ijyfh]h afes _ggy sh \e”ih
gZklbge \Béivljgh€ 0ZjzZdl_jbklibdb <O

>hkee”” gh \ieb\ | _ogheh]«€ \b]Jhlh\e _ggy gZ kljmd
0ZjZdl_jbklbdb Ihgdbo iee\hd f_jhpeZg4dh\h]h [Zj\gbdZ

>ey f _ahpeZgegh\h]h {A20\mbdig F[meh ~hke<”" gh k
\bijhfegx\Zggy h[mfh\e _ge* j _dhf[egZpe}x g _dpecgbo
kKljmdImjb

F_jhpeZgegh\e [Zjpgb\dmitjergvhfhe dmey-jgdphighjjgh
kbkl _fb sh fZxlv _e”thighpgh Jpngiitn h*ghfm djZx ojhfhnh
_e _dljhgtp _ilhjgm ]jmgd e<grhfrd@> ?e_dljhggm kljm
f jhpeZgege\ fh'gZ ijhklh hibkzZlb 2~\hfZ hkgh\gbf
kljmdImjZfb g _cljZeAghlZ [eihey|di® Ydsh “hghjgh
Zdp_ilhjge \eZklb\hikKDA Ked[de |h f _jhpeZgegh\bc [Z
hkgh\ghfm klZge [ebavdbc ~h g _cljZevgh€ kljmdImjb
[ebavdbc "h [eilvayEg®@ € >ey |Zdbo f _jhpeZgege\ 0ZjZdIl_
khev\Zlhojhfey [ZIhojhfgbc akm\ e dljhggbo kfm]
iheyjghkle k_j ~"@A@@sZP > amfh\le_gh Ibf sh iheyjge fe
\azZ}fhne€ klZ[eeeamxlv i_j \Z ' gh a[m”~"_ge klZgb Ze_
al[eevr_ggyf kimi_gy "hdjghkkmi_gy Zdp_ilhhgphkb\gbc
azZjy™ afeevrm}lvky gZ i_jrhfm wmjZdl\NgbcZazjy® [
ahk_j "~ _gbc gZ egrhfm njZ]f_gle aZ jZomghd fe]jZp-¥
\a”h\" kbkl_fb Kkijy ' _gbo aDjydd\ e j _amevIZl [eihe
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kljmdImjz [m”~_ i_j \Zz ZIb \ hkgh\ghfm klZges <« g_
i _j_ \Z2"ZIbf_ \ a[m”~"  _ghfm klZge* ijb ~Dydho LZgldbg_dlyiy
f jhpeZgege\ 0ZjZdl_jbam}lvky g _]Zlb\ghx khev\Zlhojl
akm\ e dljhggbo kfm] ijb af[eevr_gge iheyy§@kleP Kk
amfhle _gh [eevrhx klZ[eecaZpe+}x hkgh\gh]h klZglh aZz
\aZ}fh”ec ihje\gygh ae a[m” _gbf je\g f A~”ZIgeklv 1
jZ"bdZevghbf kKihkh[hf afegx\ZIlb ~e _dljhggm KIjm
\gmljergvhfhe _dmeyjghfm i _j oh”m _e _dljhggh€ ]mklb
ijbgbghx €0 rbjhdh]h azZWklhikm\Agp®nZqge\ k\eleh\h€ g
jeagbo ]Zemayo gZmdb < | _ogedb

F_IThx ~Zgh]h ~hke*”™"  dbovyq [oehh ki_dljZevgbo Z
exfeg kp _glgbo \eZklb\hkl ¢ Ihgdbo iee\hd f_jhpMAgegh
ijb jeagbo IbiZo a[m”~" _ggy nhlha[m”~ _ggy |IZ a[m”*" _gg

Me Me Me Me
C=—=N —N
@N - @X/%
'TI C=——2XN ITI C=N
Me Me

Ko & KljmdIimjgZ nhjfmeZ f_jhpeZgegh\h]h [Z]\¢
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<klZgh\e _gh sh g&g\dlb g a jhagbgm h[_jlZggyf I.
hkzZ”" g iee\db kbevgh \e?rjeagyxlvky aZ h”"ghjeyg- i x
rhjkldeklIx ih\_joge

lheef jge dhfihablbifo fZebo dhgp _gljZpeyo [Zj\gbd

A"hkblv h~rghjerge Ijb [eevr \bkhdbo dhgp _gljZpwyo
\brbfbfb hdj_fe djbklZeeslb 1Z €0ge eZgpx]b <hgb mml\h
hdj fbo h[eZkl _c¢c A pbo Oddp&kdKE-qgqgbihkl| je]Z}Ivky Y
nhlhexfeg_ _kp_gpey

Ki_dlj _e _dljhggh]h ih]lJebgZggy jhagbgm [Zj\gbdZ |
_IZghee } a\bqZcgbf "ey deZkm iheef_Ibgh\bo kihemd
a gf « ch]l]h dheb\Zevge dhfihg_glb gZ a + gf o

Hkdeevdb O fZ} ihablb\gm khev\Zlhojhfex fZc
ihljebgZggy m jhagbgZo gbavdhihé&pjghgRih&e&{Pgh]h >F
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agZoh”ylvky gZ . gf \e”rih\e~rgh g_cljZevgZ

hkgh\ghfm klzZge ¢ [¢iheyjgZ nhjfZz i _j \Z2"Z} \ a[m” " _ghf
GZ Jk6 ihdZaZge+ ki_dljb nhlhexfeg kp_gp*€ NE

| fi_jZImje jeagbo ajZades\ iee\hd hkZ” gbo m \Zdmmf

djb\z gZ kex"m djb\Zz m \Zdmmfgec Ijm[pe djb\:
jhagbgm h[_jlZggyf djb\Z Z 1Zdh" ies\db ihe*f _jgb
3(3& djb\z

e~ qZk mevljZnehe |h\h]h hijhfeg ggy ajZade\ m ih
agb” _ggy -<gl _gkb\ghkle €0 nhlhekfedl|jiZm ght€bgMggy
N 1jZNZpe€ iee\hd } i_j_jhaih”ee sh kihkl_je]Z}Ivky fe
o\bebg i+ key hijhfeg _ggy gl _gkb\geklv dhjhldho\be
af_grm}lvky Z e<gl_gkb\geklv ~h\]ho\bevh\h€ kfm]b
gbghf p_ k\e~rgblv ijh I _ sh kfm]hxich]lebdgZggy gf fZxlv
jeagm ijbjhAm Cfh\ejgh ~h\]ho\bevh\Z kfm]zZ fh _
nhjfm\Zggyf Z]j_]ZIls\ fhe _dme [Zj\gbdZ

G _a\bgge n_dIib [meb \by\le g+ \ ki_dIjKeEJINE)O |
Kfm]b pbo ki_dlje\ agZqgh rbjre geK (b6 ijiDjef [h]h
kfm]b gbavdhl_fi_jZImjgbo Kki_dlje\ afesmxlvikg [smd ~h
Ih~e[ge n_dlb [meb agZc”_ge 1Zdh  "ey ki_dlj€ ME
\Zdmmfgm Ijm[dnbol\ibfejyd

G _a\bqgZcgzZ nhjfz ki_dlje\ ijb gbavdec | _fi_ jZIm
gZklmigbf qbghfh <sHhhagb™ _ggy | _fi_jZImjb ijb\h”~blv 2}
a\m’ _ggy kfm] Ze_ g_ ~h jharbj _ggy hkdeevdb a h~"
dhgnhjfZpecgZ jmoeb\eklv ijbgZcfge g _iehkdbdégdhl&b\Z
Z a cgrh\lilkb\ \gmljergvhfhe_dmeyjgbo gbavdhqgqzZklhligbo
fhe _dme klZ} keZ[rbf

>eckgh agZgqg_ a\m _ggy NE kfm]b \eA[m\Z}Ivky "e
aPEPCI1Z gZg_k_gbo m \Zdmmfe ie\bd [ZAYpDtODAZIbagb
| _fi_jZlmjb \bdebdZ} ]Jeikhojhfgbc akm\ kfm] NE P_ i
i_j_[m~h\Z kmfe gbo fhe_dme mkdezZ”gx}lvky m a[m”"’
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Dhg”hgzZz P_ ijb\h”*blv “h af_gr_ggy _g_j]*€ ijbligh]Jmh”"
klZzgm LZdbf qbghf agZqge [Zlhojhfge akm\b Z 1Zdh"
k\erq_ggyf ~_ydh€ egrh€ ijbjh"K k2@ ]bhtphgeklv ~h kfm
ijb Kiee\db gZg_k _gh€ m \Zdmmfgec Ijm[pe ~Z} gZf
sh oZjZdl_j \bs_a]lJZ”~"Zgh€ kfm]b ih\fyaZgbc a gZy\g-k
| fi_jZImje “"bnmaey dbkgx ~h fhe_dme [Zj\gbdZ ih\bg
Lhfm fh gz ajh[blb \bkgh\hd sh ihy\Z ~h\]ho\b éah\h«& k
| _fi_jZlmje 1Z \ \Zdmmfe ihykgx}lvky \erkmligeklx JZkyq
dbkgx G2z\izdb |Zde kfm]b g_ kihkl_je]Zxlvky ijb \b
gZy\ghkle dbkgx AgZqggbc [Zlhojhfgbc akm\ ¢ rbjre kf
gbavdbo I _fi_jZImjzZo fh miyztdldbZevgdle oZjZdl _j sh fh
kijbgbg_g_ yd mi\hj -gg9ybZaeAdZ dZ+{EG§bdZR-A.

Koh™  ijhp_kb j _dhf[egZpe€ \bdebdZge e dljhgghbi
Z1lj_1Z1Zo |1Z »_A_dlAenF]jZxlv JTheh\gm jhev \ ?E
P_ k\e~gblv ijh I _ sh €og} ithoh”" ggy fZ} kieevgbc

[meh \bdeZ” gh \bs_ sh exfeg Kp egpry\dgbmmfgec |Ijr
ihykgx}lvky mi\hj _ggyf ehggbo jZ*"bdZee\ ?E fh _ fZlb
<eZkg_ ml\hj _ggy pbo jZr"bdZees\ fh _ \eA[miXlpkgIinje
ieN qZk ijhp_km Ruslghhlggygy ijb ijbdeZ” _ghfm _e_ dljb
M pbo mfh\Zo fhe _dmeZ f_jhpeZgegm ih\bggZ aZdaghex\Z
azZjy™ _ghlh _e_ dipAh/N@i 0jJ ~Z\Zlb ch]lh gZ ihablb\gh aZ
_e _dljhn (72 < i_jrhfm 1Z “jm]hfm \bizZ*dZo-jiatMNhd X el }
D-A ZgeHgd"bdDE-

Hkdeevdb fhe _dmeb [Zj\gbde\ "m~_ seevgh miZdh\Zc
mI\hjx\ZIb \ihjy*dh\Zge djbklZeesqge Z[h ijbgZcfge Z]j_
gbo fh eb\_ gZklmig_fhe_dmeyjg_i_j_ g _k _ggy _e_dljh

D-A+D-AoD-A+D-A « 5(1)

D'-A+ D -A 0D-A+D"-A « 5.2)
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e+~ qZk \aZ}fh”e€ ijhlbe_"gh aZzZjy® gbo dZlehg
jZ"bdzZee\ \eA[m\Z}Ivky j_dhf[egZpey - yd gZkee”
_e _dljhexfeg _kp_gpey f _jhpeZgegh\h]h [Z]j\gbdZ F

<bkgh\db “h Jha”eem

1. IThdZaZgh sh iee\dZ f _|IZehhj]Zgeqgh€ kihemdb
\bdhjbklZzgZ ”"ey kl\hj_ggy 2~\hrZjh\bg kihhiddm]je la\bk
rbjhdhfm ki_dljZevghfm ~eZiZahge ~h gf yde fh ml
"ey jhajh[db hj]J]Zgeggbo khgyggbo e f gle\ a jhe
nhlhgmleb\hkle

2. ?dki_jbf_glZevgh ie™I\_j~" _gZ fh eb\eklv kl\hj_g
dk_jh]_#&xOs a \h~hjhagbggbf iheef_Ibgh\bf [Zj\gbdhf
a_e _gbc nhlhgmleb\bo m ki_dljZevghfmgfeZiZAatighfmf
nhlhgmleb\hkle hljbfZzgbo dhfihable\ afesm}lvky \
gl _gkb\ghkle khgyqggh€ jZ"eZpe+e€ sh } g _hjfloapigb \
khgygqgbo ijbkljh€\ gZ lédZkgth\e sh rbjrZ ki_dljZevgZ
ihlJebgZggy dhfihable\ m ihje\gygge ae ki_dljaAfhhidhdb b mz
[Zj\gbdZ \bdebdZgZ ml\hj ggyf ~ _deevdho Ibie\ Z]j.
dhfie_dke\ fhe _dme [Zj\gbdZ 1Z dk_jh]_ey yde ]Jrg_jm
~n_dlb\gh ge¢ eahevh\Zge fhe _dmeb [Zj\gbdZ

3. Iljhp _kb j dhf[egZp+e€ \bdebdZge e dljhggbfb i_j_
1z ~ n_dlZo f_jhpeZgegh\h]h [Zj\gbdiZZxHV ]Jheh\gm jh
kihkl j_"m\Zgec e _dljhexfeg kp_gpe€jZ "Mthheggyh
\eA[m\ZIbky m ies\dXbjrkdgm)eic”™ gZk ijhp_k+hehglb\kee gopgy
ijb ijbdez® ghfm _e _dljbgghfm ihee M pbo mfh\Zo fi
ih\bggZ aZohiex\Zlb _e_dljhg a g_]Zlb\gh azZjy®0O _gh]tr
gzZ\izdb i_j ~Z\ZIb ch]lh gZ ihablb\gh azZjy”  gbkfme d
1Z A"jm]hfm \biz~rdZo mlI\hjxxZVyd 28+ Ag-Hg bdZe-»
e+~ qZk \aZzZ}fh”e€ ijhlbe_"gh aZzZjy” _gbo dZl-hdgdke\ |Z
\eA[m\Z}Ivky j _dhf[egZpey - yHihkjZkedZz3hwdky ykdj
_e_dljhexfeg_kp_gpey f_jhpeZgegh\h]h [Zj\gbdZ F
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Jha”e.eReyob j_ eZdkZp<€ a[m” _gbo klZge\ m iheef_Ibgh
iheef _Ibgh\e I1Z ihee}gh\e nhjfb \ieb\ | _jfegZevgbo ]jmi
a[m”~" _gbo klzge\ iheef_Ibgh\bo [Zj\gbde\ dZlehggh]h IDbi

1ZjZ]jZn6.l. G_kbf Ijbgge reyob |j eZdkZp+s€ a[m”™ _gb
peZgegh\bo [Zj\gbdZo \by\e _g- aZz Ahihfh]hx |
nexhj_kp_gpe+€ iheef _Ibgh\e I[Z ihee}gh\e nhjfb

Gh\elge aZklhkm\Zggy hjl]Zgeqgbo [Zj\gbde\ IZ \_eb
fhe _dmeyjgh]h dhgkljmx\Zggy ijb\_jlZxlv m\Z]m gZm
iblZzgv ihjmr_ggy kbf_I|je€ m kbkl_fZo yde fZxlv je
g_kdhfi_gkh\Zghl]h azZjy"m \sé@b\KjglZ}\mhlhexfeg kp_g
\eZklb\hkle [Zj\gbde\ @K\ _fbfglylZevge "hdZab ljvho j_e
reyoe\ h"bg kbf Ijbggbcg IEbf*\¢bqgg-e alm”~" _gbo KklI.
Ahihfhlhx ZgZeeam gZkm “blly 1Z ki_dlje\ jha”ee gh€ m
gbavdec | _fi_jzhMhjpeZlscbh\bf ie”I\_j~r" ggyf aZ ~hihfh]hx
oefeqgh]lh fh™ _ex\Zggy <Z eb\h \e*agZgblb sh \b\g _gb
ZkljZnehdkbg m \h~ghfm jhagbge fZ} ~\Z jeage g_ kb
reyob a[m”" _gbo klZges\ m iheef Ib-gdpcilla dgRreghgdhec
nhjfZo ijbglhhm\ hklZggvh€ nhjfb kbevgh af_grm}lvky m
kK j _~“h\bsZo ?dki_jbf _glZevge 1Z jhajZomgdh\e j am
eklhlge nmg”"Zf _glZevge agZggqye fdlghggbeoyjgheZdkZp-
jerNZxIvky kmlIl}\hfm \ieb\m "hjkldhkle 1Z iheyjghkle fZI
|Z nhlhggbo aZklhkm\Zgegv dMhhgogb €Ek b k| f

lheef Ibgh\e [Zj\gbdb \by\le ge \ k j *“bge ;,; klhee
ijb\_jlZIb m\Z]m gZmdh\h€ kieevghlb az\"ydb k\h€f mi
k gkhjgbf \ezZklb\Hkly[ffeb\h rbjhdh ~hkee~" _gbfb } Z
iheef_Ibghb peZgegh\e TZBYPgbWMb ~Zgbc qgzZk kihkl _je].:
aleevr_ggy -°<gl_j _km ~h pbo [Zj\gbde\ g j a €0 aZk
egnjZg_j\hgec 1Q h[eZkle m [sheh]egqgbo ahiljZpe gl@yc
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jhajh[pe i_j_~h\bo nhlhggb{B0f&81. MZaZ\|Zevghfm \b]Jey”e
iheef Ibgh\e [Zj\gbdb fzZxlv ihablb\gbc Z[h g_1Z
N ehdZeesah\Zgbc fe "MhfzZ-"hehjgljhlggh Z[h _e- dljh
Zdp_ilhjgbfb | _jfegZevgbfb ]jmizfb L= q_j_a g _iZ]
Je[jb*bah\Zgbo Zlhfe\ \m]JeijpXkkl¥de gh nBlimehx

TG” +(CH = CH) +*CH = TG (6.1)
A -lp_ deevdeklv \egee (-GRVDOH) M

Kijy _gbc eZgpx] Zlhfe\ \m]Je _px fe L= ml\hjx} | a\
eZgpx] Ijb pvhfm gZy\geklv-jkeaddghgldht€€ Gkbkl fb aZ[
ihje\gygh gbavdm _g_j]Jex i_jrh]lh i_j_oh”m _e _dljhg.
je\gyfb <« hl _ ih]JebgZggy nemhj kp_gpex m gZkl
NeZiZahdg¥Z \bMcfe [ebeglQ 1grhx hkh[eb\eklIx |Zdbo
eegecgbo kbkl _f } agZqgbc i_j jhaih?ee e dljhggbo |m
m iheef Ibgh\hfm eZgpxae ijb a[m”~" _gge sh ~zZif\géebd
i _j_oh”m « hl _ \bkhdm gl _gkb\geklv “h\]ho\b¢&a7h\h€
80].

lh~h\" _ggy iheef Ibgh\h]l]h eZgpx]Z gZ h~gBl)eZg:
reyohf af[eevriggywm + 1 j Jmeyjgh afesm} ki_dljZevgm
A"h\lho\bevh\bc [+d ijb[ebad8]gZkm\ gfb\h”~blv ~h jharbj
Ibih\h€ peZgegh\h€ kfm]b a jeadbf \mavdbf fZdkbf
dhjhldho\bevhHWpgm afy\ley}lvky gh\_ rbBRd83.iekg[*qQg-"
ki_dljZzevge 1Z doZtpldigh "hkees”” ggy ~hihfh]leb \klZgh
y\bs_ ih\fyakdg\ekgm\Zggyf "\ho jeagbo nhd#ZpdM g'thd b c
eZgpx] a kbf _Iljbggbf 1Z g_kbf _Ijbggbf jhaih”eehf
iheef Ibgh\h]h eBgmBRIEB. LZdZ ih\ _~egdZ jhaih®eem _e_
azZjy™m fh™_ [mlb ithykg gZ m jZfdZo k82e2.hAlrh§ hdgmpe}i
dhgp _ipe}xjy® m dhe_ dlbagdoh@gbo kbkl fZo gZjh” " m}
o\bex qZkldh\bo aZzZjy”e\ 1Zd sh aZjy*b m kmke~ge
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iheef _Ibgh\h]h eZgpx]Z agZqgh \e*jeagyxlvky <Z eb\h
kheelhg jhalZrh\Zgbc m p_glje chggh€ eesgecpheE kb kd Zfh:
ohqzZ fmédv L= fh mlv ijb\_klb “h jmom kheelhggh€+b\be
eZgpx]Z dheb “hky]Z}lvky ihjh]l]h\Z deevdeklv \eg
iheef Ibgh\hfm eagpvbaZz”dm g _kbf |ljbggh]h jhaih”?eem
]mklbgb \by\ey}lvky g_kbf IljbggZ nhjfz sh fzZ} ~r
ki_dljZevgm kfm]m m dhjhldho80evh\ec h[eZkle

lhjmr_ggy kbf Ije€ a y\ey}lvky g_leevdby\ hkegh\gh
i _jrhfm a[m”~" _ghfm, klZzg¢bf&@&gh ~ |Zevge "hdZab ~ey f
klZgen? iheef Ibgh\bo P8ZgmehoilkrdZaZgh sh ijb a[m” ¢
S fhe _dmeZ [Zj\gbdZ ¢~  ih reyom a ~\hfZ jeagbfb dh
aZk_e _gbfb ihkee”h\gh | jrZ dheb\ZevgZ fh~Z ih\g
kihgZldm j eZdkm} m ihqgZldh\m ieZgZjgm kbkl- fm
dhg”hge\kvdh€ ND hl[eZkle gq_j_a hkpbeyp<+€ jhall¥]g_
dheb\ZevgZz fh~rzZ Zkbf ljbqgZ a i_j \Z Zxgbfb jmoZfb
hrghl]h a p_gljZevgbo ih”\ecgbo af93)adrd KkEkle fbhc
\bs_a]z~Zgbo “\hfh~"h\bo dheb\zZgv kbkl_fZ i _j I\hjx}Iv

f dhgnelmjZpex ydm g_ fh ' gZ kihkl_je]ZIb ijb klZp-et
ijb defgZlgec | _fi_jZImje LZdbf gqbghf ~jm]bc reyo j_e
ihjmr_ggyf kbf ilf*€gh iheef Ibgh\bf [Zj\gbdZzf a ih
kbf lje}x fekdylv djblbggm deevdeklv \egee gh\bo ]jmi
kKIZI1p94] <kgm\Zggy h”gh]lh g_kbf _Iljbggh]h j_ eZdkZp-e
kbf Ijbgqgbo iheef Ibgh\bo [Zj\gbdes\ [meh is”I\_j~" gh _
Ahihfh]hx gbavdhl _fi_jZImjgh€ gZkhjha”nee gh€ n ¢
dhgnhjfZpecge i_j_I\hj_ggy g_fh eb\e g_j_ a azZdjeie_gd
fZljbpe jhaqgbggbdZz

L _hj_Ibgge |Z h[gbkex\Zevge jhajZomgdb ”"\ho |_c¢
A\ho fh” [meb \bdhgZge ”"ey kbf Iljbggbo iheef Ibg
gZcijhklerbfb L= a h~gbf pe gdjpHg@® 1Z ]iMCHEfb I|h” e yd
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[Z]Zlh iheef Ibgh\bo [Zj\gbde\ feklylv kdezZ”ge ] _|_jt
kKijy _ghx kbkl_fhx

Yd ijZ\beh oefedb ah[jZz Zxlv fhe_dmeyjge Klj
iheef Ibgh\bo [Zj\gbde\ aZ ~"hihfh]l]hx j_ahgZdXgh&£Zkbrj}m
aZlZevghlh ihablb\gh]lh Z[h g_]Zlb\gh]h azZjy®m ™ h"q
nhjfméaZl) y\ey} kh[hx i_jrm L= ydZ jhaley”Z}Ivky yd Z
lh”~e yd A"jm]Z L= a le}x ~ oefegghx [mMm~h\hx gZab\Z}Ilvk
iheef Ibgh\bc eZgpx] jhalJey”~Z}lvky yd ihee}g M I|lhc
[Zj\gbd g_kbf _Iljbggh€ nhjfb IZdh™ fh™_ [mlb ij_~klZ\e_g
j _ahgZgkghx klIjmdIimjhx ea jhalZrm\Zggyydhafamy“hfg.
\m]Je _px \ eZgpxae* gZijbdeZ(®2nZ nhjfmehx

