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UUFINFv GR FIfqNSFwN lgU.FSl-NqR .FSl-NqR fwv r.fqSfUR

gk cgFN.F :wlVFq-lNR AqfwxkMqN f- f vl--FqNfNlgw

Ffw rqgk q TFSFw- cTfMGlNK

Alq-N FJIFqN f--F--gq rqgk q 4.gSf- rql-wFq

1FUgwv FJIFqN f--F--gq rqgk q TFSFw- cTfMGlNK

fNF gk vl-IMNfNlgw
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UxwgWTFvuFSFwN-

p

lgmfecAncdcgT 

p WgMTv TlxF Ng -NfqN N.F vl--FqNfNlgw WlN. N.F fUxwgWTFvuFSFwN-

Alq-N p WfwN Ng FJIqF-- SR uqfNlNMvF Ng rqgk 4.gSf- rql-wFq kgq ulVlwu SF N.l-

U.fwUF Ng -NfqN SR zgMqwFR lw N.F klFTv gk TljMlv -NfNF Dr fwv kgq .l- -MIIgqN-

vMqlwu SR W.gTF r. -NMvR 4.F klVF RFfq vMqfNlgw gk N.l- -NMvR .f- GFFw NqMTR

zgRkMT gWlwu Ng .l- Ugw-NqMUNlVF -MuuF-Nlgw- gk FJIFqlSFwNfT ITfw- fwv

lwNFqIqFNfNlgw- UgMITFv WlN. N.F gIFw fNSg-I.FqF gk gMq qF-FfqU. uqgMI

yR -IFUlfT N.fwx- ug Ng q Bf-RT FwR-FwxgV N.F FJIFqN NqMTR xwgW N.F

SlUqgWfVF qF-gwfNgq fwv N.F uRqgNqgw W.g NfMu.N SF .gW Ng Wgqx WlN. N.F

lw-NqMSFwN- fTqFfvR vMqlwu SR Sf-NFq -NMvlF- ilN.gMN .l- Wgqx gw N.F IqgGF.Ffv-

wgwF gk SR FJIFqlSFwNfT IqguqF-- WgMTv GF Ig--lGTF

rqgk tlfkFl yfg l- uqFfNTR fUxwgWTFvuFv kgq N.F wlUF UgTTfGgqfNlgw gk N.F -UfTfq

Dr gw -SfTT GlgSgTFUMTF- fwv kgq -.fqlwu SF .l- xwgWTFvuF lw TljMlv -NfNF Dyn

fwv .l- -UlFwNlklU IFq-IFUNlVF- W.lU. fqF NqMTR .FTIkMT kgq SF

yR N.fwx- ug Ng q wvqFl dMK.FTFV kgq N.F Tgwu NFqS FJIFqlSFwNfT UgTTfGgqfNlgw

WlN. kqMlNkMT gMNUgSF- eF l- fT-g IqgkgMwvTR fUxwgWTFvuFv kgq .l- UqFvlN- gk N.F

.lu. klFTv -gTlv FkkFUN Dr lw Vl-UgM- TljMlv-

yR N.fwx- fT-g ug Ng q FwlK 1FKFq kgq .FTIlwu SF kluMqFv gMN ITFwNR gk N.FgqFNlUfT

jMF-Nlgw- F-IFUlfTTR N.F fMNgUgqqFTfNlgw kMwUNlgw fwv -IFUNqfT vFw-lNlF- el-

xwgWTFvuF wgN TlSlNFv Ng Dr N.FgqlF- fTgwF lSIqF--F- SF fTT N.F NlSF

4.F UgSIMNfNlgwfT Wgqx IFqkgqSFv GR gMq UgTTfGgqfNgq rqgk olfg eF fwv .l-

qF-FfqU. uqgMI Ng MwvFq-Nfwv N.F gG-FqVFv -UfTfq Dr Fw.fwUFSFwN- l- fT-g

IqgkgMwvTR fUxwgWTFvuFv

q Mqx.fqv  wvFWfqv l- fUxwgWTFvuFv kgq SflwNflwlwu N.F kMwUNlgwfTlNR gk gMq

uqgMI - UgSIMNFq- fwv wFNWgqx fwv kgq .l- FJITfwfNlgw- fwv f--l-NfwUF lw N.F

gIFqfNlgw gk N.F  rn -IFUNqgSFNFq



UxwgWTFvuFSFwN-

pp

p WgMTv TlxF Ng N.fwx rqgk TFSFw- cTfMGlNK kgq .l- UTFfq lwNqgvMUNlgw- fGgMN N.F

TlIlv -NqMUNMqF fwv N.F qFTFVfwN Dyn FJIFqlSFwN-

p fT-g WfwN Ng N.fwx q aqfWfw tfxvFNU.fl kgq -.fqlwu .Fq xwgWTFvuF fGgMN N.F

TlIlv -fSITF IqFIfqfNlgw fwv N.F qFTfNFv FJIFqlSFwNfT NFU.wljMF- fN N.F GFulwwlwu gk

SR r. -NMvR

yfwkqFv 1NqMIk Fqw.fqv 4.lFS fwv q tg.fwwf fTvM- fqF fUxwgWTFvuFv kgq

N.Flq -MIIgqN- lw SflwNflwlwu N.F kMwUNlgwfTlNR gk N.F Dr Dyn -IFUNqgSFNFq-

l-Fqf dq-Nl) q tćqw rTfUxSFRFq fwv 1luqlv d'SSFqFq fqF fUxwgWTFvuFv kgq N.F

fqqfwuFSFwN gk U.FSlUfT-

4.fwx- ug Ng q TGFqNg gTTfMNg kgq .l- .FTI vMqlwu N.F klq-N -NFI gk SR r. -NMvR

4.fwx- ug Ng 1lTxF 1U.wFlvFq kgq .Fq fvSlwl-NqfNlVF Wgqx fwv .Fq WfqS .FfqNFv

-MIIgqN lw VfqlgM- WfR- -MU. f- U.FUxlwu N.F fUUMqfUR gk SR cFqSfw WqlNNFw

FSflT- f--l-Nlwu lw klwvlwu fUUgSSgvfNlgw- fwv fTWfR- GFlwu WlTTlwu Ng .fVF f

-.gqN qFTfJFv UgwVFq-fNlgw

yR N.fwx- fT-g ug Ng N.F kgTTgWlwu lwvlVlvMfT- kgq N.Flq VfTMfGTF -MuuF-Nlgw- Ng

lSIqgVF N.l- vl--FqNfNlgw rqgk 4.gSf- rql-wFq yfNN.lf- qFN-U.wFlvFq q wvqFl

dMK.FTFV q Mqx.fqv  wvFWfqv q FwlK 1FKFq fwv q Bf-RT FwR-FwxgV

AlwfTTR p WfwN Ng vFvlUfNF N.l- N.F-l- Ng SR kfSlTR Ng SR klfwUOF .Mzlwu kgq N.F

Ugw-l-NFwN MwvFq-Nfwvlwu fwv FwUgMqfuFSFwN fTqFfvR -NfqNFv kqgS SR fU.FTgq

-NMvR Ng SR SgS olwuGfg kgq fTWfR- GFlwu Ugw-lvFqfNF fwv Ugw-l-NFwNTR

-MIIgqNlVF gk SR vFUl-lgw- fwv Ng SR vfv olfwuufg N.gMu. RgM .fVF TFkN N.l-

WgqTv lw RgMq TgVF wFVFq kfvF- lw gMq kfSlTR
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pwNqgvMUNlgw fwv aVFqVlFW

gTsmAa Twmg gA bcsbwcf

r2co O 2Ior

1lwUF lN- vl-UgVFqR gVFq -FVFw vFUfvF- fug��� DMUTFfq yfuwFNlU nF-gwfwUF Dyn

-IFUNqg-UgIR .f- F-NfGTl-.Fv lN-FTk f- f IgWFqkMT fwfTRNlUfT NggT WlN. VFq-fNlTF

fIITlUfNlgw- fUqg-- SMTNlITF -UlFwNlklU vl-UlITlwF- fwv lwvM-NqlfT fqFf- lwUTMvlwu

U.FSl-NqR GlgTguR SfNFqlfT- -UlFwUF fwv SFvlUlwF��� pN IqgVlvF- f wgw lwVf-lVF

fUUF-- Ng N.F IqgIFqNlF- gk SfNNFq fN N.F fNgSlU -UfTF fwv gkkFq- VfTMfGTF lw-lu.N- lwNg

SgTFUMTfq -NqMUNMqF lwNFqfUNlgw fwv vRwfSlU- egWFVFq Dyn lwVgTVF- f

SlwM-UMTF lwNFqfUNlgw FwFquR GFNWFFw N.F wMUTFfq -Ilw- fwv N.F FJNFqwfT SfuwFNlU

klFTv W.lU. .gTv- IfqNlUMTfqTR NqMF fN fSGlFwN NFSIFqfNMqF 4.l- lw.FqFwN wfNMqF gk

Dyn SfxF- lN f wgw vF-NqMUNlVF SFN.gv GMN fT-g lSIg-F- TlSlNfNlgw- gw lN-

-Fw-lNlVlNR N.FqFGR qF-NqlUN- lN- UfIfGlTlNlF- lw fvVfwUFv fIITlUfNlgw- pw gqvFq Ng

fvvqF-- N.F -Fw-lNlVlNR l--MF gk Dyn FwgqSgM- FkkgqN- .fVF GFFw vFVgNFv Ng

Fw.fwUlwu Dyn -luwfT lwNFw-lNlF- F-lvF N.F Wgqx gw lw-NqMSFwNfNlgw fwv

FJIFqlSFwNfT IqgUFvMqF � vlVFq-F .RIFqIgTfqlKfNlgw SFN.gv- WFqF Ugw-NfwNTR

vFVFTgIFv vMqlwu N.F If-N vFUfvF- -MU. f- RwfSlU DMUTFfq rgTfqlKfNlgw Dr 

r.gNgU.FSlUfTTR lwvMUFv RwfSlU DMUTFfq rgTfqlKfNlgw r.gNg p Dr ��

rfqf.RvqguFw lwvMUFv rgTfqlKfNlgw repr ����� fwv gINlUfT IMSIlwu gk wgGTF

uf-F-��

Sgwu N.F-F .RIFqIgTfqlKfNlgw NFU.wljMF- Dr -IFUlklUfTTR UgwNlwMgM- WfVF UW

Dr lw TljMlv- WlTT GF N.F -gTF kgUM- gk N.l- N.F-l- gSGlwu f-IFUN- kqgS GgN.

Dyn fwv  TFUNqgw rfqfSfuwFNlU nF-gwfwUF  rn Dr Fw.fwUF- Dyn

-Fw-lNlVlNR GR Nqfw-kFqqlwu N.F IgTfqlKfNlgw kqgS MwIflqFv FTFUNqgw -Ilw- Ng N.Flq

fvzfUFwN wMUTFfq -Ilw- yMTNlITF Dr SFU.fwl-S- .fVF GFFw IqgIg-Fv Ng FJITflw

N.F gG-FqVFv Dr Fw.fwUFSFwN- lw VfqlgM- -fSITF -R-NFS- - klq-N Ig-Fv GR

aVFq.fM-Fq lw  fwv FJIFqlSFwNfTTR VFqlklFv TfNFq lw TlN.lMS�	 N.F lwlNlfT

vl-UgVFqFv DrSFU.fwl-S qFTRlwu gw N.F Uqg-- qFTfJfNlgw IqgUF--F- gk N.F UgMITFv



pwNqgvMUNlgw fwv aVFqVlFW

FTFUNqgw wMUTFfq F D -Ilw- l- UgSSgwTR qFkFqqFv Ng f- aVFq.fM-Fq FkkFUN a 

Dr pN l- wFUF--fqR Ng SgvMTfNF N.F F D .RIFqklwF lwNFqfUNlgw eAp N.qgMu.

-NgU.f-NlU IqgUF--F- Ng lwvMUF -MU. Uqg-- qFTfJfNlgw 4.l- SgvMTfNlgw l- fU.lFVfGTF

lw SgTFUMTfq -R-NFS- WlN. vRwfSlUfT F D -Ilw Iflq- -MU. f- SFNfT WlN. SgGlTF

FTFUNqgw- gq -gTMNlgw vgIFv WlN. qfvlUfT- wgN.Fq Dr SFU.fwl-S wfSFv -gTlv

FkkFUN 1 Wf- FJIFqlSFwNfTTR VfTlvfNFv TfNFq lw vlFTFUNqlU -gTlv- �
��� 4.F 1 qFTlF-

gw N.F SlJlwu gk wMUTFfq -Ilw -NfNF- lw N.F IqF-FwUF gk fw fwl-gNqgIlU eAp klFTv

4.FqFkgqF lN l- NRIlUfTTR FJITglNFv lw -gTlv -fSITF- GFUfM-F N.F fwl-gNqgIlU

lwNFqfUNlgw- fqF UgSITFNFTR fVFqfuFv gMN lw wgw Vl-UgM- TljMlv- pw -gTlv -NfNF

-fSITF- fTNFqwfNlVF Dr SFU.fwl-S- WFqF vl-UgVFqFv lwVgTVlwu gwF wMUTFfq -Ilw

UgMITFv WlN. NWg FTFUNqgw -Ilw- gq SMTNlITF FTFUNqgw -Ilw- W.lU. WFqF qF-IFUNlVFTR

NFqSFv Uqg-- FkkFUN  ���� fwv N.FqSfT SlJlwu 4y ��

FkgqF - -UlFwNlklU UMqlg-lNR Wf- SflwTR qF-NqlUNFv Ng TgW klFTv Dr -NMvlF-

vFVlfNlwu kqgS N.F NqFwv gk Dyn qF-FfqU. SgVlwu NgWfqv- .lu.Fq klFTv- 4.l- l- vMF