TG +”"CH=CH #(CH = CH).; *CH=TG (6.2)

Fh gz ijbimklblb sh ih~e[ge ~\e g _kbf_Iljbgge
jhalZrm\zggyf aZ]Zevgh]h aZjy*m \ hkgh\ghfm gZ L=
agZclb « m a[m”  _ghfm klZg- G_ +kgm} dhfie _dk
M\ _jA~"mxlv gZ\_"~ gm \bs_ fh~_ev jeaghfZgelgbo
j_eZdkZpecgbo reyoe\ a[m”" _gbo klZge\ m fhe _dmeZo il
j_amevlZlib kbkl_fZlbggh]h \b\q_ggy jeagbo | _eZdk
alm”" _ghfm klZge ~ey peZgegh\h]lh [Zj\gAK Z n¥ZKIhZn e
Ahihfhlhx gZkhjha”ee _gh€ exfeg _kp_glgh€ ki_dljh¥dhief
osfeqgh]h fh* _ex\Zggyj @@deWZdgd "Zxlv \k_[*gqge "hdZa
jeagbo g _kbf Ijbggbo reyoe\ j eZdkZpe€ a[m” \gbdzZlZ
ihee}gh\bo nhjfZo azZz\"ydb mgedZevghfm ih}*gZggx fh/
aZklhkh\Zgh€ _dki_jbf_glZevgh€ f_Ih*"heh]s€ J _amevlz
reyob j_eZdkZpe+€ ea afeghx qZke\ "blly Kki_dlje\ [Z fh
fh mlv [mlb aZzklhkh\Zges ey kI\hj_ggy gh\bo nhlhggbo 1

AgZggy hkh[eb\hkl_c gZkhjha”ee _gh€ nemhj_kp_gp
"ey jhamfeggy ijhp_ke\ m \keo \b\g _gbo kbkl fZo hl

ijhZzgZeeam\Zlb qgzZk “blly [Z hpegblb Kki_dljZevg-
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j_eZdkZpecgh]h reyom a i_\gbf gzZkhf "blly Lhfm sh
afegm ki_dlje\ nemhj_kp_gpe+€ ijb afege " hjkldhkle 1Z
ijhZzgZeesah\Zgh deg _Ibdm aZlmoZggy nemhj _kp_gp°-€
\bgyldhf ebr_ deg |BR&bijbey fi_ jZImjeK m \h~"e “hij_
hibkm\Zebkv _dkihg_glZfb i_jrh]lh 1Z “jm]h]h ihjy~de\
aZlmozggy )$AH ipey fi_jZImjK m \h~e ~hihfe] \by\blb
deg Ibdb gZcdjZs_ hibkmxlvky -]Jhkithgydmx QZk b
\bagZqg_gbc aZ ~"hihfh]J]hx _dkihg _gpe*Zevgh]h neIm\Zggy
[eevr ij_pbaecghx ijhp_"mjhx m ijh]RASTh{Tmal i\Zedsidr)
jhaih”eeb gl _j\Zees\ gZke\ "blly ie"kmf@BimxIvky m [Z[eb]

ljb defgZlgec | _fi_jZImje Alheodjddl jbam}livky g _ |
gbavdbf d\zZglh\bf \boh~hf a Ze |zdh" dhjhldk
ijb[ebaghik LZdbf qbghf g_"hjkldZ nhjfZ \h~"gh€ fZljbp-
ljZgbbk eahf_ jb&Epeg_Ileevdb ijba\h”blv ~h gbavdh]h
\boh™”m nemhj _kp_gp*€ Ze_ |Zdh ¢ ~h “m _ dhjhldh]
fep B <6'6 m fhe _dmeyjgbAF jdaghgm} gZk "bllyk "hh"e
yd gZk "BFIynjerdhfm djbklZee &% ijb d\Zglh\hfm \boh
fZc agZqgh a[eevfim}lvkykt LZdbf qbghf fb fh"  f
[Zgblb sh m “hjkldec fZljbpe a[eevrm}Ivky gqZk “blly
nemhj kp _gpe*€ <klZgh\e gbcilpER gbliyemjghfm oehjhnt
e\ _jA " m} aleevr_ggy qZkm “blly \gZkee<"hd agb
kK _j_~h\bsZ sh fh ' [mlb j_amevlZlhf klZ[eecaZp-€
g _iheyjgbf hlhg _ggyf
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LZ[eby QZkb "blly nemhj_kp_gp+*€ “ey $) m \h”~e oe]l

\h~"gbo kmfer_c $) a 6'6 hljbfZge ijb _dkihg_gpeZevghf

aZlmoZggy a mjZom\zZggyf ,5) I1Z Lgl_j\Zee\ jhaih”ee-
ijh]jZzfgh]lh ZgZeeam )$67

am 2 ik 2 ik 32 ik JhaihFAST
EM (.2 (-2 (-3) 2k 2 gk| 2 gk
AF,
300 K 560 40 + + 3050 + +
AF aSDS,
300 K 572 120 T + 1002200 + +
AF nbCB,
300 K 578 + 2500 + + 2.08.0 +
570 160 1680 3530
AF (0.29) | (0.3 | (0.39
’ 150-300 | 1.5-2.6 3.5-10
77K 615 210 1600 4050
(0.19) | (0.45) | (0.36)
AF aSDS, 440 2560
77K 600 (0.14) | (0.86) 200-600 | 2.0-3.0

ljhl_ gZcpedZ\erbc j_amevlZIl kihkl_je]Z\ky "ey aZlm
ijb gbavdbo | _fi_jZImjZo Deg _IbdZ aZlmoZggy nemhj_ Kk
hibkm}lvky I3evikbhg gpeZevghx nmgddps2xm alhz g4k
deg IbdzZ "ey kmfere $) a 6'6 dkokmlbopkyevghx nmegdpe}
:gZeesa qZke\ "blly "bélly ihdl2am} sh kbkl fb $) a 6'6 -
g_ fzxlv dhfihg_glb gZksm mbiftyZiZahge + gk Dj
i _j_"N dkihg _gpeZevgbc dh_nepe}gl @byihp\eelbgBE m2fep
6'6 klZzgh\blv . sh gZ\elv i _j \bsmE kmdgp qbklh]h $)
NeZiZahge + @hjkldeklv KZ¥goyp h[ihb kbkl _f ijzdlb
hrgZdh\Z « hg_\b*"gZ&hdZglwgy theyjgeklv hlhgmxqgh]h
Lhfm g _iheyjg_k_j _~h\bs_ 6'6 ijb\h2blv *h ~\ho \bijhfe
ea agZqgbf i j \Z Zggyf,ihdménhgh§ |2

lh kmle m \bkhdhiheyjghfm \h~Aghfm k_j ~h\bse \by
ljb \bijhfegx\Zevge reyob j_eZdkZp+*€ a[m” _gh]lh klZ
r\brdz2+\er A kylde\ *h khl_gv iedhk_dmgn fijhde gZ @k
|Z ih\eevgZt [Zevr _ gk Hkl)dggybijRfegx\Zevgbc rey
[ _ amfh\gh e<g”mdm}ivky iheyjgbf k_j_~h\bs_f fhe_dmeb

;eevr M _|ZevgZ egnhjfZpey ijh fh eb\e reyob j_ezZdkZ
ZgZeeam qZkhjha”eevgbo ki_dljsTRES)AfygaybdglgyqZkh\b
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aZljbfdztfth Hkh[eb\_ agZq_ggy fZ} ZgZee+a ljvho dhfihg
TRES gqbklh]h $) ijb gbavdec |_fi_jZImje GZ Jbk 75(
ijb D ij_"klzZz\e _ge "ey fZebo Jbk Z 1Z \_ebd¥o
Fh gZ ih[Zgblb sh iekey ihgZldh\lyJhka[déyvmeamhj kp_
klZ} \m gbf « fZ} fZzdkbfZevgbc q_j\hgbc akm\ \en \en
dhfihg _glZ r\b~dh af_grm}lvky ag af-exki_ggjyZfoW j \Z Z
kfm]b a [eevr "h\]bfb QV qxZk2fbA[bdy t;Q\g¥ h
gkkmijh\h~*"m}Ivky "h~Zldh\bf g_j\hgbf afes_ggyf \& \e”
agZggbf jharbj _ggyf kfm]b jbk [ ;eevr rbjhde Ki
I _j_ \Z gh \bgbdZxlv \gZke+<"hd a[eevr_ggy \g_kdm),ih\ee
sh ih\ yaZgh «a gZy\geklx gZ\dheh iheyjgh]h k_j ~h\bs
75(6 “~hihfh]leh \bagzZqblhzdphghhpgdhbc ozZjzdl_j iB\eeve
dhfihg_glb

>bn_j _gpeZevgbc ZgZeea 75(6 ey $) ijb D “ha\he
ki_dljb gZ\_~_g* g9gZ 6.jbkmgdmhabpe}x Ijvho ki_dljZ
dhfihg_gle\ sh kdezZ”Zxlvky, =2l150tb"dB¥ 2k_j fgitbh€ 2

gk e ih\egedgttd 2Bk dhfihg_gl Ki_dljZevgZ njfzZ r
|Z ijhfe gh€ dhfihg gl hljbfm}lvky a ~bn_j gpeZevgbo
jbk6.1Z 1Z djb\zZ 6.k Ih”*e yd ih\sevigiZdl2ZevgZ dhfihg_
ijZzdlbqggh ij _~klzZ\e _gZ ki_dljzZfb tyeYelyj kpgkgpf{€ear_  dj

jbkm@ghd >bn_j gpeZevge ki_dljb g_ \e~h[jZ Zxlv Ih
aZe “geklv Ze_ ~ha\heyxlv hpegblb fZdkbfmfb mem
Klhdkh\e akm\b ~ey jeagbo qZke\ aZImoZg gy Alb” glha |
kdeZ~h\yh€kl2gh\blv 1 kf gf na ijhfe gh€ dhfihgglb
klZgh\blv 1 kf gf & - ih\eevgh€ dhfihg glb Rf(576
gf LZdbf gbghf fb afh]eb jhajZom\Zlb jeagbpx Klht
dhfihg _glzfb 0 * fe'kfihfihg _glZfb,222Z 0 Tokffe
dhfihg_ glZfds22
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(a) Qnm (b) Qnm
560 580 600 620 560 580 600 620 640
17570 I I " 17500 17360 ' '
17615 17550 0 17615 17435 1——0Ons
m L 1——0ps wir 2——165ns
(4 2.—— 300 ps % i- 2-28 22
ﬁ PP oodie N 5—— 9.90 ns
4~———900 ps . .
- 6.——14.85ns
E 1/l s 5. 1200 ps =
Y— Y
= \%\ =
O] o O
‘ Q
0 1 i i 1 i 1 1 0 1 1 1 1 1 1 1 1
I . :
AF - 77K : 0 - 1200 ps /AF - 77K : 0 - 14.85 ns
T T T
6. TRES(Ops) - TRES(300ps) x 0.71 7.—— TRES(1.65ns) - TRES(9.90ns) x 0.62
0,5 (563 nm) A (568 nm) e-1.55/3.5: 0.62
o 17750 - r\b~dZ ki_dljZevgz o 17600
o dhfihg 12} - ijhfe"gZ k_j_"ge qZk
| | ki_dljZzevgzZ dhfihg_
— . — -
| |
c 6 c
o o
A 00 . . . . AN [ B T N
18000 17500 17000 16500 16000 18000 17500 17000 16500 16000 15500
-1 -1
Qcm Qcm

Jble.l. Ghjfh\Zgbc A& (&llj "ey \h~gh]h jhagbgm $)}3pb D
1200ik D 1z = Egk>bn_j gpeZevge 75(6 \eMih\epZbMAV 1
ijhfe ' gec Xi_dljZevgbf dhfihg_ olBf [Z[e
Z R\b"rdZ dhfihg_glZ djb\z hljbfZgZ reyohf \enrgef
aZljbfdb djb\z ki_dljm azZljbfdb SV djb\z ; ghjf

Ney, 932 | ZB[B)bpy
[ ljhfe'gZ ki_dljZevgZ kdeZ~Ah\Z djb\Z  hljbfzZgZ re
Ki_dljm a azljbfdhx gk djb\Z ki _dIjm +a azljbfdl

:gZe*a 75(6 ey $) a 6'6 kijhsm}lvky azZz\"ydb gZy\ght
gZke\ “blly ¢« Am  _ecgfigleebdr\brdbflhy 2Z ih\eevghfb 2
ki_dljZevgbfb dhfihg_glZfb & rAabgdlg ki_dljZevgh€ kde
2=200600ik klZgh\blv * kfgf Ih”e yd ih\eevgbc ki_d
2= 2080 gk fz} id ijb  kf gf Keer aZagZqgblb
ihl\eevgh€ dhfihg_glb ijZdlbggh g_ afegm}lvagbay aflem
Klhdkz 0@ T %@Z gZ "h~"Zgm 4k28B]dk} shx2' azZ ihjy~dh
\_ebgbgb 64[e 1Zdh™ is”I\_jA"m} gZr_ kie\\er"g_k gy |
ki_dljZevghf€éhg_oghtbhfihable $) ea 6'6 1Z iphfkigd€Z&vgh:
dhfihg_glb \ gbklhfm $) h~ghfm ¢ Ihfm ~ reyom jf_ ezZdl
ZgZeea 75(6 "ey gbavdhl_fi_jZImjgbo \bfejx\Zgv ~hi
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aZlmoZggy nemhj_kp_gp-£€ sh ihdZaZeb I|jb jzZ"*Zp
alm”~" _gbo klZge\ m \bkhdhiheyjghfm \h~"ghfm k_j_ "h\k
g _iheyjgec h[hehgpe fep_e 6'6

:gZe*a qZke\ “blly |1z 76 (a&lj»&y fhe_dmeb $) ~h:
aZijhihgm\zZlb azZ]Zevgm 7"eZ]jZfm | _eZdkZpecgbo rey
ljhihgh\ZgZ g _j]l_lIbqggzZz 7eZ]jZfZ g_ \*"h[jZ Z} mkeo |
fhe dmee Ze ~"Z} \k _[°qgbc h]ey”™ nexhj_kp_glgbo
peZgegh\bo [Zj\gb8Zo Itkky ih]JebgZggy k\eleZ a “hklZl
g _jl*}x "m°_ r\b”rdZ kmJ[iedhk_dmg”~gZ dheb\ZevgzZ
gZcgb ghlh g_je\gh\Z gh]h )& a[m" _gh]hrklZmgodldjgd_
djb\Z y\ey} khfhke?? \ieb\hf azZfhjh® _gh€ khev\ZIgh€ h]
gbavdec | _fi_jZImje gZijbdeZ” "¢ ®ZjZHIZlgar@d} o~ Z
itheef Ibgh\m kljmdImjm fhe _dmeb M ki_dljZo 75(6€i_j_
a % fZ} iheh® _ggy dhjhldho\bevh\h]h iedm [1Z qZk “bl
r\b~rdec dhfihg ; 30680 Ps).

V=30 - 600 ik
& =563 gf

max

W=1.5-3.0 gk
& =568 gf

W ey

E
‘/0 W= 3.5-10 gk

Q. =576 gf

Jble.2 ?g_jl _lbqgZ "eZ]jZfZ j_eZdkZpecgbo reyoe\ ne
a[m~" _gbo klZge\ aBragbdh\zbc RIZgg je\gh\Z gbc )&
a[m~" _gbc RiZga[m”  _gbc kbf ljbggbc klZgt¥b\-Z]b
alm~" _ge klZgb a ihjmr_ghx kbf_Ilje}x iheef-Z2&gh\h§gllZ€’

ihee}gh\h€ ijbjh~b \e~ih\e~rgh
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Hdjef nemhj _kp _gp+€ a g _je\ghtZ ag lylhc khZlgimb 2 qZ k|
“blly a[m”~" _gZ fhe_dmez $) j_ezZzdkm} "~h gZcgb
a[m”’ _gh]lh klZ@gme® Zevghx iheef Ibgh\hx kljn6®)mjhx
Nemhj kp_gpeyn‘ae ghlh kiZam ¢ jl*kx"t _ gmleb\Z -
itheyjghkle jhaqbggbdZ M g _iheyjghfm k_j ~h\bse [Z
h[hehgdhx fep e 6'6 j_eZdkZpey a pvh]lh klZgm \sA[m\Z
gl _j\Ze3 gk Djef Ih]l]h p_c i_j o™ o0oZjZdl _jbam}lvky
ki_dljZevgbc dhfihg_gl sh fZ} fZdkbfmf [ebavdh g_ gf
afegx}lvky ijbtamedbfejZzo 75(6 Djef Ihl]h py kfm]Z oZjZc
75(6 g_aZe_"gh \*~ iheyjghkle k_j_~h\bsZz

M \bkhdhiheyjghfm jhbafibgfgbodpd \h*"Z \eA[m\Z}Ivky i
Kbf lje€ o hl>_  a[m” _gZ fhe_dmezZ $) ea " _ Ze\
kljmdImjhx j_eZdkm} ~h klZge\ sh oZjZdl_jbamxlv g_
azZjy™m \a“h\" iheef Ibgh\h]Bpwe ZgHps] Z bk6.2 M \bizAdm
ehdZeecaZpe€ azZjy m m f_"Zo iheesf _Ibgh\h]h eZgpx]
itheef _Ibgh\m Kkbkl_frnkEpyklZm fZdkbfZevg_ q_jlm\Zgg)
\er[m\Z}Ivky \ iheef Ibgh\hfm eZgpxam dZjZdh"itbamXxIyl
gZkhf nemhj_kplgpiqj@f ghi _dljZevghx dhfihg_glhx jb
Keer aZagZqblbeyshh2yjgh]lh k_j ~h\bsZ \h*b dREOK}Iv
|1Z[6.1 sh ljhob r\b”r_ g “ey g iheypghVb (@ Kkitg,dljb
sh ihdZam} q_j\hgbc akm\ fZdkbfmfm 7,5 (AZaes adge-&\v 70
\eN g Whykgx}lvky jeaghfzZgelgbfb g _kbf Ijbggbfb jhaih
ma”“h\" iheef Ibgh\h]h eZgpx]Z Ih”e[gbc g _kbf Ijbggbc
| _hj_lbqggh i_j_"[Zqg_gbc jZger gZigbjljkbReyfegZevge ]jmi
a h~rgbfp dgljhf Zfegh]jm).ZM 1fhe_ _dmee $) sh fekliblv |
| _jfegZevge ]jmib a jhal]Zem _ghx kijy _ghx Kkbkl_
AhnrZldh\be a[m”~” _gbc klZg dheb aZ]Zevgbc ihablb)
jhalZrh\zgbc \k_j _~bge h”gh]lh a | _jfegZevgbo <g”hev
gbghf fhe_dmez $) IljZgknhjfm}lvky a iheef_Ibgh\
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kbf ljbggbf jhaih”reehf &AZjyZfh g _+* Zevghx iheef ||
kljmdImjhx a keZ[dhkbf_Iljbggbf jhakhfieemf gaZjlyfrnjbqgg
fhe dmem a ehdZeecaZpe}x aZjy™m gZ h*ghfm a ZIlhfe\
(Epn Q_j_a ehdZeeaZpex ihablb\gh]h aZjy®m gZ Zlhfe
\eA[m\Z}Ivky 1 _j o™ \e”N jheef Ibgm ~h fhe _dmeyjgh€
Zdp _ilhjgh]lh ihee}gm a ~h\]bf nemhj_kp_glgbZjddkhjfgblh
"ey qgbklhl]h $) ebr_ m \h~rghfm Kk_j_"h\bse LZdbf1
j_ eZdkZpecgbo reyoe\ a jeagbfb dhfihg _glzZfb "blly aZe
hlhgmxgh]h k_j “h\bsZ
X <eevge fhe _dmeyjge h[_jlZggy \bgbdZxlv ijb defgZlg
yd p_ g_fh eb\h ijb gbavdec |_fi_jZImje 1Z \ "hjkldse
Mpvhfm \biz~dm fb \\Z2"Z}fh sh ijb \eAghkgh gbavdb
[Z] }jZo ijb defgZlgec |_fi_jZImje kihkl_je]Z}Ivk
kbf IjbgqgZ dhfihg _glZ nemhj_kp_gp+€ $) €€ qZk |
A h ikazZze_ "gh \e” k j ~h\bsZ sh hlhgm} fhe_dmer
"h~rge g _kbf Ijbgge dhfihg _glb g_ ih\bgge afyleylb
gbavdbc dhgnhjfZpecgbc [ZjT}) gZ\dheh ikh~h\"
\m]e _p_\h]h a\fyadm \ eZgpxae [|Zdbf qgbghf \hq
i _j_I\hjx\ZIbkyambijhfegx\Zevge nhjfb
X Ijb gbavdec | _fi_jZImje dhgnhjfZpecge i_j _I\hj_ggy
fhe _dmeZ [Zj\gbdZ m a[m”~"  _ghfm klZge aZebrz}lvk:
a“zZlgZ _n_dlb\gh \bijhfegx\ZIb k\eleh aZ mqgZzZkl;
reyoelh[lh ijhy\ley} k [_ m jeagbo nemhj_kp_gpecghb
"blly >eckgh ijb gbavdec | _fi_jZImje fb KkihkIl _je]
d\Zglh\h]h \boh”m nemhj_kp _gp°*€ g_j\hgbc akr
AhrZldh\e ihleevge dhfihg_glb nemhj_kp_gp*¥5+a qZ
3,0gke3235+£10gk ihje\gygh a \bfejZfb ijb defgZlgec |_
jbk6.l 1z[é&1 Yd gZkee~hd ~_I|IZevgh]lh ZgZeeam 7F
alm~" _ghfm klzZge ekgm} g_ ~\e nhjfb Z Ijb jhajeag
gzZkzfb “blly 1Z ki_dljZzevgbfb ijhy\Zfb sh o0z
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nemhj_kp_glgm j_eZdkZpex LZdbf qbghf 1ihje\gye\
d\Zglhohfeqg fh" _ex\Zggy ihdZamxlv sh \ a[m”" ¢
ljb dhfihg_glb m \hAghfm jhagbge ijb gbavdec | _fi_j
ljb reyob jZ"eZpecgh€ | eZdkZpe+€ <ke |ljb nhjfb h?*
g_kbf _ljbgge \e?jeagyxlvky h~rgZ \eN hArgh€ aZ jZor
fhe _dmeyjgh€ ] _hf _lje€ |Z jhaih?eem aZjy”e\
hkh[eb\hkle e dljhggh€ kljmdImjb pbo Ijvho fh"
ij_"klz\e g 1Z gb ' g_ gzZ\_~ gh [eevr ~ IZevgb
dhfihg_glZ reyom \dexqZxgobfed\g glfihVh ex\Zggy