Ng N.FgqFNlUfT IqFvlUfNlgw- lwvlUfNlwu fw MwkfVgqFv Dr FkklUlFwUR gk fTT xwgWw

Dr SFU.fwl-S fN .lu. SfuwFNlU klFTv- fTgwu WlN. N.F TfUx gk .lu. kqFjMFwUR

SlUqgWfVF SW -gMqUF- Ng FkklUlFwNTR vqlVF N.F FTFUNqgw -Ilw Nqfw-lNlgw �����

pw N.F If-N N.qFF vFUfvF- Dr FJIFqlFwUFv f qFwfl--fwUF fkNFq N.F fVflTfGlTlNR gk

.lu. IgWFq uRqgNqgw SW -gMqUF f- vFSgw-NqfNFv GR N.F cqlkklw uqgMI �	 gSGlwFv

WlN. SfulU fwuTF -Ilwwlwu -gTlv -NfNF Dr .f- kgMwv SfwR fIITlUfNlgw- qfwulwu

kqgS GlgSgTFUMTF- Ng SfNFqlfT- fN .lu. klFTv- �
��� l--gTMNlgw Dr Nfxlwu

fvVfwNfuF gk N.F .lu. Dr FkklUlFwUR fU.lFVFv fN TgW NFSIFqfNMqF fwv SgvFqfNF

klFTv- fqF fGTF Ng IqgVlvF -luwlklUfwN -luwfT Fw.fwUFSFwN- GR f -MG-FjMFwN kf-N

vl--gTMNlgw fwv Dyn vFNFUNlgw fN .lu. SfuwFNlU klFTv- ���� IfqN kqgS N.F

fIIqgfU.F- WlN. UW SW lqqfvlfNlgw VfqlgM- IMT-Fv Dr NFU.wljMF- WFqF fT-g

vFVFTgIFv Ng fVglv N.F FkklUlFwUR TlSlNfNlgw- gk vlkkFqFwN Dr SFU.fwl-S- -MU. f-

DMUTFfq 1Ilw aqlFwNfNlgw Vlf  TFUNqgw 1Ilw bgUxlwu DaB b ����� Dr lw N.F

wMUTFfq qgNfNlwu kqfSF�� NlSF gINlSlKFv IMT-Fv Dr�� �
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gSIfqFv Ng lN- fvVfwUFSFwN- lw -gTlv -NfNF Dr l- TF-- FJITgqFv lw -gTMNlgw fN

.lu. klFTv- �� 4.F IqlSfqR U.fTTFwuF l- N.F -fSITF -NfGlTlNR Ig-Fv GR FJUF--lVF

.FfNlwu UfM-Fv GR N.F vlFTFUNqlU Tg--F- gk TljMlv- WlN. .lu. kqFjMFwUR SW 4.l-

NFU.wlUfT l--MF Ufw GF FkkFUNlVFTR fvvqF--Fv GR gINlSlKlwu N.F vF-luw gk N.F Dr

IqgGF kqgS -FVFqfT IFq-IFUNlVF- -MU. f- MNlTlKlwu f SW qF-gwfNgq wfSFTR -FIfqfNlwu

N.F SW  fwv UgSIgwFwN- lSIqgVlwu N.F .FfN UgwvMUNlVlNR gk N.F -fSITF .gTvFq

fwv fIITRlwu fUNlVF -fSITF UggTlwu SFN.gv- �	��
 4.F-F SgvlklUfNlgw- W.lTF

UgSIqgSl-lwu N.F -fSITF VgTMSF Ng -gSF FJNFwN fT-g FwfGTF N.F -FIfqfNlgw gk N.F

NFSIFqfNMqF lwkTMFwUF- kqgS N.F Dr FkklUlFwUR vvlNlgwfTTR -lSlTfq f- N.F gN.Fq

Dr SFU.fwl-S- N.F IqFvlUNFv a Dr FkklUlFwUR vqgI- qfIlvTR WlN. lwUqFf-lwu

SfuwFNlU klFTv- 4.F -IFUNqfT vFw-lNR kMwUNlgw 1 A W.lU. N.FgqFNlUfTTR vFNFqSlwF-

N.F a Dr FkklUlFwUR Wf- vFqlVFv kqgS N.F F D -Ilw lwNFqfUNlgw- MwvFq SgTFUMTfq

qgNfNlgwfT fwv Nqfw-TfNlgwfT SgNlgw- ����� 4.F-F SgNlgw- vF-UqlGFv GR N.F UTf--lUfT

1NgxF-  lw-NFlw SgvFT WlN. f NRIlUfT UgqqFTfNlgw NlSF gk NFw- Ng .MwvqFv- I- W.lU.

-MkklUlFwNTR FJITflw- N.F gG-FqVFv a Dr fN TgW klFTv 4 fqF .gWFVFq

MwfGTF Ng IqgvMUF Ugw-lvFqfGTF -IFUNqfT vFw-lNR fN .lu. klFTv- 4

4.gMu. N.F lwlNlfT gG-FqVfNlgw- FJ.lGlN- vqgIIFv Dr FkklUlFwUR f- FJIFUNFv�����

N.F IqguqF-- gk Dr lw -gTMNlgw- lw N.F If-N vFUfvF .f- qFVFfTFv lN- IgNFwNlfT fN .lu.

klFTv TqFfvR GFkgqF N.F lwlNlfNlgw gk N.l- vgUNgqfT qF-FfqU. Wgqx lN .f- GFFw

fUxwgWTFvuFv N.fN N.F -lSITF SgTFUMTfq qgNfNlgwfT fwv Nqfw-TfNlgwfT SgvFT UgMTv GF

lwfvFjMfNF Ng vF-UqlGF N.F .lu. klFTv Dr FkklUlFwUR W.lU. l- IfqNlUMTfqTR -Fw-lNlVF

Ng kf-N kTMUNMfNlgw- �� 4.F Sg-N vFSgw-NqfNlVF lw-NfwUF l- N.F vlIgTfq eAp vqlVFw �e

a Dr WlN. fw Fw.fwUFSFwN kfUNgq gk gG-FqVFv gw gqlFwNFv TlIlv GlTfRFq-

vgIFv WlN. wlNqgJlvF qfvlUfT- fN fSGlFwN NFSIFqfNMqF- fwv 4 �	 kTMUNMfNlgw

WlN. f UgqqFTfNlgw NlSF √ Ç I- UgSIfqfGTF Ng N.F lwVFq-F FTFUNqgw bfqSgq

kqFjMFwUR ! ;, l- qFjMlqFv Ng fU.lFVF FkklUlFwN Dr IgTfqlKfNlgw Nqfw-kFq fN N.l-

SfuwFNlU klFTv hFN N.F U.fqfUNFqlKfNlgw NlSF- gk N.F TlIlv TfNFqfT vlkkM-lgw gq fJlfT

qgNfNlgw fqF fN TFf-N N.qFF gqvFq- gk SfuwlNMvF- -TgWFq �
��� -MuuF-Nlwu fw vqlVlwu
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kgqUF gk Dr kqgS TgUfT kf-N vRwfSlU- wgN.Fq IqgSl-lwu fIIqgfU. fN .lu. klFTv l-

-UfTfq eAp vqlVFw a Dr 4.FgqFNlUfTTR -UfTfq eAp UgwNqlGMNF- IqFvgSlwfwNTR Ng

N.F F D KFqg jMfwNMS Uqg-- qFTfJfNlgw fwv .f- wFuTFUNfGTF lSIfUN- gw N.F wMUTFfq

-lwuTF jMfwNMS qFTfJfNlgw kgq gqufwlU qfvlUfT- lw TljMlv- �� 4.FqFkgqF Dr

FkklUlFwUR Ufw qFSflw -lKfGTF WlN. lwUqFf-Fv klFTv- lw SgTFUMTfq -R-NFS- W.FqF

-UfTfq eAp lwvMUFv qFTfJfNlgw vgSlwfNF- gVFq N.F UgMwNFqfUNlwu vlIgTfq qFTfJfNlgw

UgSIMNfNlgwfT fIIqgfU. WlN. vFw-lNR kMwUNlgwfT N.FgqR A4 UfTUMTfNlgw- fwv

SgTFUMTfq vRwfSlU- y -lSMTfNlgw- fT-g IqFvlUNFv N.l- IgNFwNlfT gk -UfTfq Dr fN

.lu. klFTv- � 4.F lwlNlfT fwv fT-g Sg-N qFIqF-FwNfNlVF FJIFqlSFwNfT FVlvFwUF- fqF N.F
�� a Dr gG-FqVFv WlN. fw Fw.fwUFSFwN MI Ng lw T� -gTMNlgw fN 4	�

fwv MI Ng lw q� -gTMNlgw fN 4	� 4.F vRwfSlU- qF-Igw-lGTF kgq -UfTfq Dr

l- fT-g wgN TlSlNFv Ng SgTFUMTfq SgNlgw- 4.gMu. N.F SFU.fwl-S l- -NlTT MwvFq

vl-UM--lgw FJIFqlSFwNfT gG-FqVfNlgw- -.gW N.fN a Dr l- FkkFUNlVF lw lw-MTfNlwu

-gTlv- fN .lu. klFTv- fwv TgW NFSIFqfNMqF- 	��	� 1MU. f kf-N vRwfSlU SgvMTfNlgw gk

N.F -UfTfq eAp qF-Igw-lGTF kgq N.F a Dr FJl-N- FVFw fN d 	��

v cvI e o1 2 2 iIi

gSIfqFv Ng qF-FfqU.F- UgwvMUNFv lw -gTlv- TljMlv -NfNF Dr Dyn SFf-MqFSFwN-

IqgVlvF N.F UgSITFSFwNfqR lw-lu.N Ng N.F SgTFUMTfq UgwkgqSfNlgw vRwfSlU- fwv

-MG-NqfNF qfvlUfT lwNFqfUNlgw- gk SgTFUMTF- lw -gTMNlgw- gq FVFw lw N.Flq wfNlVF

FwVlqgwSFwN 4.F SfwlkgTv gk UMqqFwN a Dr -NqfNFulF- -MuuF-N- N.fN TljMlv -NfNF

Dr .gTv- uqFfN IgNFwNlfT FVFw WlN. TlSlNfNlgw lw -fSITF VgTMSF fwv -FTFUNlVlNR

NgWfqv- SgTFUMTfq -R-NFS- pN SgNlVfNFv N.l- qF-FfqU. Wgqx kgq UgwNlwMgM-TR

FJITgqfNlgw gk N.F Ig--lGlTlNlF- kgq Dr SFN.gv- lw TljMlv- fN .lu. klFTv-

- N.F qF-FfqU. gMNUgSF FwUgSIf--F- vl-NlwUN f-IFUN- gk TljMlv -NfNF Dr lwUTMvlwu

qF-MTN- fTqFfvR IMGTl-.Fv fwv qF-MTN- Ng GF IMGTl-.Fv N.l- N.F-l- l- WqlNNFw lw f

UMSMTfNlVF SfwwFq
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AgTTgWlwu N.l- lwNqgvMUNgqR U.fINFq .fINFq FJITflw- N.F N.FgqFNlUfT GfUxuqgMwv

W.lU. l- wFUF--fqR kgq MwvFq-Nfwvlwu N.F TljMlv -NfNF Dr SFU.fwl-S- fTgwu WlN.

qFTFVfwN Dyn fwv  rn IqlwUlITF- .fINFq lwNqgvMUF- N.F f-IFUN- gk .fqvWfqF

lwUTMvlwu N.F Dr -IFUNqgSFNFq IqgGF.Ffv- fwv NFSIFqfNMqF UgwNqgT 4.F wFW

FJIFqlSFwNfT FVlvFwUF- gk .lu. klFTv Dr gGNflwFv lw TljMlv- vMqlwu N.F qF-FfqU.

IFqlgv fqF IqF-FwNFv lw .fINFq -MSSfqR gk N.F qF-FfqU. Wgqx f- WFTT f- N.F

gMNTggx fqF ulVFw lw .fINFq cFqSfw 1MSSfqR l- ulVFw lw .fINFq 4.F

fMN.gq - UgwNqlGMNlgw- Ng lwvlVlvMfT qF-FfqU. Wgqx fqF -MSSfqlKFv lw .fINFq

4.F -UfTfq a Dr Fw.fwUFSFwN IqFVlgM-TR fU.lFVFv fN .lu. SfuwFNlU klFTv- fqF

TlSlNFv lw gqufwlU -gTVFwN- 	��	� - IqF-FwNFv lw .fINFq gwF gk N.F lwNqluMlwu

klwvlwu- vMqlwu N.F qF-FfqU. IFqlgv Wf- N.F gG-FqVfNlgw gk .lu. klFTv �� -UfTfq a 

Dr gk -SfTT GlgSgTFUMTF- kgq N.F klq-N NlSF lw fjMFgM- -gTMNlgw WlN. Ugw-lvFqfGTF

Fw.fwUFSFwN- MI Ng pw N.l- Wgqx N.F -UfTfq Dr UfIfGlTlNlF- WFqF FJNFwvFv Ng

f -FqlF- gk GlgTgulUfTTR qFTFVfwN SgTFUMTF- lwUTMvlwu fSlwg fUlv- fwv UfqGgw

.RvqfNF-

wgN.Fq wgVFT vl-UgVFqR lw .lu. klFTv Dr -.gWw lw .fINFq Wf- N.F 1 Dr

Fw.fwUFv �e Dyn -IFUNqf gk kTMlv TlIg-gSF vgIFv WlN. r

Gl-vlI.FwRTFwF I.FwRTfTTRT qfvlUfT gG-FqVFv fN fSGlFwN NFSIFqfNMqF WlN. fw

Fw.fwUFSFwN kfUNgq gk W.lU. gIFw- MI wFW IFq-IFUNlVF- kgq Dr gk TfquF

SgTFUMTF- gq lw Vl-UgM- -gTMNlgw-

.fINFq IqF-FwN- N.F kMqN.Fq -NMvR gk Dr gw TlIg-gSF vgIFv WlN. -Ilw TfGFTFv

wlNqgJlvF- fN fSGlFwN NFSIFqfNMqF AMqN.Fq SFU.fwl-NlU lwVF-NlufNlgw- gk N.F �e

vlIgTfq a Dr lw TlIlv- WFqF IFqkgqSFv lwUTMvlwu -NMvR gk N.F -lNF -IFUlklU Dr

Fw.fwUFSFwN- FJIFqlSFwNfTTR vFNFqSlwfNlgw gk UgMITlwu kfUNgq fwv fw fIIqgfU. Ng

gGNflw N.F Dr UgMITlwu kfUNgq Vlf y -lSMTfNlgw- qFUFwN N.FgqFNlUfT fIIqgfU.

WlN. N.F vRwfSlUfT SgvMTfNFv 1 fwv u fwl-gNqgIR GqgfvFwFv a lw TljMlv- l-

fNNfU.Fv
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.fINFq -.gW- N.F lwNFqIqFNfNlgw gk a Dr Fw.fwUFSFwN- WlN. N.F UTf--lUfT

SgvFT- Ugw-lvFqlwu N.F SgTFUMTfq Nqfw-TfNlgwfT fwv qgNfNlgwfT SgNlgw -R-NFSfNlU

-NMvR gw N.F UgwNqlGMNlgw gk lwwFq -I.FqF qgNfNlgw Ng N.F UgMITlwu kfUNgq l- IqF-FwNFv

4.F FJl-Nlwu FJIFqlSFwNfT vfNf WFqF kMqN.Fq qFUgw-lvFqFv GR lwUgqIgqfNlwu N.F gkk

UFwNFqFv qgNfNlgw gk qfvlUfT- lwNg N.F gMNFq -I.FqF SgvFT

4qlITF qF-gwfwUF F� �e �� Dr FJIFqlSFwN- lw -gTMNlgw- lwUTMvlwu �� a Dr

SFf-MqFSFwN- MwvFq �e vFUgMITlwu fwv �� Dyn -luwfT Fw.fwUFSFwN fU.lFVFv Vlf

f �e �� pD r4 pw-Fw-lNlVF DMUTFl  w.fwUFv GR rgTfqlKfNlgw 4qfw-kFq IMT-F

-FjMFwUF UgSGlwlwu �e 1 Dr fqF IqF-FwNFv lw .fINFq

4.F SMTNlITF .lu. klFTv Dr IfN.WfR- lw TljMlv- UgVFqFv GR N.F-F -NMvlF- fqF

vFSgw-NqfNFv lw AluMqF

AluMqF lkkFqFwN .lu. klFTv Dr IfN.WfR- lw TljMlv- UgVFqFv lw N.l- N.F-l-
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ocmscTw e lnsmagA

pw N.l- U.fINFq N.F kMwvfSFwNfT IqlwUlITF- W.lU. fqF wFUF--fqR Ng MwvFq-Nfwv N.F

TljMlv -NfNF Dr fqF lwNqgvMUFv 4.FR fqF -FIfqfNFv lwNg kgMq IfqN- 1FUNlgw

lwNqgvMUF- N.F Gf-lU xwgWTFvuF gk SfuwFNlU qF-gwfwUF 1MG-FjMFwNTR N.F IqlwUlITF-

gk Dyn fwv  rn -IFUNqg-UgIR qFTFVfwN Ng N.l- Wgqx fqF GqlFkTR FJITflwFv lw 1FUNlgw

fwv 1FUNlgw qF-IFUNlVFTR 1FUNlgw FJITflw- N.gqgMu.TR N.F TljMlv -NfNF

Dr SFU.fwl-S -IFUlklUfTTR aVFq.fM-Fq FkkFUN fwv -gTlv FkkFUN

cIr Idn i o1 .r 2I ior r

yne dty1dmg e. yne onrmten e

TT -IFUNqg-UgIlU SFN.gv gk SfuwFNlU qF-gwfwUF l- Gf-Fv gw N.F lwNqlw-lU

IqgIFqNR gk N.F FTFSFwNfqR IfqNlUTF- i.lTF N.F wfSF -Ilw SfR lSITR N.F IfqNlUTF-

MwvFquglwu f -Ilwwlwu IqgUF-- lN l- lSIgqNfwN Ng wgNF N.fN N.F -Ilw l- fw fG-NqfUN

IqgIFqNR Gf-Fv gw FJIFqlSFwNfT gG-FqVfNlgw- fwv N.FgqFNlUfT UfTUMTfNlgw-

wfTgugM- Ng N.F fwuMTfq SgSFwNMS gk f qgNfNlwu gGzFUN IfqNlUTF- WlN. wgw KFqg

-Ilw Ig--F-- N.F -Ilw fwuMTfq SgSFwNMS :wTlxF N.F UTf--lUfT fwuMTfq SgSFwNMS

-Ilw fwuMTfq SgSFwNMS l- jMfwNlKFv fwv gwTR NfxF UFqNflw vl-UqFNF VfTMF- 4.F

Ig--F--lgw gk -Ilw UgwkFq- N.F IfqNlUTF- f SfuwFNlU SgSFwN � IqgIgqNlgwfT Ng lN- -Ilw

fwuMTfq SgSFwNMS � W.lU. Ufw GF WqlNNFw f-		

z Å ∫v
W.FqF 5 l- N.F uRqgSfuwFNlU qfNlg vF-UqlGlwu N.F qFTfNlgw- GFNWFFw � fwv � 4.F

VfTMF gk 5 l- -IFUlklU kgq FfU. NRIF gk IfqNlUTF- 5 Ufw GF Ig-lNlVF -MU. f- �e fwv ��

gq wFufNlVF lwUTMvlwu FTFUNqgw- �	D ��a FNU 4.F wFufNlVF 5 WlTT qF-MTN f SfuwFNlU

SgSFwN � gIIg-lNF Ng N.F fwuMTfq SgSFwNMS � ilN. N.F qFvMUFv rTfwUx Ugw-NfwN

− N.F UgwVFq-lgw GFNWFFw N.F -Ilw fwuMTfq SgSFwNMS fwv N.F -Ilw jMfwNMS

wMSGFq 
 l- ulVFw GR v Å −4 vlSFw-lgwTF-- IfqfSFNFq u Ufw fT-g GF M-Fv Ng
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vF-UqlGF N.F SfuwFNlU SgSFwN qF-MTNFv GR -Ilw 1lwUF wMUTFfq -Ilw- fwv FTFUNqgw

-Ilw- fqF GgN. lwVgTVFv lw N.l- Wgqx lN l- UgwVFwlFwN Ng vFwgNF wMUTFfq -Ilw WlN. N.F

jMfwNMS wMSGFq � fwv FTFUNqgw -Ilw WlN. N.F jMfwNMS wMSGFq 
 ilN. N.l- wgNfNlgw

N.F SfuwFNlU SgSFwN gk N.F wMUTFfq -Ilw ′ fwv FTFUNqgw -Ilw 4 Ufw GF ulVFw f- 		

z Å −∫C′ Å SChC′
z Å −∫,4 Å 3S,h=4

W.FqF hC h= fqF qF-IFUNlVFTR wMUTFfq SfuwFNgw fwv g.q SfuwFNgw SC S, fqF
qF-IFUNlVFTR u kfUNgq gk wMUTFfq -Ilw fwv FTFUNqgw -Ilw

4.F NlSF vFIFwvFwN 1U.qćvlwuFq FjMfNlgw Ufw GF M-Fv kgq jMfwNMS SFU.fwlUfT

vF-UqlINlgw gk N.F NlSF FVgTMNlgw gk f -Ilw -R-NFS W.lU. l- ulVFw f- 	


Q
Q�
≫p]ZT∥ôiöç Å 3]{]ZT∥≫p]ZT∥ôiöç

W.FqF p]ZT∥ l- N.F WfVF kMwUNlgw vF-UqlGlwu N.F -Ilw -R-NFS fT-g xwgWw f- -Ilw

-NfNF- {]ZT∥ l- N.F efSlTNgwlfw gIFqfNgq vF-UqlGlwu N.F lwNFqfUNlgw- FwFquR

lwVgTVFv lw N.F -Ilw -R-NFS gk lwNFqF-N R xwgWlwu N.F -Ilw efSlTNgwlfw{]ZT∥ fwv

-gTVlwu N.F NlSF vFIFwvFwN 1U.qćvlwuFq FjMfNlgw lN l- Ig--lGTF Ng IqFvlUN N.F

FJIFqlSFwNfT gG-FqVfNlgw- awF N.lwu Ng wgNF l- N.fN N.F -Ilw efSlTNgwlfw Ufw GF

FJIqF--Fv lw FlN.Fq wfNMqfT MwlN WlN.gMN − gq lw N.F 1p 1R-N/SF pwNFqwfNlgwfT MwlN

WlN. − W.lU. vFIFwv- gw W.FN.Fq WF fqF qFkFqqlwu Ng N.F fwuMTfq kqFjMFwUR lw

qfvlfw - gq N.F FwFquR gk N.F -R-NFS

i1 11o e yrnmmnep e. lrP pe1mnB mnte

Agq f -Ilw WlN. jMfwNMS wMSGFq � lN- -Ilw fKlSMN.fT jMfwNMS wMSGFq0C Ufw NfxF

N.F VfTMF gk ~ A ~ ôA 3 !ö 0 3 ôA 3 !ö 3A W.lU. SFfw- N.F IfqNlUTF- Ufw .fVF

p -MGTFVFT- pw N.F fG-FwUF gk fw FJNFqwfT klFTv N.F -NfNF- WlN. N.F -fSF VfTMF gk

p GMN vlkkFqFwN VfTMF- gk 0C fqF vFuFwFqfNF SFfwlwu N.fN N.FR fqF fN N.F -fSF FwFquR

TFVFT 4.F vFuFwFqfUR l- GqgxFw MwvFq fIITlUfNlgw gk fw FJNFqwfT SfuwFNlU klFTv
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qF-MTNlwu lw N.F vlkkFqFwN FwFqulF- gk N.F -MGTFVFT- 4.l- I.FwgSFwgw l- UfTTFv

sFFSfw FkkFUN 4.F FwFquR -FIfqfNlgw GFNWFFw N.F -MGTFVFT- l- UfTTFv sFFSfw

-ITlNNlwu

Agq f -Ilw WlN. SfuwFNlU SgSFwN z WlN. fw FJNFqwfT -NfNlU SfuwFNlU klFTv ≡ N.F

efSlTNgwlfw gk sFFSfw FkkFUN l- ulVFw GR 		

{M Å 3z ℏ ≡
4.F wFufNlVF -luw gw N.F qlu.N -lvF lwvlUfNF- f IqFkFqqFv -NfNF W.FqF N.F SfuwFNlU

SgSFwN l- fTluwFv WlN. N.F FJNFqwfT SfuwFNlU klFTv gwVFwNlgwfTTR N.F FJNFqwfT

SfuwFNlU klFTv ≡ l- NfxFw fTgwu N.F K vlqFUNlgw gk N.F TfGgqfNgqR kqfSF 4.F

SfuwFNlU SgSFwN z lw N.F wgw KFqg Uf-F Ufw FlN.Fq fTluwFv IfqfTTFT gq fwNlIfqfTTFT

Ng N.F FJNFqwfT SfuwFNlU klFTv 4.F sFFSfw NFqS kgq wMUTFfq -Ilw Ufw N.FqFkgqF GF

WqlNNFw f-

{M� Å 3−∫C+ A Å 3SChC+ A
W.lU. .gTv- NqMF fT-g kgq FTFUNqgw -Ilw-

{M� Å 3−∫K+ I Å S,h=+ I
4.F -Ilw lwNFqfUNlgw- qFTFVfwN kgq N.F IqF-FwN N.F-l- WlTT GF lwNqgvMUFv lw Sg-N Uf-F-

lw N.F UgwNFJN gk -Ilw -R-NFS- GFUfM-F N.F NfquFN wMUTFfq lw N.l- qF-FfqU. fqF

TlSlNFv Ng �e fwv �� fwv N.F MwIflqFv FTFUNqgw -Ilw l- kqgS gqufwlU qfvlUfT- -MU.

f- wlNqgJlvF fwv r pw N.F Uf-F gk f wMUTFfq -Ilw N.F sFFSfw -ITlNNlwu

GFNWFFw N.F £~ é fwv N.F £3 é -NfNF qFkFqqFv Ng f- ~ℋ 3ℋ kgq UgwVFwlFwUF l-

−∫C+

R fIITRlwu fw g-UlTTfNlwu klFTv IFqIFwvlUMTfq Ng ≡ lN l- Ig--lGTF Ng lwvMUF

Nqfw-lNlgw GFNWFFw vlkkFqFwN -Ilw -NfNF- W.Fw N.F g-UlTTfNlwu kqFjMFwUR l- lw

qF-gwfwUF WlN. N.F kqFjMFwUR gk N.F -Ilw IqFUF--lgw 4.F efSlTNgwlfw- Ufw fT-g GF

qFIqF-FwNFv lw MwlN gk eK gq qfvlfw - f- N.F qF-gwfwUF UgwvlNlgw l- vFNFqSlwFv GR N.F
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kqFjMFwUR 4.F kqFjMFwUR gk N.F -Ilw IqFUF--lgw l- NFqSFv bfqSgq kqFjMFwUR W.lU.

l- ulVFw GR

; Å 3∫+
4.F qF-gwfwUF Ufw GF vFNFUNFv gwTR lk N.FqF FJl-N- f IgIMTfNlgw vlkkFqFwUF GFNWFFw

vlkkFqFwN -Ilw -NfNF- 4.F IgIMTfNlgw fN vlkkFqFwN sFFSfw FwFquR TFVFT- Ufw GF

vF-UqlGFv WlN. N.F yfJWFTT gTNKSfww vl-NqlGMNlgw 	�

pW� Å
,aZl d�=�W� U�Lm

,aZl d�=�W� U�Lm�
����

Agq wMUTFfq -Ilw- WlN. p N.F IgIMTfNlgw qfNlg gk NWg -MGTFVFT- l-

F��
F���

Å ô d�=�
U�L

ö

4.F sFFSfw lwNFqfUNlgw FwFquR qF-MTN- lw f -Tlu.N FJUF-- gk -Ilw- lw N.F ~ℋ -NfNF pN

ulVF- ql-F Ng f -SfTT NFSIFqfNMqF vFIFwvFwN SfUqg-UgIlU GMTx SfuwFNlKfNlgw W.lU.

l- fT-g UfTTFv N.F SfuwFNlKfNlgw fN N.FqSfT FjMlTlGqlMS

ilN. N.F kfUNgq N.fN −∫+ ( B=J N.F GMTx SfuwFNlKfNlgw kgq x< IfqNlUTF- fN

fSGlFwN NFSIFqfNMqF l- ulVFw GR 	�

e Å h �d��
U�L

x<

W.FqF h l- N.F VfUMMS IFqSFfGlTlNR x< l- N.F Vgufvqg Ugw-NfwN 4.F GMTx

SfuwFNlKfNlgw IFq SgTF l- fT-g NFqSFv SfuwFNlU -M-UFINlGlTlNR

n v r2 cIr Idn i o1 d 2coi odw

4.l- -FUNlgw lwNqgvMUF- N.F IqlwUlITF- gk Dyn vFNFUNlgw qFTFVfwN kgq N.F TljMlv -NfNF

Dr lwUTMvlwu qFTFVfwN Dyn NFU.wljMF- -MU. f- �e vFUgMITlwu fwv �e �� pD r4
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onrmten e tS mi1 d .ntSd1al1e2g Sn1r.