T L Kbf_IjbggZ nhjfZz KmfZjgbc ihablb\gbc azjy”
]heh\gbf gbghf gZ iheef Ibgh\hfm eZgpxae \eg
gZkldh\h]h qg_jlm\Zggy ihablb\gbo <« g _]JZIlb\gbo =&
ZlhfZo \m]e_ _px >bihevge fhf_glb\eRigdgedh gbavd
kKijyfh\Zge i_ji_g”bdmeyjgh ojhfhnhjm H[b"\e & ki
aZebrdb “hghje\ gq_j_a h”bghggm _e_dljhggm iZj
>h\"bgb a\fyade\ aje\gxxdglygglf g jJjm\Zggyf ch]h
\er p_gljm eZgpx]ZEbhijlhxhgm}fh gZa\Zlb px nhj
kbf_ljbggbc iheef_Ibgh\bc klAZ k R\blNghl&0600gc -
dhjhldho\bevh\Z dhfihg_glZ 75(6 \e?ih\e"ZxIv pvhfm
f ¢ g kbf IjbggZ nhjfZz AZ]Zevgbc ihablb\g
N ehdZeeamhplkgli\ghfm gZ itheef Ibgh\hfm eZgpxa-
azZjy™m g _kbf ljbggbc 1Zd sh ~bihevge fhifhgolkh |
afes _ge ¢ ljhob [eevre ge m Kkbf Ijbggec nhjfe
aZebrZxlvky \bjelgylgbhibgm}lvkgZab\Zlb p X nhijf
g _kbf Ijbggbf iheef Ibgh\bf klZghf [Ijhfe'gZ Lib\Zee-
15+ gk ¢ k_j_"gec q_j\hgbc akm\ iede\ nemhj_kp
\bs _a]Z”Zgh€ nhjfb

t LLL g _kbf_ IjbggZ nhjfz lhablb\gbc aZjy™ eh
hr"gh€ a L= p_ oefeqgh ij_"~klZ\e_gh nhjfmehx a a
Zahlm HI _ px ihablb\gh azZjy® gm L= ke jha]e)
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\erfegm \e” egrh€ L= a h”"bghgghx _e_dljhgghx iZjh
kee” jhaley”Zlb yd "~hghj Q_jlm\Zggy ~h\ 'bgb ¢
g_jlm\zZggy } ijzZdlbggh j_]meyjghx \a”h\" \kvh]h
eZgpx]Z Sh klhkm}lvky “~bihevgh]h fhf_glm klZgm
a[*]Z}Ivky a \ekkx eZgpx]Z drhibhgim}pwkyhjfm -~hgh
Zdp _ilhjgbf ihee}gh\bf kliZghf OZjzdl_jgbfb jbkZft
ihl\eevgbc gZk :bBYx2 gk |1Z iedb 75(6 a kbevghbf ¢
akmf\h
;eevr_ |lhlh fb fzZ}fh klZg-Zadphidhjghfb \ezZklb\hklyfl
ZgZeh] f_jhpezZgege\ 1Z \bijhfegx\Zggy 4al0qggkhih™eblyy
g_kbf Iljbggbc iheef _Ibgh\bc klZg \e?ih\enrZ} ijhfe gbf gqZ
15 £3,0 gk Fb ohleeb [ i*r"dj_keblb -Ztp hidhgdlt ihee}gh
klZzg } gZ”~a\bgZcgh gmleb\bc ~h iheyjghkle jhaqbggl
fep_eZo &% Z[h 6'6 g_ fZxlv dhfihg_glb \_ebéhA]h sghZkn
ithykgx}lvky agZqggh gb ghx iheyjgeklx ehdZevgh]h k_j.
ihje\gyga \bkhdhiheyjgbf \h~gbf k_j ~h\bs_f M f_gr
K _j_~h\bse fep e &% Z[h 6'6 Zlhfb Zahlm g_ [_jmlv
azZjy™e\ ijb a[m”"  _gge iheef Ibgh\h]h eZgpx]Z Z nh
Zdp _ilhjgh]lh ihee}gh\h]h klZgm gZ\jy® gb fh eb\h

CHMETPHUHA HecHumeTpuuHa HecumeTpHuHA
dhopma noniMmeTHHoBE3 nonicHosa
thopma thopmMa
& ] &y 4 4 d £ d & i &
" - i 4 A ] . 1 3 y o - i Fan r
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30 - 800 ps 1,5 -3 ns 3,5-10ns

Jbl6.3.GZy\geklv Ijvho j_eZdkZpecgbo reyoe\ *ey Kkl
itheef _Ibgh\bo [Zj\gbde\ m a[mlI’Z qggkim blZygypbo klZg-
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Lzdbf gbghf \bdhgZge nhlhggoefld gd\2Z\dglkhev” ggy ihd.
gZy\geklv Iljvho j_ eZdkZpecgbo reyoe\ 7~ey kbf Iljbqg
[Zj\gbde\ m a[m”"  _ghfm klZge h~gh]h kbf ljbggh]h re
kbf lje€ ~ey e dljhggh€ kljmdImjb 1Z ~\ho g_kbfbljbqg
ithjmr_ggyfb kbf lje€ | jrbc g _kbf _Ijbggbc f_oZg-af
iheef Ibgh\h]h klZzgm “Zh Mimdbggkp ilhjgh]h ihee}gh\h]h
<ke Ijb dhfihg_glb _dki_jbf_glZevgh \by\leyxlvky
gZkhjha~ee _gh€ nemhj_kp_glgh€ ki_dljhkdhi*€ ijb gb
itheyjghfm k_j ~h\bse Nemhj kp_qglge reyob \e*jexgyxl
"blly 1Z ki_dljZzevghx nhjfhx fzZdkbfmfb kfm] Z IZdh" k
"hjkldhkle 1Z iheyjghkle gzZ\dhebrgvh]h k_j ~“h\bszZ >t
Iml  ~ZxIv kmll}\h ih]eb[e_g_ nmg~Zf_glZevg_ jham
e _dljhggbo j_ eZdkZpec ~_ ijbkmlgec \bkhdbc _n_dI
itheyjghkle fZljbpe 1kgm} agZqgZ ihlj_[Z m ih\gbfon |l
j_eZdkZpec IZdbo fhe _dmeyjgbo kbkl f m jeagbo k_j_ A~F
ijh*h\"m\ZIb pe "hkee” ggy AZ]Zehf hljbfZge j_ame
\Z eb\e agZggy "“ey fZc[mlgvh]lh ijh_dim\Zggy gh\ba nt
ihl _gpecgbf azZklhkm\Zggyf m \b]Jey”e gZ~r\b~dbo
fhe _dmeyjgbo k_gkhje\ ahdj _fZ ah[jZ  _gv nemhj_kp_gd
ljb\Zehkle “blly )/,0 hilh_e_dljhggbo i_j _fbdzZqge\
dhfihable\ fhe _dmeyjgbo jhlhje\ Ihsh

1ZjZ]jZ6B.2.1hjmr_ggy ijZ\beZ @Abssbo a[m”~" _gbo-klZg
iejbehpeZgege\

;mehhkee”" gh Kki_dljZevge \eZklb\hklthkefe€bgH\blo¢
[Zj\gbde\ sh feklylv kijy ' _gbc eZgpgh jl“dgjb&«}hd bdegp_
]Jimib Djef Ihlh _dki_jbf_glZevgh \Byde_gth\Kkidpdgh
nemhj kp_gpex a gZcgb gh]lh a[hZ ngmhyj_kpZgmex a \
alm”~" _gbo klzZzge\ KlZpehgZjgZ kim]gZZagmigjh]llhp agmeE a
klZzgm afesm}lvky [Zlhojhfgh a ih"h\" _gg¥fOpkézZf_dbglit\dh
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\erh[jZ Z}Ivky gZ afes_gge ihlebgZggyglhWgefeggbfa
fhr _ex\Zggyf ihy\Z g |ljZ*"bpecgh€ hepbhgegmlgipZ€beghd D
ih\ffyaZzgZ a jeaghx ijbjh™~hx gZcgb gblo a[mbc¢c_lgbqg KN glk
i_j_oh”b } Ibih\bfb iheef_Ibgh\bfb _e_dFhbygbhbklhknotl4 |
ebr_ih\geklx » ehdZeecah\Zgbo fhe cdnFdyjgborhpdIZem]b
lj _lec i_j_oh”b \erih\e~rZxlv kljb[dZf \bg¢hdljlydad &H
ehdZeeah\Zgbo ebr_\ f_"Zo degp_\OY0YZijehdZav @ ZgH -
d\ZasehdZevge i_j_oh”b AZ[hjhg nga igjbfohkbzZgZfla[jea
Ibie\ klbfmexxlv nemhj_kp_gpex a \b&lge\a[m”~~ _gbo ki
AZ]lZevgh\erhfh sh exfeg kp_gpey kijy _gbo fhe dr
a gZcgb ' gh]l]h a[m”~  _gh]h KklZgm maZlZevg_ggy |
knhjfmevh\Zgh yd ijZ\dbedo@ ZH"*"gZd ~_yde ki_dljZevge "
ihdZaZeb sh a pvh]h ijZz\bezZ } \bgyldb Ihfm ~_yde hj]
\bijhfegx\Zggy a \bsbo a[m”~  _gbo klZge\ "b\97@ ZliZzbd
ihkbeZggy \ gvhfm LZd_ ZghfZevg_ \bijhfegx\Zggy ij
| hj Ibggbc 1Z _dki_jbf _glZevgbc <gl_j k ; _amfh\gh
aYf'yahd fe  \bijhfegx\Zggyf a \bsbo _e dljhggbo a[m
f oZgeafZfb \gmljergvhfhe _dmeyjgbo ijhp_ke\ e dljhgg
came_ge* |lehgb [Z iej_gb } gZc[eevr \eAhfbfb Ibth\bf
fh mlv ijhy\eylb ZghfZevgm exfeg _kp_gpex a \bsbo a[m
ekgmxlv egre f gr \e~"hfe fhe dmeb yde 2~ fhgk
\bijhfegx\Zggy kbkl _fZlbggbc ZgZeesa [m\ rbjhdh jha]e\
K j_ "~ fhe _dme a |IZdhx g _I|jZ"bpecgh4&iepfegpkpggpb}klz
ijb\Z[eb\bfb ~ey ki _dljZevgbo “hke*”*  gv \dexqZ.
iheef_Ibgh\e [Zj\gbdb shefjblelyllv. y*jh yd degp_102]jmib
lhi_j _~ge Kki_dljZevge I|Zosd¥gdgbh\hhkee”" ggy \klZgh\l
ki_pbneqgge ehdZevge hj[elZee ekgmxlv m iheef_bBblgh\b
degp_\bfb ]JjmiZfb Djef Ih]h ekgmxlv "\Z jeagbjo ¢litr\ e
Ibi iheef_Ibgh\h]h i_j_oh”m vydbc \dexqZzZ} ebr_ ih\g
FH d\ZaeehdZevgbc Ibi i_j_oh™”m sh \dexqZ} h*gm *

137



|1Z h”"gm ehdZevgm FH > @ Hkdeevdb i_j o™ f
d\ZacehdZevghx FH mljm~g_gbc thy\Zz g _|jZ"bpecg!
i_j_oh”m \ ki_dljZzo fh _ ijb\_klb ~h ihjmr_ggy ijZ\be
j_amevlZle \bgbdZ} exfeg _kp _gpey a \bsh]h a[m”~"_gh]h

M pvhfm iZjZ]jZne ij_~klZ\e _ge* j_amevlZlb "hkee""
alm”" _gbo klZgejbehpeZgegZo \dexqgZxqgb ki_dljZevge \
d\Zglhohfeqge jhajZomgdb

1-2 3
Ln=1Zin=2

JbK.4. Osfeqge kljmdimjb "hkes”""m\Z@bo [Zj\gbds\ +

20 -
D, sign.0f.
-

390

05

[--)&3""“ .—/L;.n.kl.l.l+l
I

3 350 &I &5C BCO O SED RO ESO TOD TSI R0 KRN 0O RSO

A, nm

Jbl65 Ki_dljb ihlJebgZbhybMbifh]h ~eA\iZad@Zq_ggy
fZdkbfmfe\ ih]JebgZggy [Zj\gbde\ + \=ZplOfhgeljbes

Ki_dljb ihlJebgZggy [Zj\gbde\ £ \ Zp |hgeljl6&s ihd.:
GZ Jbk Kkihkl _je]Z}Ivky egthyKbogae viffZ] i \b~ bfec 1Z
[eb gec egnjZq_j\hgec h[eZklyo ki_dljZ Jharbj_ggy Kk
reyohf \\_~ ggy gh\bo \egee _gh\bo ]Jjmi sh ih"h\"'m} kij
2 + kmijh\h*"m}lvky j ]meyjgbf afes _ggyf fZdkbfmfm
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A“h\rbo o\bev >h”Zldh\bc ihfelgbc ied gZ dhmlidho
ki_dljZevgh€ kfm]b \e~ih\e”"Z} dheb\Zevghém } _ljbidADdMm
"ey iheef Ibgh\bo peZgegh\bo [Zj\gbde\ > jhde @
g_kljmdImjh\zZge ki_dljZevge kfm]b \ dhjhldho\beah\ec
i _j_oh~Zfb a \bsbo _e _dljhggbo a[m”~" _gbo klZg-\

DZjlb exfeg_ _kp_gpPEE dZyb\keo Ijvho kihemd ij_ "kl
Jbk a “h\"'bgzZfb o\bevka[m” gg¥y I|h”e yd ki_dl
klZpehgZjgh€ exfeg kp_gpe€ kihemdb hljbfZg27G,eyol

gf ihdZaZgé6.®@Z Jbk

Jbl6.6.DZJIBLE [Zj\gbd+&®),2(b 1Zc \bfejyge \ Zp_lhge-lj
ijb dhgp _gljZp)yB@uo® (1), 3,7u0® (2), 3,3u0® (3).
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A h[ho jbkmgde\ geldh \b*"gh sh \bfejyge ki_dljBh ex
hr"ghagZggh azZe_ "Zlv \«» "h\'bgb o\bee a[m”" _&Hy Y
alm”" _ggy ih[ebam h[eZkle ih]JebgZggy kmijh\h" m
nemhj kp_gpe}x a gZcgb gh]h a[m”  _gh]h klZgm
nemhj_kp _gpe*€ j _|]meyjgh afesm}lvky \ “h\]ho\bewvAYm
\bsbo ]Jhfheh]e\ [Zj\gb[&Zj\gbH [Zj\gbd FZdkbfm:
nemhj_kp _gpe*€ \e?ih\erZxlv fZdkbfmfZf6ih]ebgZggy gZ .

1.0

IHTEHCHBHICTE
| hnyopecueHuyil,
BifH.o0,

0.6 - !

300 350 400 450 SO0 550 800 B850 YOO 0 TFRO  BOO

A, M
Jble. Ki_dljb nemhj_kp_gpe€Zipihldmgdighes *° ayN
gf gf | Z gf ledb gf gZ djb\ec |

djb\ec ihykgxxlvky jhakeygbf k\elehf a[m”~"_gg

AZ]lZevgh\erhfh sh ~h\]l]ho\bevh\Z nemhj_kp_gr
iheef _Ibgh\bo [Zj\gbdZo \e*ih\e*"Z} ijZ\bem DZre :e_ \
pedZ\bc ijbdez” kihkl_je]Zxlvky jeage kfm]b nemhj_kp_
aZk_e _gge \bsbo a[m”~"> _gbo klZgke) a[m”  _ggly ijbgf

LZdbf qbghf 6.6k Jb&7 ihdZamxlv sh exfeg_kp_gp
ljvho kihemd + \ dhjhldho\bevh\ec h[eZkle a \bsh]rt
ih\bggz [mlb ih\fyaZzgZ a \bsbfb a[m” _gbfb _e_dljh¢
IjbimkdZ}fh sh pe y\bsZ ih\fYyaZge ae< Kki_pbneqghb
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afm”~" _gbo klZge\ m iheesf _Ibgh\bo [Zj\gbdZo sh f}kdylv
degp_\e ]jmib

>ey ijZ\bevgh€ e<gl_jij IZp*€ ijbjh~"b gZcgb qBEo i_
ithy\b g _I|jZ*"bpecgh€ exfeg_ kp_gp-£€ [meh -oifh\gde g
jhajZzomgdb fhe _dmeyjgbo je\ge\ 1Z e dljhgmo\Zdgpoo
fhe _dmeZo [Zj\gbdZ ;meh afh”®_evh\Zgh ]jZgbggm 1Z
[ jmlv mgZklv m gZcgb gbo _e _dljhggbo i_j oh”Zo

;meh ihdZaZgh sh \ fhe _dmeZo [Zj\gbdZ <kgmxlv
FH

a. lh\geklx ~_ehdZeeah\Zge\hgpeldE\hjxxlvky a F
ihgzZldh\h]h ] | jhpbdeeggh]lh njzZ]f _glZ- yde
fh"b gZ ZIlhfe \m]Je_px a\fyaZghfm ae Kijy"
gZijbdelZ/MO, LUMO +1, HOMQO,

b. EhdZe¥#dlet\hgb \bgbdZxlv a FH h[ho | _jfegZe
yde fZXAWHTh"m gZ Zlhfe \m]Je _px gZ kijy ,«ghfr
lhfm pg=H g_ fh mlv [jZIb mgzZklv m ih\ghfm
fhe_dni&p\gbdz gzijb@R@2, HOMO-2.

'gZe+a ihdZazZ\ sh h[b™"HIhXgkdge" ehdZeeah\Zge-
mke}€ kijy _gh€ kbkl_ fHOM@ZA\IiZIHOMO-2 jhalZrh\Zge ebr_
f "Zo degp -0 ggbo i*jbeb}\bo dee pv m \keo [Zj\gbd
_e _dljhggbc i_j o™ } ~ ehdZeeah\Zgbf Z[h iheef _Ibgh

g_I\_jlbc i_j _ehf{fbj\gbdZo | Z kee” jhaley™ZIlb vy
itheef Ibgh\bc i _j\begaAad ggyf gZklmigZ gZcgb qzZ \zZd
ehdZevghx FH <h”ghgZk m [Zj\gbdm a gZc™h\rbf e
lj _lec i_j _oh”~b " ehdZeeah\Zg-

| j_oh”b sh ihgbgZxlvkdgh& pPhmZasehdZevdHOMDi[lZe
Z [ hHOMO- keer jhaley”ZIlb yd d\ZaeehdZevge i_j_«
jhajZomgde\ \bagZqgZxlv |Zdbc o0Zjzdl_j ~ey ~“jm]h]h [|Z
"\ho [Zj\gbdZo a dhjhldbf ezZgpx]hf Z lzdh" q_|

Il _j_oh”e\ m [Zj\gbdm a gZc™h\rbf Kkijy _gbf el ckeethf
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jhaley”ZIlb yd d\ZacehdZevges i_j_oh”b ae kmll}\bf i_j_
iheef Ibgh\e [Z d\ZaeehdZevge i_j_oh”b kmll}\h \e~”
i _j_oh~b fh mlv [mlb ih\eevgerbfb KzZf_ \aZ}fg_
iheef Ibgh\bo |Z d\ZasehdZevgbo a[m” _g'Whoik]jige\ggpb
1jZ\beZ DZrZ

AZlZevgZ ko _fZ exfeg_ _kp_gp3€ \ [Zj\ghdZo =

L i_j jhaleyg_fh aZ]Zevgm ko_fmi_j ehd¢+\hggdio
kKihkl _je]Zxlvkyh]mbgZgge |Z exfeg kp _gp-€ I _j_oh”"l
je\gh\Z gbo ]_hf_ljeyo fhe_d&e¢zZ hkgBUkihdegbc _gbc klzZ
S).

Sy 3y — ", )
Sy S TET M
S e e -
3 L]
; M. : _
Excitption  Fluorescence Excithtion  Flubprescence

Jb.k Ko fz e _dljhggbo klZge\ IZ i _j _oh”e\ if
nemhj_kp _gpe}x m [Zj\gbeZp+€ ihdZamxlv d\ZasehdZe

Fh gz ih[Zgblb sh "~\Z d\ZasehdZevge klZgb aZl|
N ehdZeeah\Zgbfb a[m” gRhfbzKlZmzZfdj\gbdZo I h”
dZjlbgzZ hljbfZgZ a jhajZomgde\ ~ey [Zj\gbdZ afmn"_
h"bg aZ hSgdelog 2 Sydelog 2 S (delog 2 Syloc) 2 S(loc HI®
alm”~"_ggy nhlhghf ~hklZlgvh gbavdh€k gkijjt{€bgdaoggy _
ijb\h”~blv ~h a\bgqZcgh€ | eZdlE{Pp+€ nmMZkbZgh al\bqZz
nemhj _kp_gpe€ JBk\kef egrbc ijhp_k kihkl _je]Z}Ivky ijk
~0_jl*}x ydZ \bszZ azZz _g_jl*€ d\Za-é&hadZevglogyi ghdB e
Ilh[ltk-a[m”" _ggy gf m gZrbo \bfejx\Zggyo L'DHAbfII
gbghf ih\bggZ ijhy\eylbky ebr_ nemhj_kp_gpey a \bsh

sh kihkl_je]Z}Ivky _dki_jbf _glZevgh
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LZdbf qbghf _dki_jbf_glZevgh \by\e xgha némihg_ k
alm”~" _gbo klZge\ m \egeehighetrpkZge=€-\ A\bgZcgZ
nemhj kp_gpe€ a gZcgb gh]lh a[m”  _gkyh [ XlIZgjifgdfes
ih~"h\" _ggyf iheef _Ibgh\h]h ojhfhnhjZafqs* ghgydk gh] esdrgZ g
Ale"gh a d‘+ogfhdqlgbf fhr _ex\Zggyf ihy\Z g _a\bgZ<c® hgdize
ijb]Jgeqgm} ijZ\beh DZre ih\fyaZgZ a gZagbxgbbjafmx
klZge\ i_jrbc 1Z q_I\_jlbc i_j _oh”b dljhgdgblilbbi je oh"Z1
iheef _Ibgh\h]h Ibim \ ydbo azZ”eygeedlirZethbdivkix"¢ yd
Ajmlbc 1Z Ij_lec i_j_oh”b \eMih\erZxNhigljb[adZbjhéFHgbo
jhalZrh\Zgbo ebr_\ f "Zo | _jfegZevdbe d\da-dhdZe\vg-
hl> d\ZasehdZevge i_j oh”b AZPhjlad b i jg loftb" sK | Z g 2
jeagbo Ibie\ klbfmex} kihkl_j "m\Zgm hkesbloj &[mYpexb:
KlZge\

1ZjZ]jZn <ieb\ | _jfegZevgh€ ]jmib gz |-6iZ¢ZImgpyh
j_eZdkZpex a[m”" _gh]h klZgm \ dZl«hggbo [Zj\gbdZo

DZlehgge hjl]Zgegqge [Zj\gbdb g_kmlv ihablb\gbha”raXjy”
fhe _dmeb <+ ehdZeeaZpey pvh]h azZjy*m kmll}\h \ieb\:
hilbgge \eZklb\hkle AZe_ "gh \+e” jeagbo nZdééyg\boadhijmear
iheyjghkle jhagbggbdz 1z | _fi_jZImjb m I|Zdbo [Zj\(
ihee}gh\Z iheef_Ibgh\zZz ZEhWp~highhpgh kljmdIimjz zZ j_
alm”~" _gh]lh klZgm "~ey I1Zdbo kbkl f g_~h degpy \b\g_«
| fi_jZImj AZ defgzZlgh€ | _fi_jZImjb ~hkee” " m\Zge |
g _aZe_gh \er Kkbf Ilje€ \ hkgh\ghfm KklZge- a™_[eev
a[m~" _ghfm klZg- AZ gbavdbo |_fi_jZImj klzZxlv h
ehdZeeazZpe€ aZjy*m sh ijba\h?blv *h ihjmr_ggy kbf_Ij
\'a[fm”~" _ghfm klZgZo M pvhfm iZj]ljZne hibkZgh ydad |_jf
dZlehggbo [Zj\gbde\ \ieb\Zxlv gZ j_eZdkZpex a[m” _gh
_dki_jbf_glZevge gbavdhl_fi_jZImjge qgZkhjhd*g&gge= Iai
d\Zglhohfeqgbfb jhajZomgdZfb Ozjzdl_jgZz _fekey
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Zglbklhdkh\hfm ~eZiZahge iheef _Ibgh\h€ kfm]b +

ihee}gh\e kljmdImjb sh nhjfmxlvky aZe_ "gh \enN | fi_ |
jhagbggbdZ 1Z aZjy*h~hghjgbo \eZklb\hkl_c | _jfbgZfevgl
lhlh m gbavdhl_fi_jZImjgec gZkhjha”ee _gh€ NE \b~"eey
ih\ yaZzgzZ a \gmljergvhfhe _dmeyjgbf i_j ghkhf azjly"m
g _je\ghfejgbc jhaih”ee aZ]Zevgh]h ihablb\gh]hm&yygmo'
njZ]f_glZo itheef Ibgh\bc eZgpx] 1Z | _jfegZevge ]jmi
g _]Zlb\gh]h azZjy”m gZ iheesf Ibgh\hfm eZgpxae FDb

j_ezZdkZpecgbo i_j _oh”e\ a[m”™ _gh]lh klZgm "ey
fhe _dmeyjgbo Kbkl f sh “ha\hey} | Z&dgpmikhjg-
oZjZdl_jbklibdb Py fh~_ev ijhihgm} pegge agZggy *
nmgdpehgZevgbo fZl_jeZee\ a gZeZrlh\Zgbfb \eZklb\hk
kbkl fi_j ~Zqge _g_j]*€ ~ey rimggh]h nhlhkbgl_ _am