4.F GMTx SfuwFNlKfNlgw gk N.F wMUTFfq -Ilw- l- wFfqTR lSIg--lGTF kgq vlqFUN vFNFUNlgw

f- lN l- -FVFqfT gqvFq- gk SfuwlNMvF -SfTTFq UgSIfqFv WlN. N.F vlfSfuwFNl-S

qF-MTNFv lw N.F -fSF -fSITF pw IqfUNlUF Dyn -IFUNqg-UgIR fIITlF- f

qfvlgkqFjMFwUR qk IMT-F Ng FJUlNF N.F wMUTFfq -Ilw- qgNfNF- N.F GMTx SfuwFNlKfNlgw

GR vFuqFF fwv qFUgqv- N.F -luwfT- lw N.F J R ITfwF gk N.F TfGgqfNgqR kqfSF 4g

FJITflw N.l- IqgUF-- lN l- wFUF--fqR Ng lwUTMvF N.F UgwUFIN gk qgNfNlwu kqfSF i.Fw

f qk klFTv l- qF-gwfwN WlN. N.F wMUTFfq bfqSgq kqFjMFwUR N.F wMUTFfq -Ilw -FF- N.F

qk klFTv f- lk lN WFqF -NfNlgwfqR - vFIlUNFv lw AluMqF N.F kqfSF qgNfNF- fqgMwv

N.F TfGgqfNgqR K fJl- WlN. N.F kqFjMFwUR gk N.F g-UlTTfNlwu klFTv l- N.F qgNfNlwu kqfSF

4.F klFTv -NqFwuN. gk N.F qk IMT-F fUN- f- f -FUgwvfqR SfuwFNlU klFTv UfM-lwu N.F -Ilw

Ng IqFUF-- fqgMwv N.F wFW SfuwFNlU klFTv lw N.F qgNfNlwu kqfSF

AluMqF 1U.FSfNlU qFIqF-FwNfNlgw gk f qgNfNlgw kqfSF WlN. kqFjMFwUR ;ℏ-.
W.FqF N.F kqFjMFwUR gk -Ilw IqFUF--lgw l- ; i.Fw N.F gkk-FN ; 3 ;ℏ-. l- KFqg

N.F -Ilw -FF- N.F qgNfNlwu kqfSF f- -NfNlU

efSlTNgwlfw{ gk fw g-UlTTfNlwu qk klFTv WlN. N.F fwuMTfq kqFjMFwUR ;ℏ-. l- ulVFw
f- 	


{ ô ö Å ; õO2sô;ℏ-.i ~ ,ZöAa ~ s]Xô;ℏ-.i ~ ,ZöAbú 3 ;ℏ-.+
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W.FqF ; l- N.F wMNfNlgw kqFjMFwUR fwv qFIqF-FwN- N.F fSITlNMvF gk N.F qk klFTv

,Z l- N.F I.f-F gk N.F IMT-F WlN. qF-IFUN Ng R fJl- Aa Ab fqF qF-IFUNlVFTR N.F J R

UgSIgwFwN gk N.F -Ilw �

R vFwgNF N.F kqFjMFwUR gkk-FN ; 3 ;ℏ-. WlN. YSS lw N.F qgNfNlwu kqfSF N.F -Ilw

efSlTNgwlfw MwvFq -NfNlU klFTv WlN. qk IMT-F l- -lSITlklFv Ng{ ô ö Å ; õAaO2s,Z ~
Abs]X,Zú ~ YSS+ 4.F FJfUN gw qF-gwfwUF UgwvlNlgw l- YSS Å 4g qgNfNF N.F

SfuwFNlKfNlgw gw J R ITfwF f IMT-F WlN. TFwuN. √Z_V], -fNl-kRlwu ; √Z_V], Å j ≈ l-
fIITlFv

yne 1r Z mnte e. rt2i al mnte

4.F GMTx SfuwFNlKfNlgw l- qFkFqqFv Ng f- TgwulNMvlwfT SfuwFNlKfNlgw GFUfM-F lN l-

F-NfGTl-.Fv fTgwu N.F � klFTv wfSFTR N.F K fJl- gk TfGgqfNgqR kqfSF 4.F

F-NfGTl-.SFwN gk N.l- SfuwFNlKfNlgw fkNFq fIITRlwu fw FJNFqwfT klFTv gq N.F qF

F-NfGTl-.SFwN fkNFq N.F qk IMT-F lqqfvlfNlgw fqF xwgWw f- TgwulNMvlwfT -Ilw qFTfJfNlgw

gq -Ilw TfNNlUF qFTfJfNlgw 4.l- I.FwgSFwgw l- fNNqlGMNFv Ng N.F Nqfw-lFwN TgUfT

SfuwFNlU klFTv UqFfNFv GR N.F -MqqgMwvlwu FwVlqgwSFwN TfNNlUF W.lU. UfM-F- N.F

SfuwFNlKfNlgw Ng qFNMqw Ng lN- N.FqSfT FjMlTlGqlMS -NfNF Vlf wgw qfvlfNlVF Nqfw-lNlgw

w FJIgwFwNlfT NlSF Ugw-NfwN J M-Fv Ng U.fqfUNFqlKF N.F TgwulNMvlwfT qFTfJfNlgw l-

xwgWw f- N.F TgwulNMvlwfT qFTfJfNlgw NlSF Ugw-NfwN

4.F wFN SfuwFNlKfNlgw IFqIFwvlUMTfq Ng N.F FJNFqwfT SfuwFNlU klFTv fkNFq f j ≈ qk
IMT-F l- UfTTFv Nqfw-VFq-F SfuwFNlKfNlgw kNFq N.F qk klFTv l- NMqwFv gkk N.F

Nqfw-VFq-F SfuwFNlKfNlgw UgwNlwMF- IqFUF--lwu GMN uqfvMfTTR vFUfR- MF Ng N.F

-Tlu.N kTMUNMfNlgw gk N.F SlUqg-UgIlU SfuwFNlU klFTv- N.F IqFUF--lwu wMUTFfq SfuwFN-

uqfvMfTTR uFN gMN gk I.f-F WlN. FfU. gN.Fq 4.F Tg-- gk N.F -Ilw Ug.FqFwUF lw N.F J

R ITfwF l- NFqSFv Nqfw-VFq-F qFTfJfNlgw gq -Ilw -Ilw qFTfJfNlgw 4.F Nqfw-VFq-F

qFTfJfNlgw NlSF Ugw-NfwN J l- M-Fv Ng vF-UqlGF N.F Nqfw-VFq-F qFTfJfNlgw IqgUF--
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nFTfJfNlgw l- f UqMUlfT IqgUF-- lw SfuwFNlU qF-gwfwUF -IFUNqg-UgIR pN fTTgW- N.F

-Ilw -R-NFS Ng qFuflw lN- FjMlTlGqlMS -NfNF FwfGTlwu qFIqgvMUlGTF SFf-MqFSFwN pN

fT-g IqgVlvF- VfTMfGTF lw-lu.N- lwNg SlUqg-UgIlU SgNlgwfT IqgUF--F- W.lU.

uFwFqfNlwu N.F -Ilw lwNFqfUNlwu Nqfw-lFwN SfuwFNlU klFTv 4g vF-UqlGF N.F qFTfJfNlgw

IqgUF-- gk N.F GMTx SfuwFNlKfNlgw lw N.F IqF-FwUF gk fw FJNFqwfT klFTv fwv fw

g-UlTTfNlwu klFTv f -FN gk vlkkFqFwNlfT FjMfNlgw- xwgWw f- N.F TgU. FjMfNlgw- fqF

M-Fv �

r
ri °

ea
eb
ec

¢ Å °
3 YSS ; ,Z

YSS 3; ,Z
3; ,Z ; ,Z

¢°
ea
eb
ec

¢ 3 °
ea J
eb J

ôec 3e ö J
¢

W.FqFea eb fwvec fqF SfuwFNlKfNlgw- fTgwu N.F J R K fJl- lw N.F qgNfNlwu kqfSF

e l- N.F TgwulNMvlwfT SfuwFNlKfNlgw fN N.FqSfT FjMlTlGqlMS 4.F -NFfvR -NfNF

-gTMNlgw gk TgU. FjMfNlgw- fTTgW- IqFvlUNlgw gk N.F SfuwFNlKfNlgw f--gUlfNFv WlN.

J fwv J qFTfJfNlgw IqgUF--F- fN gw qF-gwfwUF fwv gkk qF-gwfwUF kqFjMFwUR 4.F

lSIgqNfwUF gk TgU. FjMfNlgw l- TF-- IqgwgMwUFv lw Dyn -IFUNqg-UgIR IFqkgqSFv

wgWfvfR- Sg-NTR WlN. IMT-F NFU.wljMF- egWFVFq lN qFSflw- IfqNlUMTfqTR M-FkMT Ng

IqFvlUN -NFfvR -NfNF SfuwFNlKfNlgw lw N.F -UFwfqlg gk UW lqqfvlfNlgw

tldn1d d eHStdo npe r

kNFq N.F qk IMT-F l- NMqwFv gkk N.F wMUTFfq -Ilw SfuwFNlKfNlgw MwvFqugF- IqFUF--lgw

qF-MTNlwu lw g-UlTTfNlgw MwNlT lN vlSlwl-.F- gVFq NlSF GR N.F J qFTfJfNlgw IqgUF--

4.l- g-UlTTfNlgw l- qFUgqvFv GR N.F vFNFUNgq gw N.F TfGgqfNgqR J R ITfwF fwv ulVF- ql-F

Ng f qk Dyn -luwfT W.lU. l- xwgWw f- kqFF lwvMUNlgw vFUfR Ap Ap l- f

UgwVgTMNFv -luwfT gk N.F g-UlTTfNlgw fwv N.F J FJIgwFwNlfT vFUfR 4g UgwVFqN N.F

-luwfT lwNg f SgqF lwNMlNlVF SfwwFq AgMqlFq Nqfw-kgqSfNlgw A4 f- f SfN.FSfNlUfT

SFN.gv Ng IqF-FwN lwkgqSfNlgw lw kqFjMFwUR vgSflw l- UgSSgwTR FSITgRFv lw Dyn

-IFUNqg-UgIR 4.F A4 kgqSMTf l- ulVFw GR 	
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I]Z,P^\_Wô ö Å 1 IAC?ôiö ô3] iö i;

W.FqF IAC?ôiö l- N.F Ap -luwfT f- f kMwUNlgw gk NlSF N.F gMNIMN -IFUNqMS

I]Z,P^\_Wô ö l- f kMwUNlgw gk kqFjMFwUR

A4 gk N.F Ap lN-FTk vgF-w N fvv fwR fvvlNlgwfT lwkgqSfNlgw Ng N.F qFUgqvFv Ap

aN.Fq -NqfNFulF- -MU. f- fIITRlwu WFlu.Nlwu kMwUNlgw- NqMwUfNlgw- gq TlwF

GqgfvFwlwu Iqlgq Ng A4 fqF kqFjMFwNTR M-Fv lw Dyn -IFUNqg-UgIR Ng -MIIqF-- N.F

-luwfT wgl-F 	� pw IqfUNlUF Ap l- qFUgqvFv f- vlulNfT IglwN- FVFwTR vl-NqlGMNFv lw

NlSF 4.F -fSITlwu qfNF gk N.F-F IglwN- .fVF Ng GF TfquFq N.fw N.F SlwlSMS DRjMl-N

kqFjMFwUR gk N.F vFNFUNlVF g-UlTTfNlwu

ilN. ; √Z_V], Å j ≈ fwv ,Z Å j ≈ N.F qF-MTNFv J fwv R UgSIgwFwN- gk N.F

SfuwFNlKfNlgw fkNFq qk IMT-F l- ulVFw f-ea Å e YSSi fwveb Å e YSSi
:-lwu I qFIqF-FwNlwu N.F lwlNlfT Ap lwNFw-lNR IAC?ôiö Ufw GF qFIqF-FwNFv f- 	


IAC?ôiö Å I ô YSSiö ô3i J ö �

W.FqF YSS l- N.F kqFjMFwUR gkk-FN gk N.F g-UlTTfNlwu SfuwFNlKfNlgw lw N.F qgNfNlwu

kqfSF A4 gk N.F Ap -luwfT ulVF-

I]Z,P^\_Wô ö Å ê I 9 YSSiz k3 i
J m ô3] iö i

;

� �
�� / ���#�

�/ ���#
�� / ���#�

4.F qFfT IfqN gk N.F -luwfT l- gkNFw qFkFqqFv Ng f- N.F fG-gqINlgw bgqFwNKlfw W.lTF N.F

lSfulwfqR IfqN l- xwgWw f- vl-IFq-lgw bgqFwNKlfw 4.F fG-gqINlgw bgqFwNKlfw Dô ö
l- f UgSSgw TlwF-.fIF lw Dyn -IFUNqg-UgIR AluMqF 4.F SfJlSMS l- fN

N.F kqFjMFwUR gk YSS fwv N.F kMTT WlvN. fN N.F .fTk SfJlSMS Aiey l- ≈ J gq

! jJ lw eK

Dô ö Å ≪QõI]Z,P^\_Wô öú Å I L�
L��l8 8���m�
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wgN.Fq UgSSgwTR gG-FqVFv TlwF-.fIF gk Dyn -luwfT l- cfM--lfw AluMqF

W.lU. gkNFw gUUMq- WlN. lw-NqMSFwNfT gq qfwvgS -NfNl-NlUfT FkkFUN- 4.F cfM--lfw

TlwF-.fIF ?ô ö l- ulVFw f- 	

?ô ö Å 	≈jJ Q
�
�L�

�l8 8���m�

cfM--lfw .f- f ≈ J WlvN. fN N.F IglwN- gk SfJlSMS -TgIF gSIfqFv Ng cfM--lfw

-.fIF bgqFwNKlfw TlwF- vqgI gkk SMU. SgqF -TgWTR lw N.F gMNFq Wlwu- gk N.F TlwF

DgNfGTR GgN. FJIqF--lgw- ulVF N.F TlwF-.fIF MwvFq FwgMu. TgW lqqfvlfNlgw IgWFq

WlN.gMN N.F FkkFUN gk -fNMqfNlgw fwv N.FqFkgqF vFIFwv gwTR gw J 4.F -fNMqfNlgw

NFqS l- VlNfT kgq FTFUNqgw -Ilw- lw N.F UgwNFJN gk Dr fwv l- lwNqgvMUFv TfNFq

AluMqF FSgw-NqfNlVF bgqFwNKlfw TlwF-.fIF WlN. vlkkFqFwN J
FSgw-NqfNlVF cfM--lfw TlwF-.fIF WlN. vlkkFqFwN J FSgw-NqfNlVF I-FMvg

BgluN TlwF-.fIF WlN. vlkkFqFwN WFlu.N IfqfSFNFq e gk bgqFwNKlfw WlN. ! J Å ≈ s

BgluN TlwF-.fIF f- N.F UgwVgTMNlgwfT kMwUNlgw gk N.F NWg UgSITFSFwNfqR -.fIF

bgqFwNKlfw fwv cfM--lfw l- fT-g M-Fv kqFjMFwNTR Ng vF-UqlGF N.F -IFUNqg-UgIlU

UMqVF- pw N.F Uf-F gk -luwfT UFwNFqFv fN KFqg N.F uFwFqfT BgluN IqgklTF l- FJIqF--Fv

f-

Lôn l ∫ö 2 1 ?ôn/ löDôn 3 n/ ∫ö n/;
;