Ki_dljhkdhiey a jha”eaZkayf} mgnhjfZlb\gbf ijZdlk
f IThAhf ~ey \b\q _ggy j_eZdkZp+<€ a[m” _ghl]h klZgm \
fhe _dmeZo > @ a hkh[eb\bf egl_j khf ~h Z%gibb\Z
iheef Ibgh\bo [Zj\gbde\ IF; > + @ A[m~defgy
ijb\h~blv "h €0 agZggbo ] _hf Iljbggbo afeg sh kmijh\
| _j_jhaih”eehf _e dljhggh€ ]Jmklbgb M dZle«hggbo IF;
jhalZzrh\Zgbc gZ "h”ghfm hdj_fhfm ZIhfe Z "N _ehdZz
dhe dlb\gee @Iljhggec kbkl _fe ] g _jmxgb kheelhggm o\b
\eMih\erAgm ] _hf _ljbggm Z[h Thiheh]eggm o\bex >
?dki_jbf_glZevgh |[Z-a@\fAghhhfmeh \klZgh\e _gh sh khe
klZxlv jmoeb\bfb \ IF; a ihje\gygh 7h\]bf iheef_Ibgh
jmoeb\eklv ijba\h”blv “h ihjmr_ggy kbf_lje€ sh ijba\h”k
A"h\]l]ho\bevh\h€ kfm]b \ ki _dlje ih]JebgZggy > @
I _j_"*"[Zqg_gh sh jmoeb\eklv I1Zdbo kheelhggbo o\bev ih\}
k\eleh\h]h a[m”~" _ggy Djef Ihl]h ] _hf_ljbggZ j_eZdkZp-
\eAIm\Z}Ivky kmll}\h ih\eevger_ ¢ Ihfm €€ fh ' gZ "hkes’
ki_dljhkdhi*€ a jha”eevghx a®Zlgeklx a qZkhf > @
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QZkhjhanee g ki_dljb \bijhfegx\Zggy 75(6 | F;
\ml]Je _p_\bf eZgpx]hf g_ \by\beb kmll}\bo afeg aZ @d-fgZz
yd aZ gbavdbo | _fi_jZIlmj m azZfhjh  _gbo jhagbgZo 75
aZe_ "gh \er | fi_jZImjb IZ iheyjghkle jhagbggbdZ \ aZfh

J ameviZhlkee”" gv sh klhkmxlvky |j eZdkZpe<€ a]
[Zj\gbdZ iejbehPyZg-bb&O9a ihdZaZeb afes _ggy Zlhfgbo =
| jfegZevgh€ Lmibjb a[m”  _gge Lml ihje\gyevgh ~hkes’
egrbc dZlehggbc [Zj\6Bd dbkfeklblv L= as aZlgekix \e”
e _dljhggm ]mklbgm \e~ gbo ZlhfZf iheef Ibgh\h]h
jhamfeggy \ieb\m hkh[eb\hkl ¢ L= gZ ihjmr_ggwW kbf
[Zj\gbdAwyC Jbk69a L= } nzZdlbgqgh ijh*h\" _ggyf iheef_
eZgpx]Z jhalZem  _gbc iheef _Ibgh\bc eZgprl@ *dH@gt Yoy
(BIC Jbkmghd \e~djblbc iheef Ibgh\bc eZgpx] h”gZdh
h[bM\Z L= feklylv \eZkg=_pbdgjhpgge &bkl _fb kijy g+ a '
iheef Ibgh\bf eZgpx]hf qgq_j_a Zahlh\fekge ]jmib LZd
[Zj\gbdb fZxlv Ibih\m ”"ey iheef_Ibgh\bo [Zj\gbdem KklIj
nhjfmehx

[TG+(CH), G", (1)
N (CH), 2 \e~djblbc iheef_Ibgh\bc eZgpx]

COoHa Ci1CH >
r I L . )
\J 1 s L | [I 1 l 3 . ] J l]
s /A‘“‘v’/ \\E,fh\\:/\\ F,;::’fy \;}"’/\\. 4 "'rl; “ ‘-ﬁ:i::#"\‘-:'f':f 5 ¢ rl
Pyc BIC

Jbl6.9.0feqgZ kijmdIimjZ “"hkee m\BGHBICZa\gbd-e\
gmf_jZp(xZlhfe\ \m]Je_px \ iheef_Ibgh\hfm eZgpx
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(b)
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O ¢gf O ¢f
Jb.k D E ' jbkmgdb 75(6 "ey Zp_lhgeljbevgbo jhag
Ijb . D 1z E . (; gf F G 75(6 ghjfZeesah
Ijb gf gZc[eevr gl _gkb\gZ kfm]zZ ijb ¢(; g
Zp _lhgeljbevgh]h jhagbgm % ,& ijb . F \ NkZaZahg
djhdhf ik djb\s £ 1Z G \ ~+ZiZahik avVdjhdhfs
ik djb\e =+ >bn_j gpeZevgbc 75(6 djb\Z hijbfm
\eAgefZggy djb\h€ W ik \en djb\he W i
GZ jbk ihdZaZglRES 2jéy jhagbgm [ZBIQbdZ

Zp_lhgeljbee >h\"'bgZ o\bee eZIREFZxa[m” gfghljZiey} \
ki_dljZzevgm hl[eZklv [ebavdm ~h _g j]*€ a[m”~ _ggy ¢
i_j_ohne\ + yd kbf_ Iljbggbo 1Zd « Zkbf |jbqgbdRES|f [Z
Ney [Zj\gBI€@Zijb defgZlgec | _fi_jZImjea jbtkdZam} sh nhj
ki_dlje\ fbllI}\h€ nhlhexfeg kp_gpe€ a isdhf ijb |
ijZdlbggh g_afegghx itjrQtaggko Gbavdhl_fi_jZKmjgZjlZz
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TRES[Zj\gbBIZ jbkb k\e~rgblv ijh r\b~rde afegb sh \eA[m\Z
a[m”~" _ggy "~h gk Hdjef fZdkbfmfm nPUhepbfeg Kkp @pe€
gZ gbavdhl_fi_jZImjiiRES aW\dy}Ivky g \_ebdz kfm]z a fZ
ijb gf ydh€ g fZ} TRESdildefgZligec | _fi_jZImje G
6.10cdihdZazZgh gbavdhl_fi_KJINMRES=ki_dljb ~ey [ZBIgbdZ
Zp_lhgeljbee GZcr\b/ reBiEfdgb[mMe&XXxIVvky \ "eZiZahge +
M ~bn_j _gpeZevghfm ki_dlje nhlhexfeg ckp_lgipk€Zghldin
reyohf \enrgefZggy djb\h€ ik \en djb\h€ ik \by
fZdkbfmfhf ijb gfty Ipth afegx}lvky \e~ Nh i |
6.10d gZc[eevr jeadZ afegZ nhlhexfeg kp _gpe*€ \eA[m\Z}
gf Gh\Z kfm]Z a iedhf ajffdbezZIgf \ ki_dlje nhlhexfeg

I j bty = 6000 ik QZk "blly nhlhexfeg kp_ gpk&€Z9dybdv}
[ebavdh Ik Kbz 1k ijbK.
Kfm]b \bijhfegx\Zggy \ ~eZiZahg- gf djZs_ \bjz

TRES ijb dhjhldbo gZkZo taZljlgfidl fh mlv [mlb ih\fyaZg-
_e _dljhggbfb i _j oh~Zfb o0ZjZdl _jgbfb 7ey fhe_dm
\m]Je_ _p_\h]h eZgpx]Z ihe*}ghBIC]lqZdbinbllyegybo kimKijb
klZgh\bdv 2 ik IZ 2 ik Dhfihg _glZ nhlhexfeg=RR7 gp-*
ik fh™_ [mlb ih\YfyazZzgZ a ijhp_kZfb j _eZdkZpe+€ \ kfma-
ik [m~_ \g_kdhf egl_gkb\gh€ kfm]b ijb gfe ydZ

kfm]hx gf

ljb Ijb\Zebo qZkZo azZljbfdb ! ak\eyjdkky gh\Z kfr
\bijhfegx\Zg\gyh\]lho\bevh\ec TRESZIK b gf ydm g_ fh°
ihykgblb \e[jhggbf i _j oh~hf 1gl _gkb\geklv pe}€BKGm]b
ihje\gygh a [Zj\Byodh$§h fh gZ ihykgblb a”rzZlgeklIx -i_j_¢
~e_dljhggm JmMlb@@ka blly pe}€ kinKl]klgtph\blv 2 ik
1Z 32 ik ~_ ih\eevgh a]JzZkzZxqZ nhlhgxffdg_kdmdp-:
ih\fyaagdhp_kzZfb j_ezZdkZp+€ \ kfma- gf Z ijhfe"gb

ik ihykgx}lvky \g_kdhf egl_gkb\gh€ kfm]b g
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i _j _djb\zZ}Ivky ae kfm]hx gf Kfm]b | Z ORESH[] |
jeagbfb gZkh\bfb azZljbfdzZ¢tl). jbk

LZdbf gbghf j_amevlZIlb dhf[egh\Dgbea g b\ Zgllh
ki_dljZevgbo "hkee”" gVPYy[Z]j¥Bbd@ M iheyjghfm jhaqgbgc
"hal\heyxlv gzZf ie~dj_keblb sh m a[m” _ghfm klzZge-
j_eZdkZpe£€

kbf Ijbggbc iheef Ibgh\Z j eZdkZpey reyo a \bje\
a\fyade\ sh ijb\h~blv "h nhlhexfeg_ _kp_gpe€ NEgfm "
NeBIC | ZPyC \e~rih\ergh iheyjhggZ fh”*_ev kbf_Ijbggh€ n
iheyjhg \_ebdh]lh jzZ"emkZ \k_j _“bge \m]e_p_\h]h
i _j_oh”blb \ g _kbf _Ijbggm nhjfm

g_kbf_Ijbggbc ihee}gh\ba+ regydqgbf g_jim\Zggyf
a\ffyade\ 1Z fh eb\eklx aZklhkm\Zggy dkblhggh€ fimt_e-
Ne ZiZ 6B@t gf "ByC |1Z + gf BEya \e*ghkgh dhjhld
gZkhf "blly g _kbf |IjbggZ nhjifAYyad AgbdZehdZesaZpe}x
hrghfmGdZ \m]Je _p_\h]h eZgpx]Z

"hghjgdp ilhjgb@-A reyo 4 eZdkZpey a[m” _gg
g _kbf ljbggecgghhec nhjfe q j a e _dljhggm T& kZbagim g
gZijyfdm “~bihevgh]h fhf_glm eZgpx]Z \eA i _Ji_g”
1ZjZe _evgh]h OZjzZdl _jgbc ~eZiZahg nhlhexfeg kpgfgp-
m [Zj\gBI€m

Gz\_~ gm \bs_fh” _ev fh gz ij_"klZ\blb m \b]e)
NeZljZfb jbk ea aZagZq_gbfb gZ gec ijhp\gEdZ j_
BIC. gx ij_"klZ\eyxlv a[m”" _ggy nhlhexfeg kp _gpe+€ \
ihlebgZggy | Z \eNih\e/Qge reyob nhlhexfeg kp_gp-
oM\ _jA"mxlvky gZy\geklx jeagbo fekecgbo dARHSg|lgle\ 1
gbavdbo |I_fi_jZImjZzo AZijhihgh\Zgz fh”_ev fh _ 0ZjZc
klzgb \ i_glZf _Ibgh\bo peZgegh\bo [Zj\gbdZo TIQ ghykg
ki_dljZzevge 1Z qZkh\e hkh[eb\hkle nemhj_ _kp_gp<*€ [Zdb
gZ”Z} gh\_ jhamfeggy kbf_Iljbgqgbo 1Z g_kbf_Ijbgghbo nh
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[91] eaZdp_gldhZ Ihfm yd | _jfegZevge ]jmib L= \ieb\Zxlv
pvhlh dZlehgZ IZgdhZhi&yhemhj_kp_gpe€ \ *h\]ho\bevh\hf
1Q ~"eZiZahge M fZc[mlgvhfm g _h[oe*gh \b\qZIb ¢eevr
L= dZlehggbo |1Z Zgehggbo aZ “~hihfh]lhx f 4dhg*ekRlxa \jh
gZke ahk_j " gbo gZ ehdZee+saZpe+€ aZjy™"m

DjZs_ jhamfeggy \ieb\m L= sh “hghjmxlv _e_d
Ahihfh™ _ \ jhajh[pe fhe_dme a \_ebdbf “biheyjgbf fhf g
KlZge sh "ha\heblv i**kbex\ZIb ~\hnhlhgg_ ih]ebgZ
I _j_"Zgm _g_|j]*€ [*h\eamZeecaZpex Ihsh S h~gbf
fhr _ex\Zggy I1Zdbo eegecgbo fhe _dme } hljbfZggy |
alm”~" _ghlh klZgm dZjhlbgh€2~e\ yde [ _jmlv mqgZklv m i
]Jeb[hd_ jhamfeggy kdeZ”gbo [*heh]eqgbo kbkl f a \kL
fhr _exxgbo fhe _dme ijhdezZ”Z} reyo “h jhajh[db _medlb
~g_j]*€ "“ey rImgqgh]h nhlhkbgl_am

Kbf ljey fhe _dmeb |IF; |1Z ehdZeeaZpey gZ”ebrdl
\m]Je _p _\hfm eZgpxaes |Z degp_\bo ]jmiZo fhe _dmeb fh"
hkgh\gh]lh IZ hilbgqgh a[m”~ " _gh]h klZge\ aZe_ \lg& J\perhilh
iheyjghkle jhagqbggbdz 1z | _fi jZImjb < j _amevlZle
fhe _dmeyjgbo jhaqbgZo fh mlv ml\hjx\ZIbky ihee}gh\«
"hghjgddp _ilhjge kljmdIimjb yd \ hkgh\ghfbhgghZzd[m” ™ ¢
klZgZo

le"kmfh\mxqgb \eMagBqpblavdhl _fi_jZImjge ki_dljZe
d\Zglhohfeqge ~hkee” ggy dZlehggbo iheef _Ibgh\bo [
\ieb\ "hghjgh€ e dljhggh€ ]mklbgb degp \bo ]Jjmi gZ
klZzge\ AZe_"gh \e~ |hiheh]*€ degp_\bo ]jmi ilZeyjg
| fi_jZImjb m “hkee”"m\Zgbo fhe_dmeZo fh _ Z[h \Z
iheef Ibgh\Z kljmdImjzZz >ey fhe _dmeb [Zj\gbd2Py@ i°jb
degp_\bfb ]JjmiZfb sh fZxlv gbavdm a”~Zlgeklv i_j ghkbl
"h hkgh\gh]h iheef Ibgh\h]h eZgpx]Z fh eb\bc ihe€}gh
gZ “h”~zZlhd ~h i_j_\Z gh]lh iheef_Ibgh\h]h reyom LZdb
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[*evr n_dlb\gbf m g_iheyjghfm k_j ~“h\bse IhenghekindlZ
m iheyjghfm Zp_lhgeljbee [Ijb gbavdbo | _fi_jZImjZo
ihlJebgZdgye dljhdhgeb\Zevghfm i _j oh”e + fZ} jharbj_
aleevr_ggyf egl_gkb\ghkle « kihkl _je]Z}Ivky kfm]Z nhlhe
Zglbklhdkh\hfm ~eZiZahge iheef_Ibgh\h]h fZdkbfmfm st
a *kgm\Zggyf fhe_dme [Zj\gbdZ a ihjmr_ghx Kkbf_Ije

N2

jhaqbgZo

| 3

non-symmetric

o s
=

TOD P 2240

LN T
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1
|
|
|
|
1
|
|
|
|

4

Jbk ?9_j] _IbggZ "eZ]jZfZ reyoe\ j _eZdkZpe+€ a[m~"
2 1&y. OZjzZd!l _jge qZkb "blly IZ "h\"bgZ o\bee \bijhfegx\
Ney [Zj\gBld.Z

;Zj\gbd [ eg@ahg "hdZj[hpPBl€ge@ ehdZeeah\Zgbf ihab
azZjy~"hf gZ degp_\bo ]jmiZo fZ} g_]Zlb\gbc azZjy® sh i_
]imib gZ iheef _Ibgh\bc eZgpx] sh ijb\h?blv “H ml\
Zdp_ilhjghghjgh€ kbkl_fb BIEj\gHE{dZzd!l_jbam}lvky ~h~"Z]I
reyohf j _ eZdkZpe€ m a[m”  _ghfm klZge a 0ZjZdl _jbklbqg
NeZiZahge + gf 1Z \e~fghkgh ~h\]bf gZkhf "bIIBIC Djef
ijb gbavdec | _fi_jZImje fZ} i_j \Z gh ihee}gh\m Kkljm
\g_kdhf \bijhfegx\Zggy nhlhexfeg_kp_gp°€ gf Lzdl
j_eZdkZpe+€ thgpjgihjgh€ kbkl_fb ih\fyazZgbc a i_j_ghk
\m]e_ pcl\ezZgpx] 1Z | _jfegkewvige kmll}\h aZe_ "blv
oZjZdl _jbklbd eZgpx]Z =>ey ~h[j_ kijy _gh€ Kkljm

eZgpx]Z p_c ijhp_k oZjzZdl_jbam}lvky dhjhldbf ¢
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ihee}gh\h€ kljmdIimjb az\"ydb €€ ~«_e_dljbqgbf
_fekecgh€ j_eZdkZpe€ kmijh\h*" m\ZIbf_Ivky Iljb\Zel
iekey hilbggh]h a[m”" _ggy

Oenokanizauin Nokanizaus NOINTHBHOTO 3aPAAY Ha TEPMIHaNBHNX
NosUTUBHOro sapany rpynax, HeraTMBHOoro - Ha NONIMeTHHOBOMY NaHLKO3

HuaskoTennepaTypHi

ocobSnusocri
Manui BHECOK BUNPOMIHIOBaHHA MNepegaxae nonieHoBe T2 QOHOP-
nonieHosoi hopmn BXUENTOPHE BUNPOMIHIOBEHHRA
Jbk Ko fZlbgqg_ ah[jZ _ggy hkh[eb\hkl _c jhal

| jfegZevgbo ]J]jmiZo |IZ ch]h \ieb\m gZ NE

LZdh™ [|j_[Z \dbfelbhaz defgzZlgh€ | _fi_jZImjb ~hke
[Zj\gbdb g_aZe_"gh \e”N kbf Ije€ \ hkgh\ghfm klZd&s [
nhjfb m a[m”"  _ghfm klzZge Z €o0ge* ki_dljZevges \eZk
kilmi_g_f \bje\gxa¥yggg+& &Z jhaih”*eehf aZjy”e\ gZ ZlhfZo
\m]Je _p _\hfm eZgpxae AZ gbavdbo | _fi jZImj “hkee*"m
N fhgkljmxlv _n_dlb ehdZeecaZpe€ aZjy”m Z €o0g- ki_dlI
[mlb ih\fyaZge a ihjmr_ggyf kbf |je€ yd \ hkgh\ghfm
klZzgZo ;meh hljbfZgh \Z eb\_ jhamfeggy hkh[ebbhkl ¢
sh “ha\hebeh gZf ijhkmgmlbky \ jhajh[pe [Z kbgl_a-
kbkl f a i_j ~"[Zgm\Zghx ehdZeesaZpes}x dZlehggh]h aZjy
oZjZd!l _jbklbdZzfb
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<bkgh\db “h Jha”eem

1. <bdhgZges nhlhgge* |l-odYfgkhiinkes”" ggy ihdZaZeb
ljvho j _eZdkZpecgbo reymk\lzZadfey kipbf [jbggbo iheef Ibg
[Zj\gbd-e\ h~rgh]lh kbf _Ijbggh]h reyom e<ea a[_j_ " _gdg9
_e _dljhggh€ kljmdImjb 1Z "\ho g_kbf _ljbggbo reyoe\ ca
kbf Ije€ 1 _jrbc g_kbf _|ljbggbc f_oZgeaf ijb\h”*blv “h ihe
Z “"im]lbéhtr"hghggdp ilhjgh]lh ihee}gh\h]h klZgm <ke Ijl
_dki_jbf_glzevgh \byleyxlvky aZ ~hihfhlhx gZkhjha”"ee
ki_dljhkdhie€ ijb gbavdbo | _fi_jZImjZo m iheyjgl
Nemhj kp_glge reyob \e*jeagyxlvky azZ €0 qgZkhf “bl
nhjfhx fZdkbfmfb kfm] Z 1Zzdh" kbevgh aZe_ "Zlv
itheyjghkle gZ\dhebrgvh]h k_j ~h\bsZz AZ]Zehf hij
aZ[_ai_gmxlv \Z eb\e agZggy "ey fZc[mlgvh]h ijh_dlIm\
kbkl f ea ihl _gpecgbf aZklhkm\Zggyf m \b]Jey”e gZ~ r\b"
fhe _dmeyjgbo ~Zlgbde\ 1Z jhlhje\ ahdj_ _fZ nemhj_ Kg
k_gkhje\ qZkm “blly )/,0 hilh_e_dljhggbo i_j_fbdZqg
dhfihable\ lhsh

2. ?2dki_jbf_glZevgh \byle _gh nemhj_kp* gpo & I\bgbo
\egeeh]eqgec k _je€ iejbehpeZgege\emhbqlZx gyp k& na] Zg Hic g
alm”~" _gh]lh klZgm afesm}lvky [ZlhojhfghihasfiHbdblgh\hdb
ojhfhnhjZ h”ghgzZkgh ae+ afes _ggyf ih e bd)\Zgddy\ir» 4 §fgh
fhr _ex\Zggyf ihy\Z g_a\bqZcgh€ nemihj_kpblgptZ\byedz &
ih\ffyaZzgZ a jeaghx ijbjh*hx gZcgb gblo a[mbc_lgb g KNZglt

i_j_oh”b } Ibih\bfb _e_dljhggbfb i_j bogiM\Afiln illbémf N yo
aZ”eyge ebr_ ih\geklx *_ehdZeeah\PfdZefhelhdmewgg®jmjL
lj_lec i_j_oh”b \e~ih\erZxlv kljb[dAb]he dbjbhg-fha_dmey]j

hj[elZe_¢ jhalZrh\Zgbo ebr_\ f "Zo jhmijfe¢Zkv@ahdg
d\ZacehdZevge fhe _dmeyjge hj[elAdeZevgehil_ | oth\’baceAhZ]
I _j_oh”e\ fe" a[m~  _gbfb klZgZfb jeaghp RbhikV_ klIbimzZg
nemhj kp_gpex a \bsbo a[m”"_gbo klzg-\
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Kbf_ ljey fhe_dmeb iheef _Ibgh\h]h [Zj\gbdZ
gZ"ebrdh\h]h adZy”"wm]e_ p_\hfm eZgpxae |Z | _jfegZe
fhe _dmeb fh ' mlv [mlb jeagbfb ~ey €€ hkgh\gh]lh IZ hilb
aZe_"gh \e~ |lhiheh]e€ | _jfegZevgbo ]jmi itheyjghk!
| fi_jZImjb < jJj_amevlZle "ey fhe_dme iheef_Ibgh
fhe _dmeyjgbo jhaqbgZo fh mlv ml\hjx\ZIbky ihees}gh\e
"hghjgddp _ilhjge kljmdIimjb yd \ hkgh\ghfm 1Zd « \ h
klZzgZo AZ defgzZlgh€ | _fi_jZImjb ~hkee”" m\Zge [Zj\c
kbf lje€ \ hkgh\ghfm klZge [ebavde "h kbf IjbgghZgnhj
Z €oge ki_dljZevges \eZklb\hkle \bagzZqgZxlvky kimi_g f \
& |Z jhaih”?eehf aZjy”e\ gZ ZIhfZo \m]Je_px m \m]Je_p_\h
| fi_jZImj "hkee”" m\Zge dZlehgge [Zj\gbdb ~ _fhgkljmxl:
azZjy™m Z €oge* ki_dljZzevges \eZklb\hkle fh ' mlv [mlb iF
kbf lje€ yd \ hkgh\ghfm 1|Zd « \ afm”~"_ghfm klZgZo ;
jhamfeggy hkh[eb\hkl _c | jfegZevgbo ]jmi iheef Ibgh
"halhey} ijhkmgmlbky \ jhajh[pe |1Z kbgl _ae gh\bo nh
I _j_"[Zgm\Zghx ehdZeeaZp-}x dZle«hggh]h azZjy™m
nmgdpehgZevgbfb o0ZjZzdl_jbklbdZfb
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AZ]lZevges \bkgh\db
M ~bk_jlZpe€ jhal\fyaZgh gZmdh\m ijh[e_fm \bagZq
ki\hj _ggy dhfihablgbo kbkl f a gzZi_j ™~ azZ"Zgbfb \eZk
rbjhdh]h deZkm [Zj\gbde\ \m]e _p_\bo gZghljm[hc
_dki_jbf_glzevgh ihdzazgh i_jki_dlb\b €0 1ijZdlbqggh
fhe _dmeyjgec _e_dljhgep-
1 <i_jr_ ijh~_fhgkljh\Zgh <hgge dhfie_dke\ \mJ]e_ p_
hjl]Zgeggbc [Zj\gbd a gmleb\bf |IZ k_e _dlb\gbf nhlihexfeg
a* agZqgh i**"kbe_gbf \bijhfegx\Zggyf sh “halhebeh Kk
k gkhj gZghljm[hd yde } ihl _gpecgbfb azZ[jm~gx\Zq.
kK _j_~“h\bsZ =jZgbggZ gmleb\eklv *Zgh]lh k_gkhjZZ}{f ihjy
gZ fe sh } gZ je\ge djZsbo k\elh\bo klzZg"Zjle\ G _h
Zlj_1Zpey [Z]\&klZdZ g_j_a Z]j_]1Zlb [Zj\gbdZ \eA"[m\Z}Ivk
I _j_ghk g _j]*€ a fhe_dme [Zj\gbdZ gZ gZghljm[dnZ | _j
ie"kbe ggy kmll}\h aZe_ "blv \e” o0¢jZevghkle gZoklpn[h
ahdj_fz \ieb\zZ} gZ Z]j_]1Zp-x
2 <i_jr_ \by\e _gh mgedZevg_ y\bs_ mli\hjZ@jgy Zj % hggZ
ah\gergec ih\CNOo@* n_dlb\ghx i_j ~"Zg_x _g_j]*€ \™ Z]j_
"h gZghljm[db AZijhihgh\Zgbc f_oZgeaf ml\hj_ggy Z]
i _J \Z gbf kZfh\ihjy*dm\zZ@adyf jpbKZj\gbdZ sh fZxkv \b]
Kijy _ge ]jmib 1Z ~h[j_ ijbey]Zxlv "h himdeh€ ihY¥fjoge
mI\hj _ggX]j- 1Z1-\CHEZ ml\hjxxlIvky [Zdh" \eevge Z]j_]ZIDb
[ aCNT yde fZxlv jeage ki_dljZevge hkh[eb\hkle
kzfh\ihjyrdm\zZggyf i _j \Z gh iezZ@hjigho\ Ijihgegk dme [Z]\
LZdbf gbghf ihdZazZgh nhjfm\Zggy mgedZevgh]h gZghf
nmgdpehgZevgeklx sh \erdjb\Z} reyo "h aZklhkm\Zggy
\az}fhnre€ kzZfh\ihjyrdBlgd&de\-1Z gZghljm[hd m gZgt
hilh_e dljhggbo IZ nhlhggbo ijbkljhyo
3 M j_amevlZle "hkee”" _ggy ijhp_ke\ \azZ}fh”re€ "ehdkz
ZeenZlbggbfb ZfegZfb 1Z \m]e_p_\bfb gZghljm[dZfb [m
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fh eb\eklv €0 \bdhjbklZggy yd r\b~rdh”exgbo nemhj_ Kk
Zfege\ 1Z \m]e_p_\bo gZghljm[hd <bagZq_gh gZc[eevV
\bijh[m\Zgbo ~ehdkZ[hjbgh\bo [Zj\gbde.\ Z¥e¥ dm | ZflageX (
\h~gbo k_j “h\bsZo sh “ha\hey} ~ | dlm\ZIlb \e~ghkg
ZfeZdm Zfegm K PRQ® O <by\e _gh sh ~ehdkZ[hjbc
DOB- a\fyam}lvky a \m]Je_p_\bfb gZghljm[dZfb ¢ mlI\hjx
dhfie _dkbaERazZ}fh”ex Je*jhnh[gh]h kijy  _gh]h]lh dzZjdZz
ie "\ _jA"m}lvky afeg_gbfb hilbggbfb o0zZjzdl_jbklbdZfb

alm”™" _ggy [Zj\gbdZ \gZke+**"hd j_ahgZgkgh]h i _j gZk g
"hgZghljm[hd
4. <by\le_gh sh klIjmdImjZ Ihgdbo ieL\hd | _IjZp_gm \ba

_g_jlL€ \az}fh~"L€ fhe _dme fL kh[hx |Z a fhe_dmeZfb
< ijhp_kL | _jfLggh]h gZibe _ggy m \ZdmmfL gZ fL" gt
d\Zjph\bo iL*"deZ”*dZo nhjfmxIvky kmpLevgL [1Z hKklIjL
ieL\db \L”ih\L~gh Nhlh\e*"]md Ihgdbo ieL\hd |_IljZp_gn
ljvho dhfihg_gl “bnmalLidgh&hhfiklite_ f[ _jZ h[f}fgh€ ijbjh
ith\_jog-\AjN}jgh€ -nhkh amfhle _gbo \b]lbgZfb _g j]_Ibqgg
\Levgh€ 1Z Ibevgh€ ih\ _johgv ieklBEdhl\el|jgp _gsh gZibe_
kdeygL iL*"dezZz”~db ieL\db | _IjZp_gm ] | _jhkljmdImjb I.
7&14 '} ihelLdjbklZeLqgbfb AgZc™ _gh ml\hj_ggy ¢
] I _jhkljmdIimj 1Z \ h[f}fL dhfidbbl\dKL fL  fhe_ dm
| IjZp_gm “~hghj L 7&14 Zdp_ilhj _e _dljhgL\ Ijb h”g
\ZdmmfL dhfihg_gl | _ljZp_gm 1Z 7&14 mli\hjxxlvky dhd
7&14 \ h[T}fL dhfihablL\ sh ijba\h”blv ~h ajhklZc
nhlhgmleb\hkle

5 <klZgh\e_gh sh ZzZ~khj[pey dbkgx m kljmdlmjZo ¢
ijb\h~Ablv “h mi\hj_ggy deevdho p_glje\ aZohie_ggy€a |
ih[ebam f_ "« jha“eem Dhgp_gljZpey pbo p_glje\ aZe
\_jogvh]l]h _e _dljh*Z 1Ih\eevgZ-%kdk Z*hf\slgmh Ihey kljmd
kbevdidbke gbf $O \ jogef _e _dljh~"hf g_j_a ml\hj_ggy
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aZohie _ggy ih[ebam f_ "¢ jha”“eem P_ fh ' [mlb \bdhjbk
hilh_e_dljhggbo _e_ f_gle\ iZf yle R\b"dZ kdeZ”"h\Z ~hf
1z $X _e_dljh~rZfb Qmleb\{klv hklghkgm) \bagZqZ}Ivky
gbghf rzjhf i_glZp_gm LZde kijmdImjb fh mlv [mlb \bdh
]Zah\bo k_gkhje\ 1Z khgyggbo e f gle\

6. AZijhihgh\Zgh gZzZijyfdb kiI\hj _ggy \bkhdhdhgpogljh
dhfihable\ gZ hkgh\e ihedZjMNgdBo yde } nhlhgmleb!
ijZdlbgqgh \kvhfm \b~bfhfm 7~eZiZahge 1Z fZxlv fZdkbfn
[eb gec-H[@ZKkIle ~ agZoh”blvky fzdkbfmf ihlhdm k¥
Kimiegv 1ih]JebgZggy khgyggh]h k\elezZz 1Z rbjbgZ ki
nhlhgmleb\hkilsbo ea aZijhihgh\Zgbo iheef _jgbo dhfihab
Ah[j_ \b\g_gbo ieZklbggbo klIjmdIimj gZ hkgh\e ijh
k gkb[eeeah\Zgbo ihoe*gbfb nme_j ge-\ ?dki_jlgfh gz
fh eb\eklv \b]Jhlh\e _ggy dhfihable\ a ki_dljZevghx h[eZl
jharbj_gm “h fdf Hkgh\ghx ijbgbghx jharbj[gdklIki
nhlhgmleb\hkle "ey pbo dhfihable\ } mlI\hj ggy ”~ _d-e
iheef_Ibgh\bo [Zj\gbde\

7. MI\hj_ggy-jZihypdZees\ fh _ \er[m\ZIbky \ ielehjdhZdl mk ¢
f jhpeZgegm i qZk ijhp_km~ ghdeékggggyjb ijbdezZ”_
e _dljbgghfm ihee M pbo mfh\Zo fhe_dmeZ f_jhpeZg-gd
_e _dljhg a g_]Zlb\gh azjyO _gl]hdlp*m a ml\hj-ggyf
jZ"bdZem ' Z gz\izZzdb i_j ~Z\Zlb ch]h gZ ihablb\gh azZ
,72 a ml\hj_ggyfiZz2dpdizgeni -«: ' 1+~ gZk \azZ}fh”«€ ijhlb
azZjy™ gbo dZlehggbo 1Z Zgehggbo jZ"bdZees\ \eM[dn\Z}
gZkee”hd kihkl_je]Z}Ivky _e_dljhexfeg_kp_gpey [Z]j\gbhd
8 <bdhgzZge nhlhgge 4@ r\qgzrl Mhkes”" ggy ihdZaZeb gZ\
j_eZdkZpecgbo reyoe\ alm” gbo klZge\ 7~ey Kkbf Ijbc
[Zj\gbde\ h~rgh]l]h kbf_Ijbggh]h reyom e<a a[_j_~_g9g9
_e _dljhggh€ kljmdImjb |Z "\ho g_kbf_Ijbggbo reyoe\ ¢ca
kbf Ije€ | _jrbc g_kbf _ljbggbc f _oZgeaf ijba\h”bhv ~h
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klzgm Z "*imijbc~ hghigdp ilhjgh]h ihee}gh\h]h klZgm
dhfihg_glb _dki_jbf_glZzevgh \byleyxlvky azZ ~hihfh]k
nemhj_kp_glgh€ ki_dljhkdhie€ ijb gbavdbo [|_fi_jZlIn
kK _j_~h\bse Nemhj _kp_glge reyob \e*jeagyxlvky azZ
ki_dljZzevghx nhjfhx \e”~ih\eAgbo kfm] Z 1Zdh  kbev
"hjkldhkle 1Z iheyjghkle gZ\dhebrgvh]h k_j "h\bsZ

j_amevlZIlb azZ[_ai_gmxlv \Z eb\e agZggy “ey fZc[mlgvkt
nhlhggbo kbkl f ea ihl_gpecgbf aZklhkm\Zggyf m \
nhlhggbo kbkl_f ahdj_fZ nemhj_kp_glgbo k_gkhje\ [Z
)/,0 hilh_e_dljhggbo i_j_fbdZqge\ nhlh\hevliZ€qgbo dh
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A sensing mechanism for the detection of carbon
nanotubes using selective photoluminescent probes
based on ionic complexes with organic dyes

Petro Lutsyk'?, Raz Arif*”, Jan Hruby™?, Anatolii Bukivskyi', Olexander Vinijchuk®, Mykola Shandura®,

Viktor Yakubovskyi®, Yuri Kovtun®, Graham A Rance®, Michael Fay’, Yuri Piryatinski', Oleksiy Kachkovsky”,
Anatoli Verbitsky' and Alcksey Rozhin®

The multifunctional properties of carbon nanotubes (CNTs) make them a powerful platform for unprecedentad innovations in a variety
of practical applications, As a result of the surging growth of nanotechnology, nanotubes present a potential problem as an
environmental pollutant, and as such, an efficient method for their rapid detection must be established. Here, we propose a novel
type of ionic sensor complex for detecting CNTs ~ an organic dye that responds sensitively and selectively to CNTs with a
photoluminescent signal. The complexes are formed through Coulomb attractions between dye molecules with uncompensated
charges and CNTs covered with an ionic surfactant in water. We demonstrate that the photoluminescent excitation of the dye can
be transferred to the nanotubes, resulting In selective and strong amplification (up to a factor of 6) of the light emission from the
excitonic levels of CNTs in the near-infrared spectral range, as experimentally observed via excitation-emission photoluminescence
(PL) mapping. The chirality of the nanotubes and the type of lonic surfactant used to disperse the nanotubes both strongly affect the
amplification; thus, the complexation provides sensing selectivity towards specific CNTs. Additionally, neither similar uncharged dyes
nor CNTs covered with neutral surfactant form such complexes. As model organic molecules, we use a family of polymethine dyes with
an easily tailorable molecular structure and, consequently, tunable absorbance and PL characteristics. This provides us with a versatile

tool for the controllable photonic and electronic engineering of an efficient probe for CNT detection.
Light: Science & Applications (2X316) 5, 1 6028; doi:10.1038/153.2016. 28; published online 12 February 2016

Keywords: carbon nanotubes; ienic surfactant; organic dye; photoluminescance sensor

INTRODUCTION

In addition to being one of the best and mogt readily available one
dimensional (1D) modd systems, carbon nanotubes (CNTs) dem-
onstrate remarkable potential for multifunctional applications in elec-
tronics, reinforcad composite materials, chemical and  biological
sensing, scanning probe microscopy, and many other areas'™".
Chemically functionalized CNTs could be designed for various
advancad applications, including light-harvesting devices, sensors,
drug delivery, and energy storage systems' ', Whereas some of the
mentioned applications remin theoretical, others, such as composite
frames and coatings and rechargeable batteries, are being realized in
practice'”. However, with the strong, continuous growth of nanotech-
nology and a total mass production of CNTs exceeding thousands of
tons per year™, CN'Ts coukd represent a significant source of industrial
pollution in the near future, This concern is heightenad by the frag-
mentary knowledge available regarding their toxicity™™* ' CNTs
can exape into the environment during production, application,

and recyching: thus, the ambient nsk posed by CNTs must be carefully
controlked. To this end, we must be well equipped for the rapid detec-
tron of CN'TS to prevent toxic expasure to the human body and m case
of technological catastrophes,

Among the known techniques for chemical sensing one of the
must promising s photeluminescence (PL) by virtue of its high sens-
itivity, efficiency, and simplicity'™'!. There are several PL-sensing
approaches, categorized on the basis of their responses in terms of
absalute intensity, intensity ratio, or redistribution of the PL emission
spectrum, change in Itfettme, and alteration n anisotropic features.
Furthermore, some of these approaches can be beneficially combined,
therehy mmproving sensitivity, selectivity, dynamic range, or other
SCNSOT PATAMRLETS,

The most efficient PL sensing can be adheved through enhancement
ofthe emissionin the peesence of the compound to be detected ', The
quantum vield of the PL emission of CNT's is low'™, and the PL is
quenched by both the bundling of the nanotubes' *'* and interactions
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with n-conjugated compoundsand biomaterials' ™, for example, rho-
damine, fullerenes, ar DNA. The "baghtening” of CNT' PL has been
pursued for various photonics applications through the encapsulation
of organic materals inside the nanotubes™ =, the covalent incorpora-
tion of sp’ defects™, the embedding of luminescent local states™,
admixture with an eledrolyte™, and the non-covalent attachment of
n-conjugated organic mokcules™**, The merits of non-covalent
attachment of omganic molecules inchude preserving the unique
intrinsic features of the nanotubes while simultancously endowing
them with novel advantages assodiated with the organic conjugates™.
Among the various organic conjugated compounds availubke, poly-
methine dyes (PDs), which are organic molecules that contain poly-
methine chains of variable lengths and terminal functional groups, can
be eastly modified and tned for particular opto-dectronic tasks™.
Specifically, the most important distinguishing feature of PDs and their
donor-acceptor conjugates is their mtense and relatively narrow
absorption and fluorescence bands, which can be deliberately tuned
in the visthle and NIR range through modification of the polymethine
chain length or through the attachment ofspecific terminal groups with
their own large n-dectron systems. Furthermore, PDs behave as
advanced photonic materials known as spectral sensitizers’, light har-
vesters™, and “laser” dyes with large optical nontincanty™ ™,

One of our objectives in this study was to proneer an efficient
method for the detection of CNTs through considerable amplification
of CNT PL via their interaction with tailorable PDs. In water, CNTs
become encompassed by jonic surfactant to form micelles™, thus
interfering with the interactions between most studied PL probes
and the CNTs themselves, Thus, we need to identify an efficient moch-
amism for sensing CNTs in aqueous media and appropriate probe
materials that will help us to overcome the presence of surfactant
around the CNTs and thus significantly enhance the sensitivity of
the PL sensor,

MATERIALS AND METHODS

Sample preparation

Purified single-wall CNTs (CoMoCAT) were purchasal from
SWeNT, Inc. (SWeNT CG100, Lot # 00-0012) and used as a source
material 1o prepare the CNT dispersions, [na typical experimental
procedure, 1.2 mg of CNTs was dispersed in 20 mL of detonized water
in the presence of a surfactant, The fonic surfactants sodium dodecy-
benzene sulfonate (SDBS), sodium dodecybulfate (SDS), sodium
deoxycholate (SDOC), and sodium taurodeoxycholate (STDOC)
and the neutral surfactants polyoxyethylene octyl phemyl ether
[Triton X- 100} and polyvinylpyrrolidone (PVP) were used to disperse
the ONTs. We used the following anounts of surfactant in the above
dispersions: 6.5 mg of SDBS, SDS, and SDOC; 5,0 mg of STDOC,
152 myg of Triton N-100; and 19.2 my of PVP. The use of higher
amounts of the last two surfactants, Triton X-100 and PVP, was moti-
vated by the need 1o increase the low concentrations of debundled
CNTsin the supernatant dispersions. First, the above dispersions were
subjected to ltrasomication usng a NanoRuptor [Diagenode) pro-
cessor for | hoat 21 kHz and 250 W, Second, the dispersons were
subjected to ultracentrifugation for 2 h 30 mun at 17°C at 47 000
rpm for SDBS and 20 000 rpm for the other surfactants (Beckiman
Coulter Optima Max-XF, MLS 50 rotor) to remove the aggregate
phase and obtain debundiad supematant solutions of CNTs.

A series of PDs was supplied by the Ingtitute of Organic Chenistry
[NASU, Ukrauine). The following dve concentrations were studied:
0.0005, 0.001,0.002, 0,004, and 0.008 mg mL ', Mixtures with higher
concentrations of PDs ( 0.008 mg mL ™ ") were not considered in the
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discussion because of the effect of PL emission re-absorbance. To
prepare mixtures of CNTs and PDs, we used approximatdy 200 of
the initial solutions of CNTs dispersed in SDBS and SDOC, approxi-
mately 33% of the imtial solutions of CNT's dispersed in STDOC and
Triton X- 100, and approximately 80% of the initial solutions of CNTs
dispersed in PVPand SDS, Thedifferent percentages of the imnitial CN'T
solutions were chosen to ensure that the PL signal was compatible with
the serstivity limits of the PL detector. The concentrations of specific
CINTs in all mixtures and neat CNTs for the reference media used in
the expertments were the same (20%, 33%, and B0, respectively, for
the abovementioned surfactants),

To study the dependence of the PL on the CNT concentration
dispersed in SDBS, we tested a range of dilsted concentrations (from
3% to 208 of the initial CNT concentration],

Experimental setup
The absorption spectra in the visible and NIR ranges were measured
using a Lambda 1050 UN/VIS/NIR (Perkin Elmer) spectrometer. The
fluorescence emission spectra at various excitation wavdengths were
recorded using 2 Horba Nanolog excitation-emission spectrofluo-
rometer equipped with & nitrogen-cookd InGaAs amay detector o
genenate PL excitation-enuisgon maps (PLE maps), with the X-axis
representing the wavelength of the PL emission, 4y, and the ¥-axis
representing the excitation wavdength, Ay y. Entrancelexit slits of 14 nm
in width were used for both the excitation and emission monochroma-
toes in the NIR PL mesurenvents. The PL expertments in the visihle
range were performed wsing a silicon detector and 2 nm entrance/exit
slits for the monochromators. The tnse resolved PL decays were mea-
sured using a LifeSpec 11 spectroflvorometer (Edinbusgh Instruments
Ltd., UK) to perform time-correlated sngle-photon counting (TCSPC)
under excitation by a picosecond pulsed diode Laser at 406 nm
Haman spectra were recorded using a Hociba—Jobin-Yvon LabRAM
Raman microscope with a laser wavdength of 660 nm, operating &t a
power of approximatdy 14.5 mW and with 2 grating of 600 lines mm ',
A stit of 50 pmin width was osed to improve the spatial resolution. The
detector was a Synapse CCD detector. The spectra were collectad by
averaging 4 ocquisitions, each of 305 in duration. The Raman shift was
calibrated using the Raleigh peak and the 520.7 em ™ silicon line from an
Sil 100) reference sample. Samples were dropeast from solution onto
St 100} wafers and dried at room temperature prior to analysis. A
minimum of three spectra were recorded from different areas of cach
sample 10 ensure statistical relevance,

RESULTS AND DISCUSSION

By testing a sertes of newly synthesized and well-known PDs for the
rapid recognition of CNTs covered with ionic and non-ionic surfac-
tants in water, we demonstrated enhancement of the PL from the
studlied semicomductor tubes functionalized by astraphloxin dye
(Figure 1). The astraphloxin molecule conssts of cyanine termumal
groups connected to polymethine chains, and this molecule has an
uncompensited positive charge on one of its mitrogens ( Figure 2a). We
selected SDIBS as a basic surfactant in our experiments because of its
high efficiency in dispersng CNTs and thus yielding stable debundled
nanotubes in water™,

In the mixtures of CNTs with dozens of the tested PDs (some of
them are described in the Supplementary file), we observed shight
quenching of the PL with no influence on the NIR emission of the
CNTs. However, astraphloxin resulted in sigmificant amplification of
the PLemission from the CNTS, which we attribute to the formation of
complexes consisgting of CNTs, surfactant, and dye. The behaviour
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Fgwe 1 Scrematic diegram of energy transfer in the studied CNT-surfactantgye complaxss, (a) A micelk is formed sruund & CNT by an anionic surfactant (bl A
postavaly chaegad asaphioon moecude becomes attached 1o the negatively chargad CNT micete through Coulomb stracson, rasuing Innor-oovalkent conugatinn

and echarced PL emssion from the CNT upon excitasion of the dye.

observed in the absorption spectra of the studied complexes hedped us
to understand the nature of this complexation, The maximum of the
absorption spectrum for a PD mok<ule (4y) i predominantly deter-
mined by the length of the n-conjugated polymethine chain™. In our
study, the absorption spectrum of an astraphloxin solution exhibited a
maximum at Ay, =~ 540 nm (Fgure 3, curve 1) regardless of s
comcentration (Supplementary Figure 51). Because of the complexa-
tion of astraphloxin with CNTs, the absorption spectra for the mix-
tures of astraphloxin with CNT's contained red-shifted dye absorption
peaks. The extent of the red-shift depended on the dye concentration
(Figure 3a, Supplementary Figure 52), Essentially, the absorption peak
of the astraphloxin monomers ( £y ) vanished in the CNT rmuixtures at
low dye concentrations (Figure 3a, curve 2). The red-<hifted alsorp-
tion bands in the range of 560-600 nm were referencad to [-like aggre-
gates of astraphloxin of varows lengths™ "%, J-aggregation s a
supramokcular self-organization of particular dyes in solution to
form “sturcase”-type units (“head-to-tad” aggregation). Note that

. | \ 3
O\J\NL,D

cr Asraphioxin

b

CNT-surfactant-dye Dye

Figwe2 (al Mokcufar structure of astrap on and [b) protcgrapts of samplng
cels with agusoas solubons of neal nstraphiocn {ighth and a modure of atragh

inwih CNTs disperses with SDES (lef), inwhich smal. shiny parficles e
Rty (while soands) ane visiahe fo the rahed ey,
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neat splutions of the dye remamed stable for weeks with no aggregate
formation, wheress mixtures of astraphloxin with CNTs that were
aged overnight (or longer] contained srmall, shiny crystals/particles
(Figure 2b) ax well as dye deposited on the walls of the sampling cells.
An increase in the dye concentration reselted in an increase in the
intensety (Zy,) of the peak associated with the dye monomers
(Figure 3a, curves 3 and 4). Mixtures with high concentrations of
astraphloxin yidded absorption spectra that could be fitted with a
superposttion of three components one associated with the dye
monomers, one associated with the interactions between the dyve
and the CNTs, and one¢ associated with the ONTs thenselves
(Figure 3a, Supplementary Figure §2). Additionally, the PL excitation
spectra (specifically, the dependence of the PL emission at a specific
wavelength (Zp) on the excitation wavelength (Zps)) disphaved a
consstent red-shift of the peak (from 549 to 557 nm, curves 2-4 i
Figure 3b) with increasing dye concentration in the mixtures, Thus,
the explicit red-shift of the sbsorption amd PL excitation peaks can be
exphinad by the interaction of the YD molecoles with the CNT
micelkes and the formation of J-like aggregates of astraphloxin in the
vicinity of the manotubes. As shown in Figure 3a, in the studied mix-
tures, we observed a threshaold in the appearance of the dye monomers
(with 4y) &t concentrations in the range of 0.002-0.004 mg mL ',
mlicating saturation in the attachment of the dye molecules to the
nanotubes, From this observation, we infer that astraphloxin may
cover the surface of 2 ONT only in 2 single laver. A similar phenom-
enon of single-layer formation has been demonstrated in 2 system of
CNTs non-covalently covered with porphyrin mokcules™,

The interaction of astraphloxin with CNTsis evidenced by the absor-
bance data in the range of transparency of the dyes (Supplementary
Figure 833, where we analysod the exctonic peaks E; (9001250 nm)
and £, (550-750 nm) i the CNT absorption spectra for the above
mixtures. The high-cnergy s, peak ofthe CNTSs, with its maximum at
655 nm, does not change in position, whercas the low-energy E, , peaks
at 99 and 1024 nm are red-shifted 10 999 and 1029 nm, respectivdy.