W.FqF l- N.F -.lkN kqgS N.F UFwNFq l fwv ∫ fqF N.F IfqfSFNFq- vFNFqSlwlwu N.F
cfM--lfw -luwfT WlvN. fN N.F IglwN- gk SfJlSMS -TgIF fwv N.F bgqFwNKlfw Aiey
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qF-IFUNlVFTR I-FMvg BgluN fIIqgJlSfNlgw l- UgSSgwTR M-Fv lw N.F vFNFqSlwfNlgw

gk FJIFqlSFwNfT -IFUNqfT TlwF-.fIF AluMqF -lSITF kgqS l- ulVFw f- 
�

LZ],_QYô eö Å ô! 3 eö ô3 L��l8 8���m�ö ~ e L�
L��l8 8���m�

W.FqF e l- N.F WFlu.N IfqfSFNFq gk N.F bgqFwNKlfw UgSIgwFwN

w F--FwNlfT lwkgqSfNlgw gGNflwfGTF kqgS N.F A4 Dyn -luwfT l- N.F U.FSlUfT -.lkN

vFwgNFv f- d W.lU. l- -IFUlklU kgq vlkkFqFwN wMUTFM- IqFUF--lwu WlN. N.Flq gWw

bfqSgq kqFjMFwUR N.FqFGR qFVFfTlwu N.F -MqqgMwvlwu U.FSlUfT FwVlqgwSFwN Agq

FJfSITF lw vlfSfuwFNlU SgTFUMTF- N.F FTFUNqgw- lw N.F gMNFq fNgSlU -.FTT- gq N.F

Ggwvlwu FTFUNqgw- Ufw uFwFqfNF -SfTT SfuwFNlU klFTv- gIIg-lwu Ng N.F FJNFqwfT klFTv

+ N.FqFGR IqgVlvF- f -.lFTvlwu Ng N.F wMUTFfq -Ilw 4g vF-UqlGF N.F U.FSlUfT

-.lFTvlwu lw fw fwl-gNqgIlU FwVlqgwSFwN N.F U.FSlUfT -.lkN fwl-gNqgIR 1 l- M-Fv

pw wgw Vl-UgM- -gTMNlgw N.F 1 l- M-MfTTR wgN gG-FqVfGTF vMF Ng l-gNqgIlU

fVFqfulwu 	


w lSIgqNfwN f-IFUN qFTfNFv Ng N.l- N.F-l- l- N.F IqF-FwUF gk IfqfSfuwFNlU qfvlUfT

SgTFUMTF- lw -gTMNlgw W.lU. IqgVlvF f SfuwFNlU klFTv Ng N.Flq -MqqgMwvlwu wMUTFM-

lw fvvlNlgw Ng + 4.l- qF-MTN- lw f IfqfSfuwFNlU -.lkN Ng N.F gG-FqVFv wMUTFM- 4.F

IfqfSfuwFNlU SgTFUMTF- fT-g lwNqgvMUF fvvlNlgwfT qFTfJfNlgw IfN.WfR Ng N.F wMUTFM-

W.lU. l- FJNFw-lVFTR vl-UM--Fv lw 1FUNlgw

1m1dtel2r1 d 12tlyrnep e.

eFNFqgwMUTFfq vFUgMITlwu l- f NFU.wljMF WlvFTR M-Fv lw Dyn -IFUNqg-UgIR Ng

lwUqFf-F N.F -luwfT lwNFw-lNR GR fVglvlwu N.F t UgMITFv -ITlNNlwu fwv Ng -lSITlkR

UgSITlUfNFv -IFUNqMS kgq -luwfT f--luwSFwN 	� AluMqF lTTM-NqfNF- fw FJfSITF gk
�� Dyn IMT-F -FjMFwUF WlN. �e vFUgMITlwu MNlTlKlwu f -Nqgwu UW qk klFTv fN N.F �e

bfqSgq kqFjMFwUR
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AluMqF �� Dyn IMT-F -FjMFwUF WlN. �e vFUgMITlwu

pw-Fw-lNlVF DMUTFl  w.fwUFSFwN GR rgTfqlKfNlgw 4qfw-kFq pD r4 l- f Dyn

NFU.wljMF Ng Fw.fwUF N.F -luwfT gk N.F TgW ∫ wMUTFl GR Nqfw-kFqqlwu N.F SfuwFNlKfNlgw
kqgS f .lu. ∫ wMUTFl W.lU. l- fU.lFVFv Vlf Ug.FqFwUF Nqfw-kFq MwvFq N.F FVgTMNlgw
WlN. N.F -UfTfq UgMITlwu 	� 4.F IMT-F -FjMFwUF gk f �e �� pD r4 FJIFqlSFwN l-

vFSgw-NqfNFv lw AluMqF

AluMqF �e �� pD r4 IMT-F -FjMFwUF

ilN. fw FVgTMNlgw NlSF gk |#& / N.F qF-MTNFv -IFUNqMS l- fw fwNl I.f-F �� Dyn

vgMGTFN AMqN.Fq SgvlklUfNlgw- gk N.F IqF-FwNFv pD r4 IMT-F -FjMFwUF -MU. f-

fIITRlwu fw fvvlNlgwfT qFkgUM-Fv IMT-F Ng vFNFUN N.F lw I.f-F -luwfT fwv

-lSMTNfwFgM-TR lSITFSFwNfNlgw gk �e vFUgMITlwu fqF fT-g fVflTfGTF
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n v r2 cIr Idn i o1 id 2coi odw

 rn -.fqF- N.F -fSF Gf-lU IqlwUlITF- WlN. Dyn 4.Flq vlkkFqFwUF- gqlulwfNF kqgS

N.F SfuwlNMvF gk N.F -Ilw SfuwFNlKfNlgw N.FqFGR TFfv- Ng VfqlfNlgw- lw N.F

FJIFqlSFwNfT NFU.wljMF- i.lTF Dyn qFTlF- gw N.F wgw KFqg -Ilw gk N.F wMUTFM-

 rn qFjMF-N N.F IqF-FwUF gk MwIflqFv FTFUNqgw -Ilw- lw N.F SfNNFq 4.FqF fqF vlkkFqFwN

-gMqUF- gk MwIflqFv -Ilw- lwUTMvlwu -NfGTF gqufwlU qfvlUfT- SFNfT lgw UgSITFJF-

fwv Nqfw-lFwN qfvlUfT- kgqSFv vMqlwu U.FSlUfT IqgUF--F- pw N.F -UgIF gk N.l- Wgqx

-NfGTF gqufwlU UgSIgMwv -MU. wlNqgJlvF- r NqlI.FwRTSFN.RT NqlNRT qfvlUfT-

fwv N.Flq vFqlVfNlVF- WFqF M-Fv - qFIqF-FwNfNlVF- gqufwlU qfvlUfT- 4 yra

4FNqfSFN.RTIlIFqlvlwRTgJR wlNqgJlvF r fwv AlwTfwv NqlNRT fqF -.gWw

lw AluMqF

AluMqF .FSlUfT -NqMUNMqF gk -NfGTF gqufwlU qfvlUfT- qFTFVfwN kgq N.l- Wgqx
4 yra r fwv AlwTfwv NqlNRT

p m1eHtd

:wTlxF N.F wMUTFM- W.FqF fwR UgqqFUNlgw- Ng N.F sFFSfw FwFquR fqF fNNqlGMNFv Ng

1 N.F FTFUNqgw -Ilw fwuMTfq SgSFwN l- f--gUlfNFv WlN. lN- gqGlNfT W.lU. SfR

lSIg-F fw fvvlNlgwfT fwuMTfq SgSFwNMS w UgwNqlGMNFv kqgS gqGlNfT Ng N.F NgNfT -Ilw

SfuwFNlU SgSFwN 4.F efSlTNgwlfw kgq N.F -Ilw gqGlN UgMITlwu l- ulVFw GR 		

{K D Å h"w ℏ ≡
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- ≡ l- fTluwFv WlN. N.F TfGgqfNgqR K fJl- fwv N.F w vFIFwv- gw N.F SgTFUMTfq fJl-
N.F lwNFqfUNlgw efSlTNgwlfw {K D l- gqlFwNfNlgw vFIFwvFwN gSGlwFv WlN. N.F

sFFSfw lwNFqfUNlgw gk kqFF FTFUNqgw -Ilw- N.F NgNfT sFFSfw efSlTNgwlfw gk f

FTFUNqgw -Ilw l- FJIqF--Fv f- 		

{M� Å h"ôS,4 ~ wö ℏ ≡
UgwVFwlFwN WfR l- Ng vFklwF f NFw-gq S W.lU. UgMITF- N.F SfuwFNlU SgSFwN 1 WlN.

N.F FJNFqwfT SfuwFNlU SgSFwN 4.F NFw-gq S lw N.F TfGgqfNgqR fJl- l- ulVFw f-

SVNO Å H
Saa Sab Sac
Sba Sbb Sbc
Sca Scb Scc

å

4.F VfTMF gk S NFw-gq vFIFwv- gw N.F gqlFwNfNlgw gk N.F SgTFUMTF pN Ufw GF

vFNFqSlwFv GR -NMvRlwu fw gqlFwNFv -lwuTF UqR-NfT 4.F S NFw-gq Ufw GF IqF-FwNFv lw

lN- gWw IqlwUlIfT vlqFUNlgw- WlN. SfNqlJ vlfugwfTlKfNlgw S Å ℒ SVNOℒ 4.FqFkgqF

N.F S NFw-gq l- ulVFw WlN. IqlwUlIfT VfTMF-

S Å °
Saa

Sbb
Scc

¢

W.lU. Ufw fT-g GF FJIqF--Fv f- S Å ôSaa Sbb Sccö i.Fw N.F -Ilw gqGlN UgMITlwu

l- fJlfT -RSSFNqlU WlN. qF-IFUN Ng N.F K fJl- wfSFTR Saa Å Sbb N.F S NFw-gq Ufw

fT-g GF FJIqF--Fv WlN. S Å ôS! S ö

pw wgw Vl-UgM- -gTMNlgw W.FqF N.F qfvlUfT- fqF NMSGTlwu qfIlvTR fwv qfwvgSTR gwTR

N.F l-gNqgIlU S VfTMF l- gG-FqVFv

ST]Y Å ôSaa ~ Sbb ~ Sccö

gy1dSne1 em1d 2mnte

4.F lwNFqfUNlgw GFNWFFw FTFUNqgw -Ilw- fwv wMUTFfq -Ilw- Wf- klq-N vl-UM--Fv GR

AFqSl Ng FJITflw N.F .RIFqklwF -NqMUNMqF gk fNgSlU -IFUNqf 
� 4.F F D eAp .f- NWg
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Sfzgq UgwNqlGMNlgw- wfSFTR N.F l-gNqgIlU fwv N.F fwl-gNqgIlU IfqN 4.F l-gNqgIlU eAp

fT-g xwgWw f- N.F AFqSl UgwNfUN lwNFqfUNlgw fql-F- kqgS N.F klwlNF IqgGfGlTlNR gk N.F

MwIflqFv FTFUNqgw- Ng GF kgMwv gw N.F wMUTFM- W.lU. l- N.F Uf-F gk N.F MwIflqFv

FTFUNqgw gUUMIlF- fw - gqGlNfT gq .f- UgwNqlGMNlgw- Ng - gqGlNfT- gk N.F SgTFUMTF- 4.F

fwl-gNqgIlU eAp l- N.F vlIgTF vlIgTF lwNFqfUNlgw GFNWFFw F D -Ilw- 4.F efSlTNgwlfw

gk N.F F D eAp l- ulVFw f- N.F -MS gk N.F vlIgTfq eAp efSlTNgwlfw{$$ fwv N.F

l-gNqgIlU eAp efSlTNgwlfw{/52 	

{&%' Å {$$ ~{/52 Å 3<,F µ
1ô′ ℏ yöô4 ℏ yö

\ 3 ′ ℏ 4
\ 7 ~ 9T]Y′ ℏ 4

W.FqF l- N.F VfUMMS IFqSFfGlTlNR y l- N.F VFUNgq UgwwFUNlwu N.F F D -Ilw <,F
l- N.F F D vlIgTfq UgMITlwu Ugw-NfwN W.lU. l- ulVFw f- <,F Å e� d�d�

m Ç
3 ≈ ô=( ö fwv N.F l-gNqgIlU .RIFqklwF Ugw-NfwN 9T]Y l- ulVFw f- f kMwUNlgw
gk N.F IqgGfGlTlNR pô ö gk N.F MwIflq FTFUNqgw gw N.F wMUTFM-

9T]Y Å m<,F pô ö

1lSlTfq f- N.F u fwl-gNqgIR N.F vlIgTfq .RIFqklwF lwNFqfUNlgw l- gqlFwNfNlgw

vFIFwvFwN fwv Ufw GF FJIqF--Fv WlN. f NFw-gq DFVFqN.FTF-- N.F UgSIgwFwN- gk N.F

vlIgTfq eAp efSlTNgwlfw l- SgqF UgwVFwlFwNTR FJIqF--Fv WlN. N.F -Ilw gIFqfNgq- lw

N.F -I.FqlUfT UggqvlwfNF- WlN. N.F IgTfq fwuTF f fKlSMN.fT fwuTF o fwv qfvlfT

vl-NfwUF \ AluMqF kgq -MG-FjMFwN vl-UM--lgw- 
�

{$$ Å ?��
\	 ô95 ~ +ë ~ ;5 ~ <í ~ ∙ë ~ >ëö

W.FqF N.F vlIgTfq fTI.fGFN lw N.F GqfUxFN l- ulVFw f-

95 Å ô! 3 1 föI5cA5c

+ë Å 3!
/ ô! 3 1 föôI5 A5 ~ I5 A5 ö
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;5 Å 31
≈ fO2sf ô3 oöôI5 A5c ~ I5cA5 ö

<í Å 31
≈ fO2sf ô oöôI5 A5c ~ I5cA5 ö

∙ë Å 31
/ f ô3≈ oöI5 A5

>ë Å 31
/ f ô≈ oöI5 A5

4.F TfvvFq gIFqfNgq- fqF ulVFw f-

I5 Å I5a ~ ]I5b I5 Å I5a 3 ]I5b A5 Å A5a ~ ]A5b A5 Å A5a 3 ]A5b

AluMqF 1U.FSfNlU qFIqF-FwNfNlgw gk N.F -I.FqlUfT UggqvlwfNF- ô\ f oö lw f
fqNF-lfw UggqvlwfNF ôn c oö

2h Hy12mdlo

BfTMfGTF lwkgqSfNlgw gk N.F u NFw-gq .RIFqklwF lwNFqfUNlgw fwv qfvlUfT SgNlgw- Ufw

GF gGNflwFv kqgS UW  rn -IFUNqf clVFw N.F SW IMT-F I.f-F ,Z Å N.F qF-MTNFv

-luwfT Ufw GF UfTUMTfNFv f- N.F -NFfvR -NfNF -gTMNlgw WlN. TgU. FjMfNlgw  jMfNlgw

!	
 �
!	
� � � ���� ��

�

!	
 ��� ��

!	
� � � ���� ��
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���
�
��

!	
� � � ���� ��

4.F SW wMNfNlgw kqFjMFwUR l- vFwgNFv f- ;07 Ng fVglv fSGluMlNR gk N.F qk fwv SW

g-UlTTfNlwu klFTv 4.F -fNMqfNlgw gk N.F fTTgWFv  rn Nqfw-lNlgw l- vFklwFv f-

s 2 e 3ec
e Å ;07 J J

! ~ ;07 J J ~ YSS J

4.F -fNMqfNlgw kfUNgq .f- f SfJlSMS VfTMF gk W.Fw ; J J 4 ! 4.F

fG-gqINlgw -luwfTea Ufw GF -lSITlklFv Ng f bgqFwNKlfw UMqVF W.Fw N.F FTFUNqgw -Ilw

IgIMTfNlgw l- kfq kqgS -fNMqfNlgw wfSFTR ; J J ( ! 4.F FTFUNqgw -fNMqfNlgw l-

fVglvFv lw UW  rn SFf-MqFSFwN- Ng Fw-MqF N.F TlwF-.fIF vl-NgqNlgw- vg wgN gUUMq

aw N.F gN.Fq .fwv f -lKfGTF -fNMqfNlgw l- f IqFqFjMl-lNF kgq a Dr SFf-MqFSFwN

W.lU. l- vl-UM--Fv lw N.F wFJN -FUNlgw

UW  rn -IFUNqf Ufw GF UfTUMTfNFv GR -gTVlwu N.F -NgU.f-NlU blgMVlTTF FjMfNlgw 
� pw

IqfUNlUF N.F  rn TlwF-.fIF gk qfvlUfT- l- wgN gwTR vFNFqSlwFv GR N.F J qFTfJfNlgw

GMN fT-g u NFw-gq eAp NFw-gq fwv vRwfSlU IqgUF--F- -MU. f- qgNfNlgwfT SgNlgw gk

qfvlUfT- fwv eFl-FwGFqu -Ilw FJU.fwuF FNU 1IFUlfTTR N.F sFFSfw lwNFqfUNlgw

vFNFqSlwFv GR N.F u NFw-gq FJ.lGlN- klFTv vFIFwvFwUF W.FqFf- N.F eAp -ITlNNlwu

vgF-w N T-g  rn UMqVF- fqF -Fw-lNlVF Ng SgNlgw- gk vlkkFqFwN NlSF -UfTF- fN

vlkkFqFwN SfuwFNlU klFTv- 1IFUNqf fN 4 t Gfwv -lSMTfNFv WlN. Ff-R-Ilw
� fqF

-.gWw lw AluMqF Ng vFSgw-NqfNF N.F vFIFwvFwUF gk N.F UW  rn TlwF-.fIF gw u

NFw-gq .RIFqklwF NFw-gq fwv qgNfNlgwfT SgNlgw gk qfvlUfT- 4.F IgWvFq -IFUNqMS l-

-lSMTfNFv WlN. kMwUNlgw fwv gN.Fq- WlN. kMwUNlgw gk Ff-R-Ilw 4.F

-lSMTfNlgw IfqfSFNFq- fqF IqF-FwNFv lw N.F kluMqF UfINlgw
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AluMqF  rn -IFUNqf -lSMTfNFv WlN. Saa Sbb Scc
9! 9 ö yeK W.lU. fqF NRIlUfT VfTMF- gk wlNqgJlvF qfvlUfT- J Å %
UgqqF-Igwvlwu Ng f Aiey yeK l- M-Fv 4.F .RIFqklwF NFw-gq f--MSFv Ng .fVF
N.F -fSF IqlwUlIfT fJl- f- u NFw-gq 4.F UMqVF- kqgS GgNNgS Ng NgI -.gWlwu GTMF
UMqVF IgWvFq TlxF -IFUNqMS gqfwuF UMqVF -IFUNqf -lSMTfNFv WlN. qgNfNlgwfT
UgqqFTfNlgw NlSF gk N.F qfvlUfT- √J Å ! uqFFw UMqVF -IFUNqf -lSMTfNFv WlN.
√J Å ! qFv UMqVF -IFUNqf -lSMTfNFv WlN. √J Å !

IuOI 2 2 wr tI O n c on cIf 2Ior

pw TljMlv- N.FqF fqF UMqqFwNTR NWg IfN.WfR- gk Dr fVflTfGTF wfSFTR a fwv 1 

4.l- -FUNlgw lwNqgvMUF- N.F MwljMF Dr SFU.fwl-S lw wgw Vl-UgM- TljMlv- wfSFTR

a fwv N.F SFN.gv wFWTR FJITgqFv lw Vl-UgM- TljMlv- fN .lu. klFTv- N.fN l- 1 
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gN. a gq 1 qFTR gw N.F FJl-NFwUF gk N.F eAp GFNWFFw fw FTFUNqgw -Ilw fwv f

wMUTFfq -Ilw Agq -MG-FjMFwN vl-UM--lgw- lN l- wFUF--fqR Ng IqgVlvF N.F efSlTNgwlfw

FJIqF--lgw kgq fw F D -Ilw -R-NFS

{- ( Å {M� ~{M� ~{0`ô ö ~{&%' ~{CC ~{))

emdt.l2mnte tS T1di lH1d SS12m

a qFTlF- gw N.F Uqg-- qFTfJfNlgw IqgUF--F- gk gwF FTFUNqgw -Ilw UgMITFv Ng gwF

wMUTFfq -Ilw 4g vl-UM-- lN- SFU.fwl-S- WF Ufw kgUM- gw f -R-NFS gk -Ilw 4.F

FwFquR TFVFT vlfuqfS kgq -MU. f -R-NFS l- -.gWw lw AluMqF

AluMqF  wFquR TFVFT vlfuqfS gk f NWg -Ilw -R-NFS gk gwF wMUTFfq -Ilw
UgMITFv WlN. gwF FTFUNqgw -Ilw lTTM-NqfNlwu N.F a 1m vFwgNF- N.F fTTgWFv  rn
-lwuTF jMfwNMS SW vqlVFw Nqfw-lNlgw i vFwgNF- vlkkFqFwN qFTfJfNlgw qfNF-

wfTgugM- Ng N.F TgU. FjMfNlgw N.F vlkkFqFwNlfT FjMfNlgw- kgq -MU. f UgMITFv

-R-NFS fqF kgqSMTfNFv GR 1gTgSgw�� W.lU. fqF FJIqF--Fv f-

1C�
1^ Å 3≪CôAM 3 A ö 3 ôt 3 t öôIM 3 I ö
1K�
1^ Å 3ôt 3 t öôAM 3 A ö 3 ≪KôIM 3 I ö

W.FqF AM fwv I* fqF N.F IgIMTfNlgw vlkkFqFwUF- gk FTFUNqgw -Ilw fwv wMUTFfq -Ilw
vMqlwu SW lqqfvlfNlgw qF-IFUNlVFTR A fwv I fqF N.F gTNKSfww IgIMTfNlgw- gk

FTFUNqgw -Ilw fwv wMUTFfq -Ilw fN N.FqSfT FjMlTlGqlMS qF-IFUNlVFTR ≪C Å ≈tF ~
t ~ t ~ tF vFwgNF- N.F NgNfT wMUTFfq qFTfJfNlgw qfNF ≪K Å ≈tK ~ t ~
t ~ tK vFwgNF- N.F NgNfT FTFUNqgw qFTfJfNlgw qfNF t fwv t fqF qF-IFUNlVFTR
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N.F vgMGTF jMfwNMS m fwv KFqg jMfwNMS sm Uqg-- qFTfJfNlgw qfNF- tF fwv

tF fqF qF-IFUNlVFTR N.F wMUTFfq -lwuTF jMfwNMS 1m qFTfJfNlgw WlN. fwv WlN.gMN

UgwNqlGMNlgw- kqgS FTFUNqgw -Ilw

4.F Fw.fwUFSFwN GR -gTVlwu N.F -NFfvR -NfNF vlkkFqFwNlfT FjMfNlgw l- ulVFw f-

� � �����
��

� �����
��

� �������
� ����� � � �

R qFITfUlwu N.F NFqS- lw  jMfNlgw WlN. �
�

� �
�

� �
�

fwv

� �
�� � �

�� � �
�

N.F uFwFqfT kgqSMTf gk a Dr Fw.fwUFSFwN l- FJIqF--Fv f-

d Å s ℏ i ℏ R ℏ ∫,∫F

W.FqF s l- N.F -fNMqfNlgw kfUNgq i l- N.F UgMITlwu kfUNgq R l- N.F TFfxfuF kfUNgq
4.F-F IfqfSFNFq- fqF lwNqgvMUFv lw N.F kgTTgWlwu -FUNlgw-

1 P p1 2mtd e. mld mnte 2mtd

4.F a TFfxfuF kfUNgq l- vFklwFv f- N.F qfNlg gk N.F wMUTFfq qFTfJfNlgw lwvMUFv GR

N.F FTFUNqgwlU -Ilw fwv N.F NgNfT wMUTFfq qFTfJfNlgw pN Ufw GF FJIFqlSFwNfTTR

vFNFqSlwFv GR SFf-Mqlwu N.F wMUTFfq qFTfJfNlgw NlSF lw N.F fG-FwUF ��� fwv lw N.F

IqF-FwUF ��� gk N.F qfvlUfT-

�
�

�
�
��

4.F TFfxfuF kfUNgq qFTlF- gw N.F wMUTFfq qFTfJfNlgw lwvMUFv lw N.F IqF-FwUF gk

MwIflqFv FTFUNqgw- pN l- qfN.Fq fw FJIFqlSFwNfT IfqfSFNFq fwv Ufw qFfU. N.F

N.FgqFNlUfT SfJlSMS wfSFTR MwlNR WlN. f -MkklUlFwN UgwUFwNqfNlgw gk qfvlUfT-
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1fNMqfNlgw kfUNgq vF-UqlGF- N.F SlUqgWfVF FkklUlFwUR Ng -fNMqfNF N.F FTFUNqgw

IgIMTfNlgw vlkkFqFwUF- i.Fw N.F SW � -NqFwuN. l- -MkklUlFwNTR .lu. N.F FTFUNqgw

IgIMTfNlgw vlkkFqFwUF- uqfvMfTTR Vfwl-. fwv f -fNMqfNlgw UTg-F Ng Ufw GF fU.lFVFv

pw IqfUNlUF N.F SW � SfR wgN fTWfR- GF fvFjMfNF 4.F -fNMqfNlgw kfUNgq Ufw GF

fkkFUNFv GR VfqlgM- kfUNgq- GFRgwv N.F -lSITF -gTMNlgw gk N.F -NFfvR -NfNF TgU.

FjMfNlgw -.gWw lw  jMfNlgw Agq FJfSITF N.F u fwv eAp fwl-gNqgIR Ufw qF-MTN

lw fw FwFquR -FIfqfNlgw gk FTFUNqgw -Ilw -NfNF- N.FqFGR IqgvMUF -ITlNNlwu fwv -.lkN lw

qF-gwfwUF kqFjMFwUR ygqFgVFq N.F FTFUNqgw FTFUNqgw eFl-FwGFqu FJU.fwuF fwv

vlIgTfq lwNFqfUNlgw Ufw U.fwuF N.F IgIMTfNlgw- gk N.F -Ilw -NfNF- 
	 W.lU. fT-g

UgSITlUfNFv N.F vFNFqSlwfNlgw gk N.F -fNMqfNlgw kfUNgq 

  JIFqlSFwNfT fIIqgfU.F-

Ng N.F -fNMqfNlgw kfUNgq- lwUTMvF vFNFUNlgw gk N.F Ap GR IMT-Fv  b an  TFUNqgw

gMGTF nF-gwfwUF FJIFqlSFwN- fN TgW klFTv-
� fwv SgwlNgqlwu N.F -MIIqF--lgw gk

dwlu.N -.lkN
� gq IfqfSfuwFNlU -.lkN- 


1dmld mnte i1tdg e. y12md r 1eHnmg le2mnte

:wTlxF N.F TFfxfuF kfUNgq fwv -fNMqfNlgw kfUNgq W.lU. Ufw GF FJIFqlSFwNfTTR

gINlSlKFv GR M-lwu -MkklUlFwN qfvlUfT UgwUFwNqfNlgw fwv SW � klFTv -NqFwuN. N.F

UgMITlwu kfUNgq vFNFqSlwFv GR N.F vlkkFqFwUF- gk NWg Uqg-- qFTfJfNlgw qfNF- vFwgNFv

WlN.t 3 t qFkTFUN- N.F lwNqlw-lU IqgIFqNR gk f -fSITF -R-NFS fwv vFklwF- N.F

.lu.F-N fU.lFVfGTF a Fw.fwUFSFwN- 4.F Uqg-- qFTfJfNlgw qfNF- fqF N.FgqFNlUfTTR

vFNFqSlwFv GR N.F -IFUNqfT vFw-lNR kMwUNlgw 1 A vl-IFq-Fv fN N.F UgqqF-Igwvlwu

m fwv sm kqFjMFwUR wfSFTR ; ) Ä ; '

- fTqFfvR vl-UM--Fv N.F qFTfJfNlgw l- UfM-Fv GR N.F -NgU.f-NlU U.fwuF gk N.F TgUfT

SfuwFNlU klFTv- i.Fw N.F kqFjMFwUR -IFUNqMS gk N.F-F -NgU.f-NlU IqgUF--F- SfNU.F-

N.F Nqfw-lNlgw kqFjMFwUlF- GFNWFFw N.F -Ilw -NfNF- qFTfJfNlgw .fIIFw- f- vF-UqlGFv

GR N.F nFvklFTv N.FgqR �� - N.F Gf-l- kgq N.F IFqNMqGfNlgw N.FgqR N.F NlSF vFqlVfNlVF

gk N.F vFw-lNR SfNqlJ kô ö l- ulVFw WlN. N.F blgMVlTTF Vgw DFMSfww FjMfNlgw 	�
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)
)/kô ö Å 3]õ{ ~{ ô ö kô öú