In the PL studies of the mixtures of PDs with CNTs in the range of
intrinsic dye emission, we observed significant quenching (by a factor
of 4) und red-shifting of the maxima (at approxemately 11 nm) of the
ermsston of the astraphloxin as a result of its admixture with CNTs

w
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Figure 3 Absception and PL spectea of astraphiosn and CNTs disperses win SCBS. (3] Absception spectra of watar solutons of astraphiadn [ 1-0.00% mg mL 1),
mishires of CNT with astraptionin {2-0.0005 mgml ', 3-0.002 mgmi ~*, 2 4-0.004 mpenl ', where the conoenirafions given af s (he dye conceniralions inthe
mibcdures), and rest CNT< (5] s o relerence; note thal curve labels 2-4 comespond fo the same tye concestrahors throughout Figure 3 (b) PL excilalion spechs al
rprn = 102E nim for waler solutiorss of nest CNTs (1) and mndures of CNTS with astraptioain (2-4); 2y = 1028 nem comesponds to (7.5) tube eression, (c, dl PL
specira, (o) 35 massured aod (d] normakzed o the maxirnuen, ot waler suutions of astraphaan (1-0.004 mgml 1y and mixtures of astragown with CH Ts (2-4) al
Jix = 520 nm. Hars, “a5y3" & an abbeavwation for astrophionn and 5 used I I curve markers for dartty,
{Figure 5c and d), The observed PL quenching can be partially  astraphloxin {Figure 4, and sce Supplementary Figure $4 for more PLE
explatned by the non-radiative transfer of the excitation energy from  maps). The PLE maps for the neat CNTs ( Figure 4o} with 2y at by By,
the dye 10 the CNTs followed by further emission from the ONT  and Eyy and Apa 0t Eyy clearly reveal the presence of CNTs with chir-
excitonic kevels. The magnitede of the PL quenching is much lower  alities 0f(6,5), (7,5), and (8,4) in the studied dispersions. The PLE maps
than that for CN'Ts covered with porphyrin in the absence of surfact-  of the mixtures indicate an increase in the PLintensty from tubes of all
ant molecules (this quenching is by three orders of magnitude) ™. This  chiralities (E*,,) in the dye excitation range, with a maximumat g =
finding indicates that i the studied complexes, the surfactant remains 555 nm (Figure 4b). The masximum of 2py does not coincide with 2y,
between the CNT and the dye, limiting the approach distance between  the absorption maximurn of the monomsers. However, it does coincide
them. By fitting the time-resolved PL kinetics in the dye emission  with the shsorption maximem for the interaction of the dye with the
range, we obtained a PL lifetime of 30-40 ps for neat agtraphloxin,  CNTs (554 nm at 0.0005 mg mL ™" in Figure 3a) and corresponds to
whereas in the solutions with CNT complexes, this lifetime was sup-  Epy in Figure 4b, The resonant energy transfer [RET) from the astraph-
plemented by 2 second component amounting to 15 ns regardless of - loxin-surfactant (donor] complex attached to the ONT (acceptor) is
the astraphioxin concentration, Alifetime in the range of | ishasbeen  the most obvious cause of this effect and can be explained in tenms of
observed for astraphloxin deposited on a substrate s a thin layer”.  dipole-dipole interactions between the molecules. Moreover, the dye
Therefore, the second lifetime component appears to be attribistableto monomers present in the muixtures at high concentration do not trans-
the fixation of the dye on the surfaces of the CNT-surfactant micelles.  fer energy to the CNTSs, as seen from the absence of PL peaks at Jpx =
This fixatron hinders the rapid oscillations of the sstraphloxin mole- 7y = 340 nm (Figure db). This means that short-range energy transfer
cuk and thus defays the relaxation process of PL excitation-emission  of the Dexter type is more likely than o Forster mechanism for RET, in
from the picosecond timescale 1o the nanosecond timescale, which energy can be transferred over distances of up to 99 A™,
In the NIR range, we measured PL excitation-emission {PLE) maps To more explicitly demonstrate the amplification of CNT enmussion,
for neat CNTs and muxtures of CNTs with vanious concentrations of  we extracted the PL emission spectra at gy = 555 nm from the PLE
Light: Science & Applications doi:10.10381=2.2016.28
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maps for presentation in Figure 5a. The maximum PL amplification
was achicved at an astraphloxin concentration of 0.004 mg ml '

Mareover, the PL spectra indicate the different effects of the dye on
CNTs of cach chirality, revealing selectivity in the sensing of CNTs of
vanous dinmeters { Figure 3b). In Frgure 5b, we stlected the data from
Figure 5a corresponding toa dye concentration of 0.004 mgml, ™' and
to neat CN'Fs and plotted a histogram of the PL amplification ranges
for ONTs of various chiralities - {6,5), (7,5), and [84). The highest (up
to a factor of 6) PL amplification was achieved for the (7,5) chirality

The varying selectivity for CN'T chirality can be explained in terms of
factors related to electronic structure and geometry, The latter ore
related to the diameter of the nanotubes or, more precisely, the surface
area of the CNTs to which the dye molecules can become attached.
Considering this approach only, a larger surface arca implics that a
greater number of dy¢ molecules can complex with the CNTs
However, the CNTSs of the (8,4) chirality, those with the largest dia-
meter, didd mot exhibit the highest "L amplification. This nding imdi-
cates that the electronic structure parameters of the CNTs and the

dei:10.10381=2.2016.28

organic dye must simultancously influence the PL amplification.
Theretore, the structural matching of the m-clectron systems of specific
chiral CNTs and organic molecules is of considerable importance in
determining the sdectivity of non-covalent interactions

The different dependences of the PL in the visible mnge (emusson
from the dye) and the NIR range (emission from the CNT3) on the
astraphloxin concentration in the mixture are depicted in Figure 5
The NIR emission tends to saturate, whereas the PL in the vistble range
grows until the phenomenon of re-absorhance of the emission begins
to hinder this effect. The saturation of the NIR PL suggests that the
number of astraphloxin molecuks that are able to attach to a CNT is
limited. An increase mthe dye concentration results m the presence of
free dye molecules that do pot interact with the CNTs and emit Light at
the maximum of the monomers (Figure 3d),

Wenotethat the intenaty of the intrinsic PL of the CNT's (peak at 25y
= 645 nm and 4y = 1028 nm in Figures 3b and 4) changes very little
and can be regarded as constant with the varation i the dye concen-
tration. Thus, the interactions of the CNTs with the astraphloxin
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astraghioxin aomitues a5 a function of s concantration of CNTs with the (7,51 chiraiity In the SOBS supsmatant solution at dg = 555 nm and Jps = 1023 ren,
sustain their intrinsic PL properties whike endowing them with novel  behaviour similar to that of astraphloxin, but the PL amplification
advantages. Funthermoce, the preservation of the intrinsic features of — effect was lower, yielding a maximum amplification of a factor of 4
the CNTs observed in our study is 2 common phenomenon in the non-  at a Cy3 concentration of 0.002 mg mL ™' (Supplementary Figures S4,
covalent functionalization of CNTs by organic malecules™, $6,and §7). This means that more astraphloxin molecules could con-
To explore the possible application of the studied complexes insen-  inbute 1o the RET because of the passibility of better regularity in their
sorics, we analysed the dependence of the PL amplification on the  attachment to the CNTs,
concentrations of nanotubes of the three basic chumlines (Figure 5d, Another investigated approach was 1o test the PLsensng properties
andd see Supplementary Figure 85 for o description of the estimation of  of astraphloxin molecules substituted with different anionic groups,
the CNT concentrations). Regarding this concentration dependence, in- The specific purpose of the test was to exploit P with the same
addition to establishing the shape of the clibration curves for CNT  molecular backbone modified by an onionic-linking group and thus
sensing, we evaluated the detection limit, which was found tolieinthe  to neutralize the positive charge ofthe astraphloxin (12, the formation
range of (1-4) ng mL ' for chiralitics of (6,8), (7,5) and (84) {secthe  of betaine systems™), In the absoeption and PL spectra, the mixtures
Supplementary file for detatk). This detection limit is comparable 10 of the betaine dyes, namely neutral forns of modified astraphloxin or
that previously obtained by another research group*'. Cy3, with ONTs resulted in the simple superposition of the two com-
Modification of the molecular structure of astraphloxin can help  pounds without sy tsew featureés or PL amplification (see the molecu-
1y to undentand the specific nature of the CNT-PD mteraction  lar structures of some of these dyes in Supplementary Frgure S8). Thus,
and, potentially, 10 improve the PL amplificution. A version of the  we demonstrated that astraphloxin analogues neutralized with anionic
astraphloxin molecule modified with along alkyl cham, Cy3,exhibited  groups do not transfer energy to CNTs dispersad with SDBS and that
Light: Science & Applications doi:10.10381=2.2016.28
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there is little or no interaction between such a neutral dye and a
charged CNT micelke.

The next logeal step was to consider at the effects of vanous sur-
factants used to disperse the CNT's on the complexation and, perhaps,
PL amplification, We tested CNT micelles dispersed with the non.
fonic surfactants Triton X-100 and PVP and compared their interac-
tions with astraphloxin and its anakogues, In the caseof the mixtures of
the nanotubes with astraphloxn, a superpuosition of the spectra of the
mixed components was observed and the PL signal of the CNTs
decreased m the presence of the dye (Supplementary Figure $9,
Supplementary Tables $1-53). Furthermore, no RET to the nanotubes
was observed.

It should be emphasized that the astraphloxin analogues neutralized
with anionic groups did not transfer energy to the CNTs regardless of
the anionic or neutral nature of the surfactants used. These fuxkings
belp us 1o understand the nature of the interaction between the mole-
cules and reveal the mechanism of the complexation between astraph-
loxin and CNTs. In this manner, the Coulomb attraction of positively
charged PDs to anionic groups of the surfactant that forms the CNT
micelkes is established as a key requirement for the formation of energy
transfer complexes and the aggregation of the dyes on CNT micelles,
Thus, the wtibzation of the interactions between charged PR and
surfactant-CNT micelles can be regarded as a novel approach to cre-
ating efficient PL sensores for CNTs in aqueous environments.

A sevies of ONT dispersions with varions wene surfactants [SDEBS,
SDS, SPOC, amd STDOC) were tested for complexation with astraph-
loxin, A comparison of the absorption spectrim of a neat solution of
astraphloxin {with constant /) with those of its mixtures with dif-
ferent CNT mucelles reveaked the emergence of new absarption fea-
tures of the mixtures in the range of 350-600 nm (Figuare 6a). A new
explicit peak at 576 nm appeared in the absorption spectra of the
mixtures with CNTs dispersed with SDOC and STDOC, whereas the
spectra of the mixtures with CNTs dispersed with SDBS and SDS
exhibited a shoulder in that range. The peak at 576 nm is attributed
to the Jonger shift (up to 36 nm) in absorption that occurs when the
dye interacts with CNTs coveral with deaxycholate surfactams
(SDOC and STDOC T, Asa result, the absorption peaks of the astraph-
loxin monomers and astraphloxin-CNT complexes do not overlap i
the case of deoxycholate-treated CNTs This Jonger shift can be
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exphinad in terms of a better armangement of the astraphloxin mole-
cules in the J-like aggregation because of the influence of the nt-elec-
tron systems m the SDOC and STDOC sudfactants. For excitation in
the range of the new absorption peak (850-600 nm), we observed
enhancenwent of the PL from the ONT levels (E* | i Figure db) for
all mixtures containing anionic surfactants (Supplementary Figure §9,
Supplementary Table $3). The excitation maximum for the PL amp-
lification varied from Z3x = 555 nm for SDBS to 4, = 565 nm for
SIS and 1o 43y = 570 nm for SDOC and STDOC. CNTs withthe {7,5)
chirality displayed the maximum L amplification foe all anionic sur-
factants. In the histogram presented in Figure 6b, we summarize the
data for the PLenhancement of (7,5) CNTs, induding the reduction of
the PL intensity for CNT's dispersed with neutral surfactants due to the
bundling process mentioned above. The muximum PL enhancensent
was observed for mixtures of astraphloxin with CNTs dispersed with
SDBS (see Supplementary Tables S$1-83 for more data). Thus, this
study demonstrated the different effects of the dyes on CNTs of cach
chirality, revealing selectivity in the sensing of CNTs of various dia-
meters. The effect is sirntlar to the selectivity observed when sorting
CNTs using SDOC and STDOC™ . Additionally, we observed a strik-
ing selectivity in PLamplification among CNT-dispersing surfactants.

To confirm that the changes observed in the above systems were
caused by the interaction of the PDs with the ONTs, we studied a two-
component system of mixtures consisting only of the dye (astraph-
loxin or its analogues) and the surfactant. No PL features appeared in
the NIR range of the spectra. Thas, the fundamental contribution to
the amplification in the NIR range stems from the interaction of the
surfactant-covered CN'Ts with the dve molecules.

In addition, we performed an alternative characterization of the
studied systems via Raman spectroscopy to gain a better understand-
ing of the PL amplification mechanism and the rok of ionic and non-
wnic surfictants in the astraphloxin-CNT interaction. The muost
impoctant feature of the acquired Raman spectra was an enhancement
i the dye bands {relative to the vibratiomal modes of the CNTs them-
sclves) at 1122, 1238, 1272, 1373, 1405, and 1473 cm ™', which was
assigned to the cyanine chromophore and polymethine chain
modes*, in the mixture of CNTs with ionic SDBS compared with
the dye-containing mixture of CNTs with non-tonic Triton X-100
(Figure 7, and see Supplementary Figure S10 for an extension of the
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Phoboluminescent sersing mechanism for carbon rasotubes
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spectral range up to 2750 cmi™' and additional discussion ). We attab-
ute the enhancement of the Raman bands o aggregation of the dye
molecules, as demonstrated by Akins et al (for example'™) and as
discussed above for tonic complexes.

RET from the dyes aggregated with the CNTs s the most obviows
explanation for the PL amplification effect, Thus far, because CNTs
and PDs are n-electron systems, the most feasible form of the inter-
action between them is an aromatic sbdm? interaction, as previously
discussed in the scientific literature’”*** ', By means of preliminary
quantum-chemicl modelling (wing the ZINDOJ/S method), we
demonstrated that the interaction between 4 CNT and a PD molecule
separated by a surfactant moelecule should be decreased but still pre-
sent. Stictly speaking, the features of the froatier levels directly affect
the lowest dectron transitions in CNTs (E;,) and in CNT-PD com-
plexes. Our model shows that as 2 result of the complexation of s CNT
with astraphloxin, the highest occupied molecular orbital (HOMO)
and JTowest unoccupied molecular orbital (LUMO) are located on the
CNT and the astraphloxin, respectively. Thus, in the CNT-PD com-
pkx, a new frontier LUMO emerges that is not present in the pure
CNT. In this manner, the features of the fronticr orbitals determine the
electron transtions corresponding to absorption/fluorescence m the
visible and NIR range of the complex system. Thus, the elearonic
transtions between the LUMO on the astraphloxin and the HOMO
on the CNT (E*, in Figure #b) in the studied complexes could be
responsible for the strong PL amplification observed.

CONCLUSIONS

We describe a new photonic nanosystem comsisting of PDs attached to
CNT-surfactant micelks i water, which resuhts in signtficant amp-
lification of the CNT PL emission, The Coulomb attmction between
the dye and surfactant molecuks covering the CNTs is key to the
emergence of novel photonic complexes. We observe that the creation
of such complexes ocaurs threugh the Conlomb coupling of the posi-
tively charged astraphloxin molecules wath the antonic surfactants
covering the CNTs. The astraphloxin attached 10 2 mcelle interacts
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with the CNT via weak n-r complexation, resulting in quenching of
the dye emission and enhancement of the CNT PL. PL excitation-
emisgon mapping in the spectral ranges of the dye and CNTs allowed
us 1o experimentally demonstrate that only PIY molecules associated
with manotube-surfactant micelles contribute to the PL amplification
of the CNTs. Marcover, we observed firm evidence of the ]-ike
agpregation of astraphloxin on aniome CNT mucelles, supported by
absorbance, PL, and Raman spectroscopy measuraments, Reference
svstems with neutral surfactants or modified astraphloxins with nega-
tively charped sulfonated groups were unable to form such complexes
with CNTs We ako report the physicochemical model of the com-
plexation process, which i fully supported by a complementary study
of the reference systems.

In this: paper, we propose an officient molecular-cogineering
approach to the detection of CNTs and establish a mechansm for
the sdective PL sensing of CNTs by means of ionic complexes, It
should be emphasized that the limit of CNT detection estimated based
on the dependence of the PL amplification on the concentrations of
CNTs of various chiralitics is in the range of ng mL ™", The most
prominent feature of PDs s their vast variety of functional versatility,
including polymethine chain dongation and the possibility of apply-
ing various anions/Gitions to newtralize the charged dyes. We can
exploit the easy tatloring of the molecular structures of PDs, which
offers excellent prospects for the optimization of the chemical and
physical properties of complexes of CNTs and orgamic dyes with tune
abk optical properties and thus demonstrates grest potential for
application in chemucal sensing and other photomic applications.

The developed macromolecular CNT-PD complexes provide an
innovative means of functionalizing carbon nanomaterials, particu-
lady wath the purpose of strong enhancement of PL emission, thereby
extending the multifunctional applications of these materials in elec-
tronics, ultra-fast photonics, reinforced composite materiaks, chemical
aid blological sensing, scanning probe microscopy, drug ddivery,
energy storage, and many other areas,

ACKNOWLEDGEMENTS

The work wins suppocted by the NATO SPS Programme (NUKRSFPP 984189
project ), R.A. adknowdedges support from the Human Capacity Development
Program of the Ministty of Higher Education an Scientific Research of 1he
Irag-Kurdistan Region. The suthors would like to thank the Nottingham
Navotechnakogy and Navosckrce Centre for acoess to facilitios,

—

Worg HSP, Akinwande D. Cartan Manafube s Gegnhene Dowce Fymes, Cambrge:

Cambrige Univeruty Press; 2011,

Hirsch A, The ara of corbon sflofropes. Nt Mater 2010 9 368-871

Hmwsaan T, Sue 20, Wirg FQ. Bonsccons F, Tan PH o of sl Nanotube-pulymer

compertes for uliralmt photomcs, Ady Mater 2009, 21 383743399,

Meng L), Fe CL Lu OX. Advesced lechnology for functonabazaton of csbom

nanctubes. Frog Ned 501 2009, 19: 801-810.

Balssubrammninn K Bugnard M Oremrcally flunchorazmdcstonnamtubes, Smal

200%; 1, 180-192

fwoers P, Froftag M, Peebainoe V. Carton-nanoube phatonics aod optoefoctroncs.

Na! Frofomes 2006. 20 341-350

7 Ferg ¥H, Woog S5. Functiond covalent chamistry of carbon nanotube sufaces. Adv
Myder 2009; 21: 626-642,

8 Lee Y, Gocheler RE, Cortion nanttubies m the binlogicsd interpheées: tiw ieance of
mnoovalence. Ady Maler 2010; 22: 40764083

9 Vachormuls 5. AK SZ, Tweri PM. Eroghs E. Vig K o &, Funclionalized cabim
nanctubies: bomedcal apphcasorns. it S Naramadgicine 2012; 7- 53515374,

IO D Yoloer MPL. Tawdick SH Bsughmen RH, tatt AJ, Carton nanstubies: presst s
future commarcal applicabans. Soance 201 3; 339 535-53%.

11 Hissain SM, Sapaich-Stolle LY, Schrand AM, Murdock RC, Yu KO of &, Toocity

evalugton for safe use of mnometensls et chmvements and Sschmcal

chalienges. Adv Matey 2005, 21- 1545-1555.

»~ W

ot o

dei:10.10381=2.2016.28



12
13
14
15
16

17
18

19

21

24

3

aa

B

3l

Kostaros K. Banco A, Pryato M, Prommes, S0t snd chatienges {or carbon nenot s
o imaging sed ermpectcs, Mot Maoodectod 2009, 4; 627-633,

Cemcherbs AP, fnfrodic o ko Fluomsscence Sonsng Berlin: Soongern, 2009
‘Woittets 05, Fuorescence Moriods and Aoplications: Spectoscopy. Amanng, and
Probes. Boston. Wiher-Slatkmss, 2008

Bergin SO Nicolosi ¥, Caticant ¥, Lotys M, Richand D ef al Langs popul o of
wolddu nanctubes In sorfactant-beced deparsom without the neod for
uitraconyifugation. J Prys Chem £ 2008; 112- 872-8977.