W.FqF kô ö Å pℋ7p { l- N.F NlSF lwvFIFwvFwN -Ilw efSlTNgwlfw fwv N.F NlSF

vFIFwvFwN{ ô ö l- fT-g NFqSFv f- N.F IFqNMqGfNlgw

pw N.F WlN. NlSF FVgTMNlgw gIFqfNgq K Å QT �^ N.F vFw-lNR

SfNqlJ GFUgSF- kìô ö Å Kkô öK∑ fwv N.F NlSF vFIFwvFwN efSlTNgwlfw GFUgSF-

{ïô ö Å K{ ô öK∑  jMfNlgw lw N.F lwNFqfUNlgw IlUNMqF l- N.FqFkgqF FJIqF--Fv

f-

. = + . = . =$

pN- lwNFuqfNlgw ulVF-

kìô ö Å kìô ö 3 ] 1 õ{ïô /ö kìô öú^ P /

1MG-NlNMNF lN GfUx Ng N.F qlu.N -lvF gk  jMfNlgw WF .fVF

)
)/kìô ö Å 3]É{ïô ö kìô öπ 3 1 P / ⟨{ïô ö É{ïô /ö kìô öπ†^

nFITfUlwu WlN. √ Å i 3 i/ lN l- FJIqF--Fv f-
)
)/kìô ö}}}}} Å 3]É{ïô ö kìô öπ}}}}}}}}}}}}}}}}} 3 1 P√ ⟨{ïô ö É{ïô 3 √ö kìô öπ†}}}}}}}}}}}}}}}}}}}}}}}}}}}}}}}}^

i.lTF fwR wgw IFqNMqGfNlVF IfqN -.gMTv GFTgwu Ng{ N.F Fw-FSGTF fVFqfuF gk N.F

IFqNMqGfNlgw{ ô ö}}}}}}}} l- FJIFUNFv Ng GF pw TljMlv- f- N.F UgqqFTfNlgw NlSF gk{ l- gk

-FVFqfT gqvFq- -.gqNFq f- N.F wMUTFfq qFTfJfNlgw NlSF lN l- IFqSl--lGTF Ng f--MSF

1 {ïô /ökìô ö}}}}}}}}}}}}}}^ P / Å fwv N.F lwNFuqfT MIIFq TlSlN Ng GF+ kìô ö lw N.F qlu.N -lvF gk
N.F FjMfNlgw l- qFITfUFv GR kìô ö Å kìô ö 3 kì,[ô ö W.FqF kì,[ô ö l- N.F N.FqSfT
FjMlTlGqlMS gk N.F vFw-lNR SfNqlJ WlN.{

4.FqFkgqF  jMfNlgw GFUgSF-��

)
)/kìô ö}}}}} Å 31 P√ ⟨{ïô ö É{ïô 3 √ö kìô ö π†}}}}}}}}}}}}}}}}}}}}}}}}}}}}}}}}}};

{ ô ö Ufw GF FJIqF--Fv f- f TlwFfq UgSGlwfNlgw gk vlkkFqFwN gIFqfNgq- 	�
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{ ô ö Å . >Hô ö HH

W.FqF >Hô ö l- f qfwvgS kMwUNlgw gk NlSF fwv H l- fw gIFqfNgq U.g-Fw kqgS N.F

FluFwgIFqfNgq- gk{ -g N.fN õ{ Hú Å H H pw N.F lwNFqfUNlgw qFIqF-FwNfNlgw-

N.F FJIfw-lgw gk { ô ö l- ulVFw f- K HK∑ Å îHô ö Å H ô H ö - f I.R-lUfT

gIFqfNgq { ô ö l- f eFqSlNlfw 4.FqFkgqF >H ô ö H
∑ f- N.F UgwzMufNF Nqfw-Ig-F gk

>Hô ö H fT-g FJl-N- lw{ ô ö

 jMfNlgw l- N.FqFGR ulVFw f-

)
)/kìô ö}}}}} Å 3. 1 P√ ⟨îHô ö ÉîI∑ ô 3 √ö kìô ö π† >Hôiö>I ôi 3 √ö}}}}}}}}}}}}}}}}}}}};

HI

DgW -WlNU.lwu GfUx Ng TfGgqfNgqR IlUNMqF WlN. kô ö Å K∑kìô öK lN GFUgSF-

)
)/kô ö Å 3]õ{ kô öú 3 . 1 P√ ⟨ H ÉîI∑ ô3√ö kìô öπ† ?HIô√ö;

HI

W.FqF ?HIô√ö l- lwNqgvMUFv f- N.F UgqqFTfNlgw kMwUNlgw WlN. N.F vFklwlNlgw �

?HIô√ö Å >Hôiö>I ôi 3 √ö}}}}}}}}}}}}}}}}}}}}

AlwfTTR WlN. îI∑ ô3√ö Å îI∑ ô3 ;√ö  jMfNlgw Ufw GF FJIqF--Fv f-

)
)/kô ö Å 3]õ{ kô öú 3 . ⟨ H ÉîI∑ kìô öπ† |HIô;öH I

W.FqF N.F 1 A |HIô;ö l- vFklwFv f-

|HIô;ö Å 1 ?HIô√ö; ô3 ;√öP√

tlyrnep 2mtd

ilN. N.F -Ilw efSlTNgwlfw- -.gWw lw  jMfNlgw N.F IFqNMqGfNlVF lwNFqfUNlgw-

lwUTMvF {)) {CC fwv {&%' 4.F klq-N NFqS GFTgwu- Ng N.F FTFUNqgw -Ilw vFw-lNR

SfNqlJ fwv N.F -FUgwv NFqS UgwNqlGMNF- Ng N.F wMUTFfq qFTfJfNlgw lw N.F fG-FwUF gk

FTFUNqgw -Ilw gN. WlTT wgN GF Ugw-lvFqFv lw N.F Uqg-- qFTfJfNlgw gk gwF FTFUNqgw fwv

gwF wMUTFfq -Ilw awTR N.F Tf-N NFqS l- UgwUFqwFv lw N.F UgwNFJN gk TljMlv -NfNF Dr
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{&%' UgwNqlGMNF Ng N.F wMUTFfq -Ilw qFTfJfNlgw- WlN. NWg vlkkFqFwN xlwv- vlIgTfq fwv

-UfTfq xlwv W.lU. fqF vl-UM--Fv -FIfqfNFTR

ilN. N.F vlIgTfq efSlTNgwlfw IqF-FwNFv WlN. N.F vlIgTfq fTI.fGFN- lw  jMfNlgw

N.F Nqfw-lNlgw qfNF- gk vlkkFqFwN F D qFTfJfNlgw IfN.WfR- Ufw GF UfTUMTfNFv - fw

lw-NfwUF N.F sm Uqg-- qFTfJfNlgw qfNFt l- FJIqF--Fv WlN. +ë UgwNflwlwu N.F I5 A5
fwv I5 A5 ��

t Å <,F 1 =kl^m
\	l^m

=k�l^ wm
\	l^ wm

}}}}}}}}}}}}}}}}}}}}}}}}}}}}}}};
; õ3 ô; K 3 ; Cö√úP√

ilN. N.F -IFUNqfT vFw-lNR | f- f kMwUNlgw gk N.F UgqqFTfNlgw NlSF √P fwv N.F

UgqqF-Igwvlwu IqF kfUNgq B,/( N.F vlIgTfq eAp vqlVFw Nqfw-lNlgw qfNF- gk N.F qFTFVfwN

F D qFTfJfNlgw IfN.WfR- fqF ulVFw f- �����

t ,/( Å B,/(|,/(9; C 3 ; K √Pz

t ,/( Å &B,/(|,/(9; C ~ ; K √Pz

t ,/(
F Å B,/(|,/(9; C √Pz

- 1 A l- fTWfR- wgw wFufNlVF vlIgTfq eAp .f- f -NqgwuFq UgwNqlGMNlgw Ng N.F m

Uqg-- qFTfJfNlgw IfN.WfR N.fw N.F sm IfN.WfR TFfvlwu Ng f wFufNlVF Dr

Fw.fwUFSFwN

4Wg SgvFT- WFqF UgSSgwTR lSITFSFwNFv Ng jMfwNlNfNlVFTR FJITflw N.F vRwfSlUfT

SgvMTfNlgw gk F D vlIgTfq eAp lw TljMlv- wfSFTR N.F lwwFq -I.FqF ���� fwv N.F

gMNFq -I.FqF SgvFT �����

pw N.F lwwFq -I.FqF SgvFT vl-NfwUF \ GFNWFFw F D l- f--MSFv Ng GF -NfNlU fwv N.F

fwuTF IfqfSFNFq- f fwv o fqF -NgU.f-NlU kMwUNlgw- gk NlSF - vFSgw-NqfNFv lw

AluMqF N.F I.R-lUfT IlUNMqF WgMTv GF f GgMwvFv Nqfw-lFwN UgSITFJ kgqSFv

GR N.F NfquFN SgTFUMTF fwv N.F qfvlUfT GFfqlwu SgTFUMTF MwvFquglwu qFgqlFwNfNlgw

IqgUF--F- ilN.lw N.F TlkFNlSF gk N.F UgMITlwu -R-NFS N.F vlIgTfq UgMITlwu l-
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SgvMTfNFv GR N.F qgNfNlgwfT UgqqFTfNlgw NlSF gk N.F UgSITFJ 4.F IqF kfUNgq BT∥ fwv
f bgqFwNKlfw 1 A |T∥ô; √\ö gk N.F lwwFq -I.FqF SgvFT fqF ulVFw GR �����

BT∥ Å E
?���
\� IôI ~ !ö

|T∥ô; √\ö Å w�
l2w�m�

W.FqF l- N.F FTFUNqgw -Ilw jMfwNMS wMSGFq E l- N.F SgTF kqfUNlgw gk NfquFN wMUTFl

lw GgMwv Ig-lNlgw- 4.F UgqqFTfNlgw NlSF √ U.fqfUNFqlKF N.F lwwFq -I.FqF vRwfSlU- l-
ulVFw GR √ Å √\ ~ √E ~ √, 4g f--MSF √ FjMfT- N.F qgNfNlgwfT UgqqFTfNlgw
NlSF √\ gk N.F lwwFq -I.FqF UgSITFJ N.F TlkFNlSF gk N.F UgSITFJ √E fwv N.F FTFUNqgw

qFTfJfNlgw NlSF √, -.gMTv GF SMU. TgwuFq N.fw N.F √\
1lSlTfq Ng N.F lwwFq -I.FqF SgvFT fwgN.Fq fIIqgfU. Ng N.F qFTfJfNlgw GF.fVlgq

IqgIg-Fv GR blIfql fwv 1KfGg UgSGlwlwu NWg bgqFwNKlfw 1 A- Wf- M-Fv kqFjMFwNTR

Ng vF-UqlGF SfUqgSgTFUMTF- MwvFquglwu f -TgW SfUqg-UgIlU qFgqlFwNfNlgw fwv f kf-N

lwNFqwfT fVFqfulwu GgN. WlN. f klJFv \ ����	

pw N.F gMNFq -I.FqF SgvFT W.lU. l- fT-g xwgWw f- kgqUF kqFF .fqv -I.FqF AAe1 gq

.fqv -I.FqF WlN. UFwNFqFv -Ilw e1 1 SgvFT N.F qFTfNlVF Nqfw-TfNlgwfT vlkkM-lgw

GFNWFFw N.F qfvlUfT SgTFUMTF fwv N.F NfquFN SgTFUMTF -NgU.f-NlUfTTR SgvMTfNF- N.F

vlIgTfq eAp 	� - -.gWw lw AluMqF lN l- f--MSFv N.fN N.F NfquFN wMUTFfq -Ilw

Ufw fUUF-- N.F FTFUNqgw -Ilw GFfqlwu SgTFUMTF kqgS FVFqR vlqFUNlgw FjMfTTR 4.F A4

gk N.F UgqqFTfNlgw NlSF gk -MU. SgvFT WlN. fw -IfNlfT FJUTM-lgw gk N.F qfvlUfT lN-FTk

.f- GFFw lwNqgvMUFv GR eWfwu fwv AqFFv ��� fwv RfwN �� 4.F IqF kfUNgq fwv

1 A gk N.F gMNFq -I.FqF SgvFT fqF ulVFw f-

BY_^ Å m F�nE�o?���
O? IôI ~ !ö

|Y_^ô; √?ö Å c c�
c c� c	 c
 c� c�

W.FqF x< l- N.F Vgufvqg - Ugw-NfwN õe,ú l- N.F SgTfq UgwUFwNqfNlgw gk N.F qfvlUfT-
lw ,SgT bC [ l- N.F vl-NfwUF gk UTg-F-N fIIqgfU. < l- N.F qFTfNlVF vlkkM-lgw
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UgFkklUlFwN GFNWFFw N.F qfvlUfT- fwv NfquFN SgTFUMTF- fwv o Å ô≈;√?ö WlN. N.F

vlkkM-lgwfT UgqqFTfNlgw NlSF √? Å [ <)

gN. SgvFT- .fVF -gSF f--MSINlgw- Ng -lSITlkR N.F -R-NFS Agq FJfSITF GgN.

wMUTFfq fwv FTFUNqgw -Ilw- fqF f--MSFv Ng GF TgUfTlKFv fN N.F UFwNFq gk N.F -Ilw

GFfqlwu SgTFUMTF- fwv fwR TgUfT gq lwNFqwfT SgNlgw- gq SgTFUMTfq IfUxlwu FkkFUN fqF

luwgqFv F-IlNF N.F -lSITlklUfNlgw- FJIFqlSFwNfTTR vFNFqSlwFv UgMITlwu kfUNgq fwv

wMUTFfq qFTfJlVlNR Ufw GF WFTT FJITflwFv GR UgSGlwlwu N.F UgwNqlGMNlgw- kqgS GgN.

lwwFq fwv gMNFq -I.FqF SgvFT 
�����
��� DFVFqN.FTF-- N.FqF fqF -SfTT lwUgw-l-NFwUlF-

FJl-Nlwu lw N.F [ fwv \ VfTMF- vFNFqSlwFv fN vlkkFqFwN klFTv- fwv N.F kf-N lwwFq

-I.FqF qgNfNlgw gk f -gTVFwN gq -gTMNF qfvlUfT UgSITFJ l- fT-g MwUFqNflw lw NFqS- gk

lN- I.R-lUfT -luwlklUfwUF lw -gSF SgTFUMTfq -R-NFS-

AluMqF 1U.FSfNlU vFSgw-NqfNlgw gk lwwFq -I.FqF SgvFT gMN -I.FqF
SgvFT fwv e1a1 SgvFT gMNFq -I.FqF SgvFT WlN. gkk UFwNFqFv qgNfNlgw gk
qfvlUfT- TT vFSgw-NqfNFv WlN. 4 yra f- N.F IgTfqlKlwu fuFwN fwv WfNFq f- NfquFN
SgTFUMTF

pw f Ugw-FjMFwN Wgqx kqgS RfwN � N.F 1 A gk N.F SgvlklFv gMNFq -I.FqF

SgvFT W.FqF SgTFUMTF- WFqF NqFfNFv f- .fqv -I.FqF- WlN. gkk UFwNFqFv -Ilw-

e1a1 l- ulVFw ak gMq lwNFqF-N f -R-NFS UgwNflwlwu N.F gkk UFwNFqFv qgNfNlgw gk

N.F qfvlUfT SgTFUMTF fwv N.F Nqfw-TfNlgw gk lN- -MqqgMwvlwu NfquFN SgTFUMTF- l- -.gWw

lw AluMqF 4.F IqF kfUNgq BBKGK fwv 1 A |BKGK lw N.l- Uf-F fqF ulVFw f- �
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BBKGK Å m F�nE�o?���
\? IôI ~ !ö

|BKGKô; √? \ √YP \YPö Å

/ #
/ # .