Ton PH, Ramn AG, Hasan T, Hu P, Scandaci V ef al Protol umenescenca specoscopy
of carbon nanodube bundies: evidence for extmanenengy transber. Py Rey Lot 2007
99: 137402

Baune PN, Bk S, taller DA Straro MY, Near-infrared optics sensom based on
wnglawaliad carbon nanotubes. Nar Mater 200%5; 4 B5-52,

Kim JH, Heatesr DA, Jin H, Baroos PN Song C & o The ntoopd cessyn of mitnc mode
wlectvity in wngie-aaled carton nancdute noar-infraned Mutrescence sensors for
beofopoal cetection, ff Cherr 2009; 1, 473481,

Anrmd A Kirkna T, Kem K Ssautramanan K, Apphcatansof P stadc guenc

of rhodeenine 3 by cirbon nandubes, ChemPhyyChem 2009, 10: 2251-2256.
Nosmy N&. Imyasardenas KDGL Adkman AADT, Siles SRP. Phomiummescanoe
quenchng In tathoe ranctubepolymanfutiaren hims: carhon nanctubes s
aacion dssocioton cavres o aEanc photoveltvcs. Adv Maler 2011; 23: 3756~
3300,

Yol K. Isowosski X, Kaoamui S, Meams AL Manmwe Y of & Light-hervestng
function of [lcarotene insice carbon ranclubes. Piys ey 52006; 74: 155420,
Yoragi K, lokoubowskor K, Matso M, Matsuzski H, Csamoto H ef &, Protsosensitive
function of encapsuiated dye in GIton nanotes. J An Cham Soc 2007 129:
49924997,

FaoYM, Meary B, Posall LR, Valley N, Kwon H of 3. Bngitening of carbon nanctuta
phoflunmescence throogh the inoorporaton of 3p3 defects. Nat Crem 2013 §
840845,

Miymacha ¥, Insarturn M. Wouri S, Rawaeor T, Otesu M of . Bnghtesng of eatstors in
Carton nanalutas oo Al menaonal ity modification. Maf Fotoncs2D13: 7: 715719
Dugue JG. Dudieds L, Crochet AL Tretiak S, Louns 3 of o, Mechanism of olectrolyte-
;;l;cw boghtereng in sngle-will carbon nacotutes. A Cham S 2013 135
Casey IF, BxMa SM, Weaman 8. E¥ciert phowseraitzns emigy tramsfer md
noar-R fluorescence hom porphytin-S'WNT compiexes. J Mater Chom 2008: 18:
1510-1516,

Aumad A ¥em ¥, Balisutramanian K. Selective enhancamernt of comon nandt ube
photluminescence by nesnmt enegy transter. ChamPrysCher 2009, 10. 905
208,

Roquelet C. Langhis B Vidin P, Gerrt D, Lauret IS5 o o Light harvesting with ran
OVt Caton nancdbepopiynin compounds. Cham Phys 2013; 413: 4554,
Ermet F, Hoek T, Setam A, Hag R, Rech S. Enargy traosier in nanotube- paryierd
comphaxes. Acv Flna! Mader 2012, 22 39213924,

Stmkeowsh L. Metrocyeic Raymedhioe Dyes: Spmthesis, Propaties aod Apohcanons;
Serwes) Tapves v Hetaooyohe Chemstry, Yol 14, Bersm Springer; 2006,
Kachkovaks AD, Podymething ayes. Kik-ehm Eccyet Chem Tachno! 2000, doe
10.1002/04712368961.161512251 1010308.00]

Photokeminescent sensing mechanism for caon narotubes
P Lutsyh 2

32

3

k13

v

as

al

a2

a5

a7

Ernte DM, Cone OV, Bloemems EA Viamng SM, von der Kwass CGF o ot Utiliong
redo-chamstry o elucidale e natirs of escton taesibons in supramobodsr oy
raolubes. Na¢ Chom 2012; 4: BES-G52,

Henmann 2, Ducuing 1. Thirdceder polanzabiites of joog-chan melecules. J Angy
Phys 1974, 45, 51005102

Haks 2, Matichak ), Bafow'S, Dhwa S, Yesudas ¥ afal. Design of polymethine syes
with arge thind-orcer optical noolineantios and foss figures of medt. Science 2010,
327, |4BS-1a88.

Mukhopachyiy 5, Risko C, Mardaera 58, Brédas 5. Foynethine dyes for ab-optical
switching applcations: a quantum.-chonicat chiractor izaton of counter-iom and
agyegotion elfucts on the thrd-onder nonlinesr plical reporms, Chem Sev 2012,
3:3103-3112.

islam MF, Rops £, Bargey DM, Jobnaon AT, Yook 4G, Hgh weght ¥action sufactam
sl utehizaton of segle-wall caorbon namotubes moaater, Nano Left 2003; 3 269-273
Pryvtirshs Y9, Furer MS, Nazarcbo VG Decroopton properties of Squd crystal
mpenst A cyanobidend with Jagiregres of astateing. Semcond Phys Quant Elects
Opoeiectr 2001 4: 375382,

Prswnsks YR, Nacararko VG, Yateus O Controllable slectmotromnc effect in 4
hQuidcrysial oot wih ) apregates. Tache Phys Lot 1999, 25: 761-762,
Lakowicz IR Frincipies of Ruovescance Spectascopy. New York: Kiuear Acadamc/
Phenum Publabers. 1999,

Chan ¥, Ng AK, BY S, S R, Wl L e al Seoaradon ol metaiic and samconductng
sogle-sall cartan nanctubes. In: Zrarg Q. esmr. Carton Nanafutes and Thaw
Appieatiorns Staedord; Pan Stacford Publisheng Poe. e 2012, pp 121-148
Schierz A, Parks AN, Washbum KM Chnder GT, Feguson PL Characterizstion md
quantzative anaiysis of Srgia-salied tamon randubes in the aguatic epwranment
umog mear-infrared floorescence spectroscopy, Enwron Soi Techmy 2012, 46
12262-12271.

Ollis ‘WD, Standath SP, Ramsaden CA. Hetrooyoic mesomenc Desaings. Tafrahedeny
1965; 41, 22392324

Amald MS, Green A&, Huvat F, Stupp SE Hersam MC, Sarting car ban nenofutes by
eloctroniC slructore ey dessity dfterantiabion. Mt Nanokeciviol 20C€; 1: 60-65
Sao ¥, Koawasoki M. Kasatan) K, Katsumata M. Raman spectra of some mdo-, thia
and sefera-carhocyanee dyes. S R Specieer 1988, 19 129-132

Alns DL, Enhanced Raman scattering by mofecular rancaggragates. Nanamater
fondechnN 2014, 4: 1-17.

Zhong ¥, Yoo SL Zhou 'WW. Xu JJ, U Y. Specimscope evidance amd metecul e
saoulstion mwethipation of Ihe s-n Intemchion belween pymevts modecules and
carbon nanostes. J Nanaso Mml'moi 7- 2356-23745.

Pan B, Xong 8BS, Adsarption mechom rgane ch s 0r cor bon ment e
ey Soi Tacheed 2008; 42, 9005-9013

Qe Thiss work Is lcensod wader a Cresteee Compmoos Attribwson-

NonCommercial-NoDerivs 40 Unported License, The Images or other thind

oty ssterid in this antide wre incdadold in the arscle’s Ceeative Commons Boene, usbes
indicaned othenwise in the crodin Bee; o the material & oot induded waler the Creative
Cotnmens licesse, usens will need 1o elesin perssision (rues the liceine Balder 1o rependuce
the matensal. To view a copy of this Borase, visit Mrpotioneat ivecommeons, org Scen ses
by-mend Lo

Supplementary informaton for thisarice cam be found on the Light Scence & Apphcatams’ mebafe (MDY www naturo.comisal,

doi:10.1038152.2016.28

o

183

Light: Science & Applications



Supplementary Information

A sensing mechanism for the detection of carbon nanotubes using selective photoluminescent
probes based on ionic complexes with organic dyes

Petro Lutsyk™?, Raz Arif**, Jan Hruby®*, Anatolii Bukivskyi', Olexander Vinijchuk®, Mykola Shandura®,
Viktor Yakubovskyi®, Yuri Kovtun®, Graham A. Rance®, Michael Fay’, Yuri Piryatinski’, Oleksiy Kachkovsky®,
Anatoli Verbitsky", and Aleksey Rozhin®

! Institute of Physics, National Academy of Sciences of Ukraine, Kyiv, Ukraine;

% School of Engineering & Applied Science, Aston University, Birmingham, UK;

® Physics Department, Faculty of Science, University of Sulaimani, Sulaimani, Irag-Kurdistan Region;
* Brno University of Technology, CEITEC BUT, Brno, Czech Republic;

> Institute of Organic Chemistry, National Academy of Sciences of Ukraine, Kyiv, Ukraine;

® School of Chemistry, University of Nottingham, Nottingham, UK;

’ Nottingham Nanotechnology and Nanoscience Centre, University of Nottingham, Nottingham, UK.

* Corresponding author email: a.rozhin@aston.ac.uk

1 1 N 1
14 - 540
2 . 8 .IE\‘ .
C ;- \
g 123/ 1
3 |
g |5 x
c £ )
@ 5 ‘ \
@) Z 7/ ’
— 1 0d==" ‘ N
8 450 500 550
0 Wavelength [nm]
<
1.— astra 0.01
2.— astra 0.004
3. astra 0.001
O T T T T T
400 450 500 550

Wavelength [nm]

Fig. S1 Absorption spectra of water solutions of astraphloxin (1 - 0.01 mg/ml, 2 £0.004 mg/ml,
3 +0.001 mg/ml) as measured (solid) and normalized to the maximum (dashed).
ITDVWUDY LV V#&pRIokiVaht is&d i thecUrves markers for sake of clarity.

7KH DEVRUSWLRQ VSHFWUXP RI WKH DVWUDSKOR,[+530ViRend®WLRQ FRQVLYV
vibrational progression band at 510 nm regardless of its concentration in our study (Fig. S1). The

DEVRUEDQFH SHDN PD[LPXP RI WKH p¥540hD$oK @& pstapRidXiQ SoRitidbk shifts

to 554 nm for the dye concentrations of 0.0005 mg/ml in the mixture. The mixtures at 0.002 mg/ml

concentration of astraphloxin have absorption spectra that could be fitted as a superposition of three
FRPSRQHQWYV ILUVW IRU WKH PR QRPH+BY0MNmR seddKdHorGReHdys Hiterkictirggy vith W

CNT peaking at ca. 554 nm, and third for the CNT itself with maximum at 655 nm (Fig. S2, curve 4).

Additionally, the increase in the concentration of astraphloxin up to 0.004 mg/ml in the mixture results in the

fitting by three components taking into account a further red shift of the peak for the dye interacting with the

CNT (for example, at 0.004 mg/ml the peak moves by 6 nm from 554 to 560 nm Supplementary Fig. S2).

184



. 1 . 1
1= FITTING

3 2. astra 0.004 + CNT
,I‘\ 3.- - - astra 0.004
. 4---CNT
! 5.- - - astra 0.001 + CNT (6nm|redshift)

6. astra 0.001 + CNT

Absorbance

0.0 + T T T T T — T T T T
450 500 550 600 650 700

Wavelength [nm]

Fig. S2 Numerical fitting (curve 1) of the absorption spectrum for the mixture of astraphloxin with CNT (curve
2) as a superposition of components: first for monomHUV RI WKH G\H ,$B4DNm @Jrve 3y, second
for the CNT itself (curve 4), and third for the dye interacting with the CNT peaking at 560 nm (curve 5).
Particularly, we used the absorption spectra of water solutions for the mixture of CNT with astraphloxin at a
concentration of 0.004 mg/ml (2), for neat astraphloxin at a concentration of 0.004 mg/ml (3), for neat CNT
(4), for a mixture of CNT with astraphloxin at a concentration of 0.001 mg/ml red shifted by 6 nm (5), and for
the mixture of CNT with astraphloxin at a concentration of 0.001 mg/ml as measured (6).

CNT were dispersed in water with SDBS.
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Fig. S3 Absorption spectra in the visible and NIR ranges of water solutions of neat CNT (1) and astraphloxin
(0.0005 mg/ml) mixed with CNT (2). The CNT were dispersed in water with SDBS.
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Fig. S4 The PL excitation-emission (PLE) maps of water solutions of (a) neat CNT dispersed with SDBS and
mixtures of the CNT with (b-d) astraphloxin or (e-g) Cy3 (b,e - 0.0005 mg/ml, c,f - 0.001 mg/ml,
d,g - 0.002 mg/ml). The inset shows the molecular structure of the astraphloxin analogue, Cy3.
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The method of CNT concentration calibration curve and estimation for limit of CNT detection

Due to the specific procedure for obtaining CNT dispersion in water, we have evaluated the concentration of
specific CNT in solution with indirect measurements and calculations. We have estimated the concentration
of the dispersed CNT as a supernatant solution using two methods. Furthermore, the content of metallic and
semiconductor (chiral) CNT has been evaluated. The main task of the evaluation procedure is to obtain a

justified range of CNT concentrations to be detected.
The first step was to determine the CNT concentration of supernatant we use in our studies described

in the manuscript. We have employed two methods for determination of the CNT concentration in SDBS

dispersion. The first one deals with the extinction coefficient ( §, which according to Backes et al.,

&ROR&S$7 6:17V DW QP LV
2

RXU VDPSOHV F (ONN0]

X

Oof

O J P RY Using tie@rnfalaefdp optical density

APJ PO"

FOO ZKHUH F LV FRQFHQ\NriatB@V:L'IR:Q)V\DQSan@ed_ﬂdeR)SdAhILrEtIIrCOfCNTIn

7KH VHFRQG PHWKRG

recovery percentage in the supernatant dispersion (i.e. the CNT content left in thesupernatant) after
ultrasonication and uItracentnfugatlon Con3|der|ng the data obtained in collaboration with SouthWest

Nanotechnologies Inc., (SWeNT Inc)

, the CNT recovery percentage for ImM of SDBS in H,O is 75%

taking into account the study of punﬂed CNT with content above 90%. According to the specification of our
CNT samples (SWeNT Inc., CoMoCAT, CG100, Catalog Numbers 704113) the single-walled CNT content

determined from thermogravimetric analysis (TGA) is ca. 70%

53 Thus, in our case, the percentage of CNT in

SDBS recovered in the supernatant could be estimated as ca. 50%, which is consistent with CNT recovery
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(50%) determined for SDOC dispersions of COMoCAT CNT from SWeNT Inc®*. The concentration of initial
CNT being the ratio of 1.24 mg to 20 ml amounts 0.062 mg/ml, whereas the concentration of recovered CNT
could be estimated as ca. 0.031 mg/ml. After dilution (1:4) we obtained samples with concentration of

ca. 0.006 mg/ml, which is in the same range of concentrations obtained by the extinction coefficient method.
Thus, the recovery of 50% is well employable for our standard procedure of ultrasonication and
ultracentrifugation of CNT with SDBS.

In addition, we can estimate the concentrations of metallic and semiconductor CNT in our dispersions
using data in ref. S5, where CG100 samples of CNT from SWeNT Inc. have content of metallic and
semiconductor CNT of 42.5% and 57.5%, respectively. In ref. S6, the concentration of CNT with different
chiralities was estimated from the relative contributions of PL intensity peaks in EPL map neglecting different
quantum yields of PL. The estimation from our EPL maps (Fig. 4 or Fig. S4a) gives the content of (6,5), (7,5),
(8,4) of ca. 26%, 29%, 26%, respectively. The content of other CNT chiralities is low (amounting ca.19% in
total).

Thus, considering the three above factors (recovery percentage, content of both semiconductor and
specific chirality) we have obtained the (6,5), (7,5), (8,4) CNT concentrations in supernatant due to
recalibration of the initial CNT concentrations (0.00225-0.012 mg/ml). Based on the comprehensive
measurements of the EPL maps, the calibration curves were plotted as dependences of PL amplification
versus CNT concentrations of (6,5), (7,5) and (8,4) chirality in Fig. S5a, Fig. 5d, Fig. S5b, respectively. The
WKUHH WLPHY 1 UDWLR RI D VWDQGDUG GHYLDWLRQ IRURD ¥/HW R IWEKAH
slope of the curve for the lowest concentrations allows us to estimate the limit of detection of the technique57.
Having the standard deviation of blank signal of 10 cps, the limit of detection appears in the range of
1-4 ng/ml.
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Fig. S6 Absorption and PL spectra in the visible range for Cy3 with CNT dispersed with SDBS.

(a) Absorption spectra of water solutions of Cy3 (1 - 0.002 mg/ml), mixtures of CNT with Cy3 (2-5):
hereinafter in the Fig S7 curves 2 - 0.0005 mg/ml, 3 - 0.001 mg/ml, 4 - 0.002 mg/ml, 5 - 0.004 mg/ml of the
dye in the mixtures; neat CNT (6) as a reference;

E 3/ HIFLWDWLR & 21928 W df DatBr\sblutions of neat CNT (1) and mixtures (2-5) of CNT with
Cy3; (c) PL spectra of water solutions for Cy3 (1 - 0.002 mg/ml) and (2-5) mixtures of Cy3 with CNT.
em = 1028 nm corresponds to (7,5) tubes emission.

(c,d) As measured (c) and normalized to the maximum (d) PL spectra of water solutions for Cy3

(1-0.002mg/ml)and (2- PL[WXUHV Rl &\ ZkW3IR5&h7 DW

Cy3, the astraphloxin analogue with the long alkyl chain (Fig. S4), resulted in a tangible amplification of
PL emission from CNT. The absorption spectra for the mixtures of Cy3 with CNT have a red-shifted peak for
the dye absorption depending on the concentration of the dye (Fig. S6a). For Cy3 having a maximum at
543 nm in neat solution, the peak shifted to 554 nm for the lowest concentrations of the dye in the mixture
(Fig. S6a). In a similar way the absorbance peak of Cy3 monomers (543 nm) disappears in the mixtures with
CNT at the low concentration of the dye (Fig. S6a, curves 2,3). In the range of intrinsic emission of Cy3, the
PL of the mixtures of the dye with CNT is quenched in ca. 3 times comparing to the neat Cy3 emission
(Fig. S6c¢). A small red-shift (ca. 5 nm +from 557 nm to 562 nm) of the maxima for excitation and emission
was observed for the Cy3 mixtures (Fig. S6d).
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Fig. S7 Dependence of PL on the Cy3 concentration in the mixtures with CNT dispersed by
SDBS.
(a) PL spectra of water solutions of neat CNT (1) and the mixture (2-5) of CNT with (a) Cy3
(2 - 0.0005 mg/ml, 3 - 0.001 mg/ml, 4 - 0.002 mg/ml, 5 £0.004 mg/ml).
(b) Concentration dependence of PL for the mixtures of CNT with Cy3
D Wex = 555 nm; gm QP VT XDUH¢{ =820Q18n; gy =555 nm) (circles).

Cy3 with CNT behaves similarly to astraphloxin mixtures with the nanotubes, Fig. S4,56,S7 and Fig. 3-5
reveal small differences between Cy3 and astraphloxin. Thus, we observe the amplification of PL peaks in
the NIR range KDYLQJ WKH P DgLP56B nid \Wr both astraphloxin and Cy3. For astraphloxin, we
achieved the maximum amplification (up to 6 times) at the concentration of 0.004 mg/ml, whereas, for Cy3,
the highest amplification is 4 times reached at the concentration of 0.002 mg/ml. Furthermore, the Cy3
molecule is heavier than astraphloxin, and the molar concentrations ﬂCM) for the maximum amplification
differs a bit more (MM = 393 g/mol; M¥¥ = 493 g/mol; C\*"@P"M = 1x10° M; C\?*¥ = 4x10° M).
Nonetheless, it should be noted that neat solutions of Cy3 are stable for months without both aggregates and
small shiny crystals/particles formed (like for astraphloxin). It evidences less efficient aggregation of Cy3
molecules due to alkyl chain presence. In the case of Cy3, the alkyl modification does not vary the positively
charged nature of the molecule.

K 1-841
COOH

Fig. S8 Molecular structures of studied betaine analogues of
astraphloxin (1-624, 1-673, 1-582) and Cy3 (1-841).

190



a Q,=565nm

1.—— CNT(SDS)
= 2= = astra + CNT(SDS)
10000 - 1y
~
1y .
— /
%) ] 2 \ \
8 ! .
2, / N
—
O 5000 ! R
- ~ ~
N -
O T T T T
900 1000 1100 1200 1300 1400
Qy [nm]
Q, =570 nm d Q, =555 nm

1 == CNT(SDOC) 1.—— CNT(Triton-X 100)
2= astra+ CNT(SDOC) 10000 + 2= =astra + CNT(Triton-X 100)
40000
%) %)
Q Q
L, L,
— —
Q. 20000 o
5000
0 T T T T T T T T
900 1000 1100 1200 1300 1400 900 1000 1100 1200 1300 1400
Q,, [nm] Q, [nm]
C Q=570 nm e Q, =555 nm
50000 ! . . . 10000 . L : :
Y 1.—— CNT(STDOC) 1.—— CNT(PVP)
UL 2= -astra*CNT(STDOC) 2.— = astra+CNT(PVP)
40000 -
@ i —
@' 30000 @
L, [3)
A 20000 o i
5000 - 4
10000
0 T T T T T T T T
900 1000 1100 1200 1300 1400 900 1000 1100 1200 1300 1400
Q,, [nm] Q,, [nm]

Fig. S9 PL spectra for astraphloxin with CNT dispersed by various surfactants.
PL spectra of water solutions of neat CNT (1) and the mixture of CNT with astraphloxin (2);
CNT were dispersed by (a) SDS, (b) SDOC, (c) STDOC, (d) Triton-X 100, and (e) PVP.
The concentration of astraphloxin in all solutions (a-e) is 0.004 mg/ml.

In a small number of minutes, CNT dispersed by non-ionic (Triton-X 100 and PVP) surfactants in the mixture
with astraphloxin aggregate in naked-eye visible bundles (Fig. S9d,e), whereas solutions of neat CNT are
practically stable for a few weeks before any visible bundles formed. Thus, the dye molecules dramatically
speed up the bundling of CNT dispersed with non-ionic surfactant from weeks to minutes.
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3/ SHDN SRV EW LR,Qov water solutions of CNT with different surfactants and mixtures of CNT with

Table S1.

astraphloxin at 0.004 mg/ml

Parameters of CNT with chirality of (6,5) (7,5) (8,4)* (9,5)/(8,7)
Diameter, [nm] 0.75 0.83 0.84 0.98/1.03
ex;_em) [NM ; nm]
CNT (SDBS) (570 ; 982) (650;1028) | (590;1121)
CNT (SDBS)+astraphloxin (555 ; 983) (555;1030) | (555;1121) (-;~1270)
CNT (SDS) (570 ; 1000) | (650, 1046) | (590, 1130)
CNT (SDS)+astraphloxin (565 ; 1004) | (565, 1050) | (565, 1144) (-;~1290)
CNT (SDOC) (570;985) | (650;1034) | (590; 1121)
CNT (SDOC)+astraphloxin (570 ; 988) (570;1034) | (570;1131) (-;~1285)
CNT (STDOC) (570 ; 985) (650; 1032) | (590;1121)
CNT (STDOC)+astraphloxin (570;988) | (570;1043) | (580 ;1133) (-;~1285)
CNT (Triton-X 100) (570 ; 983) (650;1033) | (590;1123) (-;~1290)
CNT (Triton-X 100)+astraphloxin (570 ; 989) (650;1037) | (590;1126) (-;~1290)
CNT (PVP) (575;1004) | (655;1055) | (590;1142) (-;~1290)
CNT (PVP)+astraphloxin (575;1004) | (655;1055) | (590;1142) (-;~1290)

* |t should be noted that at gx = 555 nm the peak of CNT of (9,2) chirality revealed having gy ~ 1145 nm.

Table S2.
7KH UHG VKLIWV RI 3/ &§H@ WNatdrBdlMivhs RF@NT with different surfactants under admixture
of astraphloxin at 0.004 mg/ml to CNT relatively to the water solutions of neat CNT. The absolute values of
em from Table S1 were utilized.

Parameters of CNT with chirality of (6,5) (7,5) (8,4)* (9,5)/(8,7)
Diameter, [nm] 0.75 0.83 0.84 0.98/1.03
(0 EM= EM{CNT+astra} _ EM{CNT}) [nm]

CNT (SDBS) + astraphloxin 1 2 0 -
CNT (SDS) + astraphloxin 4 4 14 -
CNT (SDOC) + astraphloxin 3 0 10 -
CNT (STDOC) + astraphloxin 3 11 12 -
CNT (Triton-X 100) + astraphloxin 6 4 3 0
CNT (PVP) + astraphloxin 0 0 0 0
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Table S3.
PL amplification/decrease in the NIR range for astraphloxin with CNT dispersed by various surfactants.
(The data for Cy3 with CNT dispersed by SDBS was inserted as a reference).

Parameters of CNT with chirality of (6,5) (7,5) (8,4) (9,5)/(8,7)
Diameter, [nm] 0.75 0.83 0.84 0.98/1.03
Maximum relative increase of the PL at gx = 555 nm for
astraphloxin at 0.004 mg/ml + CNT 3.1 6.0 5.2 2.4
(SDBS) ev=983nm) | ey=1030nm) | gy=1121nm) ~127‘5¥1m)
1.9
2.6 4.1 4.0
Cy3 at 0.002 mg/ml + CNT (SDBS) _ _ _ EM
EM—983nm) EM—1030nm) EM—llZlnm) “'1270nm)
astraphloxin at 0.004 mg/ml + CNT 0.6 0.6 0.6 0.8
(Triton-X 100) em=989nm) em=1037nm) em=1126nm) em=1290nm)
astraphloxin at 0.004 mg/ml + CNT 0.6 0.7 0.6 0.9
(PVP) EM:1004nm) EM:1055nm) EM:1142nm) EM:1290nm)
Maximum relative increase of the PL at gx = 565 nm for
astraphloxin at 0.004 mg/ml + CNT 2.2 2.7 2.1 13
— — — EM
(SDS) em=1004nm) em=1050nm) em=1144nm) ~1290nm)
Maximum relative increase of the PL at gx =570 nm for
astraphloxin at 0.004 mg/ml + CNT 0.9 1.7 14 13
(SDOC) em=988nm) ev=1034nm) |  £y=1131nm) ~128ES'\tﬂ1m)
astraphloxin at 0.004 mg/ml + CNT 1.2 3.0 2.4 2.0
~ = = EM
(STDOC) ew=988nm) | eu=1043nm) | ey=1133nm) | _; 000 s

PL spectra show the different effect of the dyes on each type of CNT chirality revealing a selectivity of
sensing for CNT of various diameters. Firstly, the enhancement of PL strongly depends on the chirality of
CNT (see Supplementary Table S3). The highest PL amplification was observed for CNT of (7,5) chirality.
For SDOC and STDOC, the small nanotubes with chirality (6,5) practically do not have PL amplification,
ZKHUHDV DQG &17 KDYH PEULJKWHQHGT @&¢ dbgeniz d shift ¢ [ ByFoB O HV
CNT peaks in the mixtures strongly depending on surfactant and chirality of CNT (see Supplementary Tables
S1 and S2). Particular attention must be paid for CNT dispersed by STDOC, where gy for chirality (6,5) is
red-shifted by 3 nm, and the chiralities of (7,5) and (8,4) have the shift of gy of 11 and 12 nm, respectively.
Thus, we observe that astraphloxin molecules are more likely to form complexes with CNT having chirality of
(7,5) and (8,4). Besides, the observed phenomena can be referred to different action of surfactants on the
nanotubes of various diameters observed earlier®®.

Reference

S8 Arnold MS, Green AA, Hulvat JF, Stupp SI, Hersam MC. Sorting carbon nanotubes by
electronic structure using density differentiation. Nat Nanotechnol 2006; 1: 60-65.
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Fig. S10 Raman spectra for samples of astraphloxin with CNT dispersed by SDBS (1) or Triton-
X 100 (2), neat astraphloxin (3) and neat CNT dispersed by Triton-X 100 (4) or SDBS (5). The
spectra have been normalized to the G band for comparison and shifted on the Y axis for the sake
of clarity.

The concentration of astraphloxin was 0.004 mg/ml.

In the Raman spectra of CNT dispersed by ionic (SDBS) and nonionic (Triton-X 100) surfactants,

WKH IHDWXUHV Rl QRWH DUH ' * DQG *{ @speatively (Fig. S100.Q G FP
Importantly, there are no significant shifts in the position or intensity of these features after the

addition of astraphloxin. Moreover, the ratio of D to G bands does not change in the presence of
astraphloxin that vindicates no covalent side-wall functionalization of CNT®°. The most obvious

change we can confident state is that the intensity of peaks associated with the dye in the

complexed materials (i.e. containing CNT + surfactant + dye) is greater (relative to those from the

CNT) in the case of SDBS. By comparison of the peak heights of the D band (of CNT) and the

peak immediately to its right (of the dye), it is clear that this is significantly greater for SDBS than

Triton-X 100 and could indicate stronger interaction between the nanotube covered with SDBS and

the dye due to electrostatic attraction. According to the literature '°, the enhancement of Raman

bands for cyanine dyes has been attributed to the aggregation of the dye molecules (termed
MDIJIJUHIDQWHRQFHG 5DPDQ VFDWWHULQJT ZKarkK ZH DOVR REVHU

References
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ABSTRACT: Sef organizaton of organic modecales with carban
canoinatends leads o e formation of functionafeed molecala
nanocamplexes with advanced features. We present a study of
physical and cheatical properties of carbon nanotabe -susfactant -
indocarbocyanine dye (astraphloxing in water focosmg an
ageregation of the dyve wnd eeonant emegy tansfer fom te Jdye
te the nanatches. Self assembly of astaphloxin is swvdenced m
absotbence and photeluminescence depending duanatically oo the
concentrations of kath the dye and surtactant in the mixtures. We
obsereed an appeatnee of wew photolumitescence pedks in the
visthle range fram the dye aggregates. The agregates chamctesized
with ced-shifted photcluninescence pesks at 395, 635, xud 675 an
are formed manly due to the presence of surfaciant 2 the premicella conventration. The energy transfer Gom the dve w the
ranatubes amplifying nearinivared phetolummescence from the nanatuhes s nat affected by the aggregaton af astraphloxin
molecales providing imperant kaowledge for further developowent of advanced molecular nanocemplexes The aggregation with
the tumed.on peaks and the energy tanster with amplified phatoliminescence create powertal taols of visualization and/or
detection of the swotubes in the visible and near-infrared special range, sespectively, boosting it possible applications in
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B INTRODUCTION

One of the meost impotant challenges o nanascience and
techoology is 4 construction of photoluminescenc (PL)
nanucomplexes. which can be applied as effecive chemical
probes, labeks for diagnastics, and treasment [theranasrice) of
live tissue, ete.' ' Recemly, we bave demonstrated the
formatnian of & very promusing threecompenent system of
single-walled conbon nanotube [SWNT ) —anionic sufactant—
catienic indocarbocyanine dye complexes with enhanced FL
propestes e near-nfaral (NTRT dae 1o tesaomant enesgy
rranster (RET) from the dye to the SWNE™ Importandy, an
cectrratats assembly of the cattanic dye and anionss surfactant
i essentizl for the compkxation process with REL overcoming
the presence ot surfactant aroand the SWNT. Resxdes, this
plenomenen his high potential w0 e wed o many other
aspects of future developmers: of hmctioralized nanosystems

S 2010 Mrba Ay Soasy

4 ACS Pulications

with tallored peoperties, like Iq;lu-hmesun& devices, energy
generation, and souge syseans, e’

To date, the two component SANT—surfctant systems ane
sbundantly sudied providng etacient and stable SWNT
dispersions . water due to an attraction of hydrephobic
pants of the surfactint to the SWNT surface. ™™ " T the theee-
ampoaent systemy, o hpdiophilic pars of the sarfatant atteacts
the Coulomblcally charged  part af the @nic dye, .8
as‘mphhnn ar diewabacine termmated  polemethine dye.
Nevertheless, it is a very simplified pxture of the reality
requiring  deep and compechensive consideration of x—n
stacking, weak van der Wk interactions, formation of
excimers, exciplexes, as well as the dve J- or Haggregates, ™"
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Figare 1. Absecpion grectia foc aquoons selutions of neat astapddosdo (21 lstures of asapldasin wath SDIS ar preonbcellac (23 and miceBa (31
cancen tatans, amd newe SOAS (4], 1he cancenrration of sxepblasin is 1 x 1077 M

Gererally, the gggregation results in 2 considerable ceapling of
the dipale moments of the aggregated malecnles exhiketing in
emwrgence of exctonic bands tansitions in abserbanoe and PL
spectraily shitted from the hands/transtons of the maleonlar
monveners, The narrow red shift bands fatuse J-aggrepates
forming “daircase“typa seltassembly, and Blue shitt bands are
veferred to as Hagregates assembled in “sandwichtype
straches ™ Resides, the braad red shidt hands could be
asseciated with excimers [or excplexes), short-hved dimers
formed of two of the same (or different] molecules, where at
feast ome malecoe 5o the excited state. The ‘rm‘lrn.) to sell
assemble of cyanine dyes™ and an effect of varicus additives
Lenfactancs) on the dye ageregation comphicate the use of
multicomponent systems {including our three-compeaent
compleses) o eablife practoe,

Here, the absorpton sproroscopy, excitaton—emssion PL
aappong, and time-wsolved PL anadyas allow us to stady the
complex systerns with the parpese te daridy 2 dramatic
afluence of the sulactant concentiaton as well as the dee
concentration on the aggregation process in the above complex
system of SWNT-swtatant—dye. 1ligh concentratons of
asteaphiedin dye emploved in car curtent investigations provide
us strang, evidence of | like aggregaton of astraphloxin (in the
form of vew red shift PL bands). The machamzm of the
apregate formation & discussed conduding the key contnba
tony of the dye and the sucfactant iotes wtion,

M EXPERIMENTAL METHODS AND MATERIALS

Samples under Study. 1he catienic cyanine dye,
astraphioxin, was obtained fam the Tastitte of Organic
Chemistry [NASU, Ukraine). ‘Lhe concentrations of aqueous
salutions of astraphloein were i the range of {1=21% 10 7 M,
where the Iatter 12 X 1077 M) is the dye concentration with
strang reabsorpiian of PL. Considerabion of ns‘mphlnxm a5 a
mudel dve & the sudies is supported by its umque interaction
with SWNTs m\mrd by ampnic curfactant,’ l\“lM’\"!«"} anple:
melecudar structure,' and low sggregation” ™ in solutions of
aeat dve Sadwm dodecyl-henzenesulforate [SDRS) [Sigma-
-\himl») wos adnyed to salutians afastraphlosin at premicedlar
(003 mg/mL bemy below aitcal micele concentration
{CMCY) and micellar concentiations (0.3 me/ml - ightly
above CMC), wheee, according to the liveratare,” CMC for
SDBS b approsioutdy G158 ag/ml. The e of SDAS
amory, the vaneus ionic surfactants 35 justified with high
efficiency and prokenged scabifite in d-spcnln ¢ SWINTs due 0
the :mul headygrovp with benzene ring presence, long alkyl
hain,"" and the bigh charge in the Twadgroap that sireagthens
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the elecuestatic mepudsion between surfacecovered SWN Iy
preventing the aggregation of the tubes.”’ SDBS attaches to the
SWNT mostly doe to hydrophokicisy of the benzene
contaming the tail of the surfactaat.™ Unlass the bile salts
provide the highest efficzeacy in dispersing e SWNT,” SDES
vields Uwe highest 'L Mxl[:hfb.alu.’cl inn twe NIR range for the
systenn of SWNT—sunfac Lt~ dye.”

Purificd SWNTs {CoMeCAT, purchased trom SWeNT Inc,
CGI00, bt #OVO—-0012) were used & a source material to
prepare SWNT dispersions, Ao aount of 12 mg of SWNI
povedes was Loaded i 20 il of delonized water in the presence
of 3 my of anionic surfactant, SDES. The above mixture was
subjected to ultrasenzcation using = NanoRuptor {Diagenode )
processor (o 1 hoat 21 kHe and 230 W e obtain dispersions.
The ultiasoand-uvated dispersins were subjectad to uits-
centrifugation for 2 1 30 mon ac 17 7 at 47 000 pin (Beck wan
Coulter Optima Max XP, MLS 50 rotor) to remove the
aggregate phase and obuin debundled atant dispersions
of SWNTs, The SANT< of (6,5), 17,80, and 18,5 chiralities are
peodominzat i the abayned dispersanc” To prepase anetnres
of SWNTs with asraphloxin, we wsed 20% of the initial
dispersions of SWN1s. This percentage of the inital SWN1
dispersions was chosen to ensure that the PL signal was
anmpanble with the sensitivty lonits of the PL detecor, The
aonpentrations of spectfic SWNTs i the mxtows and neat
SWN''s for the reference media used in the experiments were
the same (2U%1 ‘Lhis way, the concentration of SDBS in 2l
sanples of the threecompeaent misture (SWNI-SDBS—
am'aphlnnn} wias 008 mg/mTl {aqual e the premicellar
concentrabion of DS ased i the mtures). The level of
punty for all materials s described o the Supperting
Infesnation.

Experimental Setup. The maps of Pl excitabon—
amusson, PLE maps, where the xaxis s the wavelength ot
UL emission, 7y, wad te yaxs is the wavelength of 'L
excitalion, Apg ane cur Kev experimental data Ogures, FLE maps
with A=y incceent of 3 oo and PL eaisson specia in e
visible and NIR range ot dificrent 4., 10 the range of 300—800
nm were recordad by a Honha NaraLaog excitation—emassion
spectiofluosometer, TThe spectroduotonwter was equipged with
a silicon detecton for the visible zange and o Dgaid wtrogen
oopled InGaAs array detecor for NIR range messurements 2
and 14 nm entrance/exit shits were employed for the
menochromatess in the viskle and NIR ranges, respectively.
For PL excitation in the middle UV vange (25 = 250 nin) the
PL emission specten were measured with o DSR2000- UV vis-
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SWNT dspeesed via SDBS. The concentration of astraphilonn s 1 X 107 M {cd and 2 % 107" M [bd). High PL tateasities are decoded In red

coler, whereas lew intensites ue decoded tn blue caled.

ES spectronmeter with 00 g opoal Gler and with exctataon
of LLS-270 light-emitting diode (2] Oczan Optics BV.).

The time-resolved PL decays wiere measured wath a Lifebpec
M spectrofluprometer [Fdinhorgh Tnstruments Tid, UK)
emploving time correlated sngie pheton counting (TCSPC)
with exatation by 2 picosecond pulse diode laser at 405 nm
[FPT-4D8). The Ifenme data wore ohtanad from expanential
fitkng va PSOD far Wandows seftware paccage. The confocal
PL imajes were takien emplayng the 514 nm diede laser tor the
excitatian with a confacal micrrsoape system nf SPS TCS 11
MP made by Teica Micasystems The shsarpbon specta wers
mesured with o Lenbda 1080 UNAE/NIR speciometer
(PertonElmen),
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B RESULTS AND DISCUSSION
I

We have studial spectal progentivs of astapliodin molecules
2t various concentrations and the etfect of SDBS admixture 2t
premecelar and micellir concentmations. Absorption spectra of
aqueans salutiens of astraphlown bave & maximuom at 540 nm
fcarve | in Figare |) that charictenzes momomers ot
astraphloxin mwolecules ieowater, A soall peak st 509 e s
the whiational progression tuad of the S40 o elechiani
transstion. In additien, the maximum and shape of the
astraphlavia absorpaan spectra do ant change n the range of
(0023=2.51% 107 M, thas contiming no aggregatan af reat
wstraphbosin molecubes in O above cange of conceatraions,
Thiz Lo 'l'lhrraﬂﬂ with the illt".‘il"liﬂ !imlina-( ol )alln‘b«l‘
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Tigere 4. PL speciza at 4. = 430 nm {300 and Ay = 580 nm (b,d) for neat ncaphloxin {zurve ©inaxl, mtnpblmin mizhures with SDBS o

premicali concanaton {oumwes 207 i ah ), ard asteaphloein mieions vith SWN T dispesed da SDRES Canves 2

=Tin ) Lime adter the wesing

15 mentioned cn the legends The concentrabon of sstraphioxn is 2 % 1075 M.

solutions of neat astaphloxn starong aggregation at the
concentrations abeve 107 M.

However, aceording to ous experiments, the agoenis
salutinns of ataphloxin change lor and spectral propetes
{see Supportng Informaten, ligure SI) at an admixture of
SDBS depending on the premicellar or micellar concentration
atthe sudactant added. The absorpaan spectea tar the mixtures
ab astraphlovin with premiceliar cancensrations of SDRS kawe o
maximum in the moge of dye monomer absorbance (540 am)
with o modesate addrional (neamonvener/agpregate) absoop-
tan in the long-wavelength {360—600 nm) wange (csrve 2 in
Fogure 1) At mucellar concentration ot SDRS mived with
astruphioxin,d we observe an absorption wacmam at 530 o
{eurve 3 in Figue 1) being shifted by 10 nm to longer
wavelengrhs relative to the ahsorpaon maximum of neat
astraphinxin in water. ‘iimilar results were abserved tor vanaus
surfrctant —dve systems. < A the micellar concentration, we
consider that micelles focn around  asteaphloxin wonomer
malecales changing kil dicactme permattwvity  {delectric
screeningl ot the dye molecules and preventmg further
aggregation, For exanple, e absorplion puedimum a0 550
o 38 obtained for chlomefocn solution of astapliosin having
much lower dielectric permittety (¢ = 1.8) camparsd ta water,

Genecally, e aggeegation of the dye mwolecules strictly
depends en the dye voleculs stiscture sl envicomuent (such
as pll, selvent polarity, dye concentration, temperature,
ezc ).t o1 Besides, ® was shown that the cationic cyanine dyes
can have enlaowed aggegation in the presence of anwnic
sucfaczants at the conceatration below the CMC, wheeeas a0 the
concentranon abave the CMC the anionic sadfactant prevents
the aggregation of the dye molecales.®’ Thus, our results on
alsorption spectia well arelie with the previous find-

‘"9‘ SaM
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To understand the nature of the additonal abserbance, the
PL spectia and PLE maps [Figures 25} were stindwd fon

V—ird
Sos e CANTSOTE) - 2
B A UE NMTADEH S 25 0M

T

FLwa, =27 nm [ce]

Bl

won Al nn " an

Warsgncth nm)

Figare §. PL specrea ar 7,y = 270 am o nese aaiphloxin (1] sd
mivinees {23V o astraphlasin with SWNE dewrsad vig SRS, The
covzorration of astraphloar is 2 % 10 7 B The tune after the maing
fur curves 2 oard 3 ix mentiane:d un the Fvgenh

variouws mixtures of astraphloxin with premicellar coacen-
tratian of STIBS. The PL spectia for the mistores change i
comparison with the PL of neat dye depending vn astraphlexin
avawcentiation i apueans solibans, IO specta of near
asteaphionm have a maxioum .n 586 e (a2 the ddye
corcentrations uwp to 1 X 1077 M), whick characterizes
agteaphbain moaomes e e sofution l,Fn..l o 21 Tn the
mixture {if astraphloxin 2t concentration of 1 X 10~ M or
Teree), PLntensity is shightty (apprommately 2090 quanched
in comparison with neat solution of astraphloxin (Uigure Za).
Resades, the Tow intensity DL peak appeass at Ay = SO0 non and
Zppy = 635 nm, and the weak PL shoulders foem in the range of
ipe = 4302560 am and Ape = SNG40 amy [Fgae Zal,
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Figure 6 (a} ['L spectram i 4.y = 908 om for precipitate mecromystals u the muture of astrapbionn {2 % 10 * M) with SWNT dispersed vz
SUES Bar the excitataoe of micro ryi:‘s wae msaxd i Lisare (EPL A0S in the Iif\'ﬁ]n\ 11 system ) ﬂullling e 40 s r.!uiui, e the ares af
wikcroaystals precipitatice. {Inset} Phote of the overnight (in ca L0k after mixag ) precipitates uz the aretuce of SWNT—SDBS—zstraohloxin. The
concentration of sstraphlexin ts 1 1075 M {Jeft cuvetie) and 2 x 107 M {agle cavente ) (b1 Coafecal PL image of preciutace nuceanystals i e

mishare of astraphlocin 2% 1070 M) with SWNT dispersed via SDBS.

Hawever, these low PL signals could be abserved anly for the
very fresh mixtares, so the owemight solutions praacticlly do
aot Jswee the above pew features esembling neat astraphloxin
PLE map (see Suppnemg Informanian, Fymre S2). The PL
peak al Ape = 390 mn correspoads o the additivnal absorbance
shoukder in the tange of S60-600 n (Figure 1) and supports
a formation of JEke aggregates of astraphlown thraogh
mteraction of SDBS and astmplicsin molecoles. Moreover,
the peak at Az = SO0 pm coroborates with the peak of |-
amregates formed | Langmuir—Blodgest Blms of indecarba.
cyanine molecules with equivalent s-electron systems.™ Thus,
the ew speciral featues for e auictutes of wstcapliloxin with
premiceliar cancentration of SDES evidenoe the tormation of ]
lke ageeegation of suaphlodn molecules ssstad by the
anionie susfactant,

The sggregation ongn ot the new peak (4, = 390 am and
dzpe = G35 ) and weak shealders (g = 450560 un and
Aoy = 390=840 nm) depxcted in Figere 3 enald he clhnfied
due to an increzse of the astraphloxin concentation in the
aigtute vp Lo 2 % 1070 M (Figure 3b) However, e effect of
strang reabsarption siphtly interferes to messure the correct
PL spectra of the dye resiibing in the shift of PL prak to longer
wavelengtls by soprosaately 3 wm Lo 559 wnd bul Ius oo
citect an long wavelength (>580 nm) parts of the spectral
charactetistics, As expected, for high concentaation of
astiapliosin in e mixene, we obtained ooce prooment
agyregation teatures {PL peaks in the mange of /,,, = 595-433
ann ) s streager queaching of moneaveric eaission [PL peak
al A=y = 559 nml Fissl, new PL peaks al dpy = 595 and 633
nm smerge mothe mnpe of exctation of the astrapaloxin
monomer ey = 330-360 mn) (Fewwe ), Second, an
intensive peak appeass wialy araginuon ot Az = 390w and 2y
= &35 nm [Trgure 3b) that was observed as 2 small feature at
Tower dye conventzations. So, the above aggregaton Ratures
strangly depend on the dye concentration, beng invisible a¢ the
astraphioxin concentrations <5 x 107" M* and becoming
explicit at 2 % 107° M,

The aggrepation featares in PL alter damatically with time,
and thus, the dynamic behavior of ther development was
studhed [Figure 4), The At ageregate peak at Aoy = 395 o
appaay immediately after the mixing and exceeds the monomer
peak T = 359 pond in o Rew (S—10) mnutes {Figare 4a),
The second peak o Ay = 035 oo groows slowly for the fiest 15

199

min, and ater that, the growang rate accclerates unhl
wproxmately 30 min after the mixking [Figue 45, 1o facy
we bave seen that the peak fonuation i competitive—
deceleration pé the finst peale mowth is tallowed by accelerntian
of the sevord peak develvpment Lo SU mun, PL istensity of the
peak al Apy = 635 wm becemes 2 or even 1 onder of magnitude
higher than the peak of the monomer, strangly dependimg an
spx [Supporting luformation, Figures 33 and S4: gy = #0-
SO0 and 270 m, respectively ). Witlin te longer time scales
after mixing, the peaks stowdy diminsh (Pigore 4ab). Tt chonld
Te undecdined that die dependence of o tio of e meaome
to the aggrepate peaks on Ao ocoars n the range of
transparency of astraphloxin monpmers. It means there s a
negfigibly low absorbance, and as o comseguence low 'L
emissan, of the monomers in comnarison with the spectral
conmbnations from the aggregates. Thus, at the short
wavelength excitation the L peaks of aggregates bocome
much hgher than the monomer bands.

So far we bave dascwssed e resulls of Ue twe-component
system of dve—sufactat making & comprebensive relerence
backgraend for the three component samples of SWNT-
suzfictant —dye As the nest step, we Lo soudied the mixures
of wsteaphloxin with SWNT dispersed by SDES focusing on e
apgregation of the dye at the premicellar concentraton ot
SDBS {see Experiomental Section for detads), I Sigure 3¢
depicting the PLE map, we bave o esidence of e dye's
agpregation {2y, = 390 nm) in the system with low
concentations of the dye (1 X 107" M) unless identical
wixtures without SWKNT Juve soall signs of the aggregation
(Tigure Ja). Hevation of astraphloxn concentration up to 2 X
107% M results in the emergens of ggregation fatures on the
PLEC map (Fpure 3d), but the peaks are less intensive in
comparison with the same system withaut SWNTs {Tymre 3b).
Besales, the 'L itensity of astaphlozin mommnenic form s
(=307} higher in the mixtures with SANT dispersed by SDES
(Tigure 3cd) than that in the mixtures withous SWNT (I'jjrure
3ab), Thus, the presenoe of SWINT ightly weduces the PL
from zstraphloxin aggregates induced by SDBES. The reduced
PL could ke expizned by two following mechanisms. The ant
mechanism 5 PLoguenching by the SWNT itsel? The second
explaration is reasoned by deceased concentration of SDES
that could be dovolved i the aggregation provess for the
mixtuwes with SWNT covered by SDRS Genenilly, the
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