��
��
= � % �

�����/ #
�����/ # &

W.FqF ⟩∥ônö l- N.F SgvlklFv F--FT kMwUNlgw gk N.F -FUgwv xlwv kgq qFfT gqvFq X Ω l-
N.F vFuqFF gk N.F -I.FqlUfT .fqSgwlU \YP l- N.F qfvlM- gk N.F gkk UFwNFqFv qgNfNlgw

l- N.F UFwNFq Ng UFwNFq vl-NfwUF GFNWFFw N.F qfvlUfT fwv NfquFN SgTFUMTF- fwv

n Å õ];√? ~ ΩôΩ ~ !ö√? &√YPú WlN. vlkkM-lgw UgqqFTfNlgw NlSF √? Å <) fwv

UgqqFUNlgw NlSF √YP gk N.F gkk UFwNFqFv qgNfNlgw 4.F IfqfSFNFq- WlN.gMN fwR

FJITfwfNlgw UfqqR N.F -fSF SFfwlwu f- lw  jMfNlgw fwv  jMfNlgw DgNfGTR

N.F vl-NfwUF gk N.F UTg-F-N fIIqgfU. lw N.l- SgvFT l- N.FqFGR ulVFw f- [BKGK Å 3
\YP fwv N.F fUUF-- Ig--lGlTlNlF- kgq N.F NfquFN wMUTFfq- Ng N.F FTFUNqgw -Ilw- l-

lwUgw-l-NFwN kqgS FVFqR vlqFUNlgw

1UfTfq eAp UgwNqlGMNF- Ng N.F sm Uqg-- qFTfJfNlgw GMN wgN Ng m W.lU. l- ulVFw f-

t 5+ Å B]P|9; C 3 ; K √]Pz 4.F -UfTfq 1 A .f- GFFw vF-UqlGFv WlN. N.F

SgvFT GR yöTTFq ifqSMN. ����� W.FqF fw FwUgMwNFq kqFjMFwUR ! √Z √Z
rgl--gw NlSF fwv -FVFqfT UgTTl-lgwfT UgqqFTfNlgw NlSF √T fqF M-Fv Ng U.fqfUNFqlKF N.F
-UfTfq eAp SgvMTfNlgw 4.F lwvMUFv sm Uqg-- qFTfJfNlgw qfNF l- ulVFw f- 	��	�

t 5+ Å IôI ~ !ö w�. ± <� √T 93ô; C 3 ; Kö√TzûT

W.FqF )9T6 l- N.F SFfw fSITlNMvF gk N.F -UfTfq eAp gVFq NlSF

- vl-UM--Fv GR efM--Fq fwv 1NF.Tlx N.F -UfTfq eAp SfR fT-g UgwNqlGMNF Ng N.F

wMUTFfq 1m TgwulNMvlwfT qFTfJfNlgw ����� 4.l- UgwNqlGMNlgw Ufw GF wFuTFUNFv lk N.F

TlkFNlSF √E gk N.F qfvlUfT NfquFN SgTFUMTF UgSITFJ l- SMU. -.gqNFq f- N.F FTFUNqgw

qFTfJfNlgw NlSF W.lU. l- UgSSgw kgq qfvlUfT- lw -gTMNlgw-
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AluMqF + klFTv vFIFwvFwUF gk N.F UgMITlwu kfUNgq -lSMTfNFv WlN. qFv UMqVF
SgvFT WlN. √\ Å ≈ Zs uqFFw UMqVF SgvFT WlN. √? Å

≈ Zs W.lU. UgqqF-Igwv- Ng [ Å ≈ / WlN. WfNFq vlkkM-lgw UgFkklUlFwN fN d
wfSFTR 2S� S- gTlVF vf-.Fv UMqVF SgvFT WlN.
√? Å ≈ Zs fwv √\ Å ≈ Zs f--MSlwu GgN. UgwNqlGMNF FjMfTTR Ng N.F NgNfT wMUTFfq
TgwulNMvlwfT qFTfJfNlgw qfNF fN TgW klFTv GTMF UMqVF SgvFT WlN. √? Å / Zs
W.lU. UgqqF-Igwv- Ng 1 / WlN. WfNFq vlkkM-lgw UgFkklUlFwN 2S� S- fwv
√YP Å % Zs WlN. \YP Å ! GTfUx UMqVF -UfTfq WlN. f -lwuTF
UgqqFTfNlgw NlSF gk √ Å ≈ Zs 4.F vgNNFv UMqVF- SfqxFv WlN. IFqUFwNfuF- -.gW- N.F
UgMITlwu kfUNgq -lSMTfNFv WlN. GgN. √ Å ≈ Zs fwv
qgNfNlgwfT √\ Å ≈ Zsö 4.F IFqUFwNfuF wMSGFq- GF-lvF N.F UMqVF- vFwgNF N.F qfNlg
gk -UfTfq lwvMUFv wMUTFfq qFTfJfNlgw Ng N.F NgNfT wMUTFfq qFTfJfNlgw fN TgW klFTv �

AluMqF lTTM-NqfNF- N.F klFTv vFIFwvFwUF gk N.F a UgMITlwu kfUNgq UfTUMTfNFv

M-lwu N.F SgvFT- zM-N vl-UM--Fv 4.F -lSMTfNlgw IfqfSFNFq- fqF FJITflwFv lw N.F

kluMqF UfINlgw - Ufw GF -FFw i vFNFqSlwFv GR IMqF -UfTfq eAp GTfUx UMqVF l-

klFTv lwvFIFwvFwN fwv WlN. N.F UgSIFNlNlVF vlIgTfq UgMITlwu i vgNNFv UMqVF- -.gW

-Nqgwu klFTv vFIFwvFwUF 4.F UgMITlwu kfUNgq SgvMTfNFv GR lwwFq -I.FqF qgNfNlgw

qFv -gTlv UMqVF -.gW- f -NFFIFq vFUqFf-F WlN. lwUqFf-lwu SfuwFNlU klFTv UgSIfqFv

WlN. N.F gMNFq -I.FqF Nqfw-TfNlgw uqFFw -gTlv UMqVF WlN. f -fSF UgqqFTfNlgw NlSF

4.F UgMITlwu kfUNgq -lSMTfNFv WlN. f vlkkM-lgw UgFkklUlFwN gk WfNFq fN d fwv f
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vl-NfwUF gk UTg-F-N fIIqgfU. gk X uqFFw -gTlv UMqVF lwUqFf-F- lk f kf-N gkk

UFwNFqFv qgNfNlgw N.F FTFUNqgw -Ilw gk N.F qfvlUfT SgTFUMTF- √YP Å % Zs \YP Å !
\PP Å 1 / l- lwUTMvFv GTMF -gTlv UMqVF

emdt.l2mnte tS trn. SS12m

4.F SFU.fwl-S gk -gTlv FkkFUN l- Gf-Fv gw N.F N.FgqR gk -NfNF SlJlwu lw N.F IqF-FwUF

gk f vlIgTfq eAp klFTv �� 1lSlTfq f- a 1 l- Gf-Fv gw f -U.FSF gk gwF wMUTFfq -Ilw

UgMITFv Ng gwF FTFUNqgw -Ilw :wTlxF a qFTRlwu gw N.F qFTfJfNlgw IqgUF--F- vqlVFw

GR N.F IFqNMqGfNlVF -Ilw efSlTNgwlfw 1 gUUMq- W.Fw f Nqfw-VFq-F SfuwFNlU klFTv

lwvMUFv GR MwIflqFv FTFUNqgw -Ilw- l- IqF-FwNFv gw N.F wMUTFM- fwv SlJF- N.F

fvzfUFwN wMUTFfq -Ilw -NfNF- f- -.gWw lw AluMqF

AluMqF  wFquR TFVFT vlfuqfS gk f UgMITFv F D -Ilw -R-NFS GgN. WlN. -Ilw
1 gUUMq- W.Fw N.F Nqfw-VFq-F IfqN gk N.F fwl-gNqgIlU eAp IqF-FwN- gw N.F wMUTFM-
1m vFwgNF- N.F fTTgWFv  rn -lwuTF jMfwNMS SW vqlVFw Nqfw-lNlgw sm fwv m
vFwgNF- N.F F D sm fwv m kgqGlvvFw Nqfw-lNlgw IfN.WfR- qF-IFUNlVFTR

4.F F D eAp NFw-gq qF-Igw-lGTF kgq N.F Nqfw-VFq-F klFTv l- ulVFw WlN. N.F I-FMvg

-FUMTfq NFqS- ;5 fwv <í lw  jMfNlgw pw f -gTlv TlxF FwVlqgwSFwN N.F

f--MSINlgw- Ng -lSITlkR  jMfNlgw l- wg TgwuFq VfTlv pw N.F IqF-FwUF gk N.F gkk

vlfugwfT NFqS- ;5 fwv <í N.F FluFw-NfNF- gk N.F UgMITFv F D -Ilw- vFVlfNF kqgS N.Flq

gqlulwfT FJIqF--lgw- lw N.F TfGgqfNgqR kqfSF 4.F wFW FluFw-NfNF- Ufw GF gGNflwFv

kqgS N.F vlfugwfTlKfNlgw GR MwlNfqR Nqfw-kgqSfNlgw{1-7 Å K{K∑ �� 4.F vFuqFF
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gk N.F vFVlfNlgw vFIFwv- gw N.F FwFquR vlkkFqFwUF GFNWFFw N.F SlJFv -NfNF-

4.FqFkgqF N.F SlJlwu gk N.F -NfNF- WlN. vlkkFqFwN FTFUNqgw jMfwNMS wMSGFq 0] l-

wFuTFUNFv fwv gwTR N.F SlJlwu gk N.F fvzfUFwN wMUTFfq -Ilw -NfNF- WlN. -fSF 0] l-

Ugw-lvFqFv ilN. fw fIIqgJlSfNlgw MI Ng klq-N gqvFq N.F SlJFv -NfNF- fqF ulVFw

f- �����

g ℋ Å Z ~ 3ℋ 3 [ ~ ~ℋ

g ℋ Å Z ~ ~ℋ ~ [ ~ 3ℋ

g ℋ Å Z 3 3ℋ 3 [ 3 ~ℋ

g ℋ Å Z 3 ~ℋ ~ [ 3 3ℋ

W.FqF N.F -NfNF SlJlwu kfUNgq [ l- ulVFw f-

!���
��
�

fwv Z Å è! 3 [ 4.F fIIqgJlSfNlgw Z Ç ! l- VfTlv kgq $��
\	 ( ; F

AluMqF 4.F efSlTNgwlfw SfNqlJ gk f UgMITFv F D -Ilw Iflq Ugw-lvFqlwu N.F
sFFSfw lwNFqfUNlgw @íc fwv eAp ;5 fwv <í f- gkk vlfugwfT NFqS- SlJ N.F -NfNF-
3 ~ℋ WlN. 3 3ℋ fwv ~ ~ℋ WlN. ~ 3ℋ �
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4.F sm fwv m lqqfvlfNlVF Nqfw-lNlgw- WlN. -0] Å Ä! fwv -0C Å Ä! fqF kgqSfTTR
kgqGlvvFw GMN fqF fTTgWFv lw N.F IqF-FwUF gk N.F -NfNF SlJlwu wfTgugM- Ng N.F a 

Dr GR -gTVlwu N.F qfNF FjMfNlgw vF-UqlGlwu N.F Nqfw-lNlgw IqgUF-- gk f UgMITFv F

D -Ilw Iflq WlN. N.F wFW FluFw-NfNF- N.F 1 Dr Fw.fwUFSFwN Ufw GF FJIqF--Fv

f- �����

dK@ 2
AM 3 A
A Å

Ätjô! 3 sö ∫,∫F 3tj

tj ~tF ^Y^NV

W.FqF s ∫, ∫F UfqqR N.F -fSF SFfwlwu lw N.F a Fw.fwUFSFwN FJIqF--lgw t fwv

t vFwgNF N.F sm fwv m kgqGlvvFw Nqfw-lNlgw qfNF- qF-IFUNlVFTR 4.F kgqGlvvFw

Nqfw-lNlgw qfNF-tj fqF ulVFw f-

tj Å ≈j[ ; , ô; , Ä ; Fö
W.FqF ; , l- N.F SW wMNfNlgw kqFjMFwUR fwv ô;ö l- N.F FTFUNqgw IfqfSfuwFNlU

qF-gwfwUF  rn TlwF -.fIF UFwNFqFv fN ; fwv wgqSfTlKFv fUUgqvlwu Ng

1 ô;ö ;;
; Å !
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sAf sc

4.l- U.fINFq lwNqgvMUF- N.F Dr -FNMI wFUF--fqR kgq N.F Dr Dyn

SFf-MqFSFwN- �	��	 4.F vFVFTgISFwN gw .fqvWfqF vgF-w N GFTgwu Ng N.l- vgUNgqfT

N.F-l- 4.F fMN.gq IFqkgqSFv N.F NF-N gk N.F -fSITF NFSIFqfNMqF -NfGlTlNR gk f qFUFwN

lSIqgVFv AfGqR9rOqgN Ar IqgGF AluMqF - f -NfGTF -fSITF NFSIFqfNMqF

l- N.F IqFqFjMl-lNF kgq f jMfwNlNfNlVF fwfTR-l- gk N.F TljMlv -NfNF Dr Fw.fwUFSFwN-

N.F qFTFVfwN qF-MTN- fqF fT-g IqF-FwNFv lw N.l- U.fINFq

d 2cot 2 c

4.F TljMlv -NfNF Dr Dyn FJIFqlSFwN- lwVgTVFv lw N.l- Wgqx WFqF IFqkgqSFv gw

f .gSFGMlTN Dr Dyn -IFUNqgSFNFq UgSIql-lwu f gSSFqUlfT Dyn -IFUNqgSFNFq

qMxFq VfwUF pp gIFqfNlwu fN 4 fwv f uRqgNqgw cRUgS nM--lf f- SW -gMqUF

gIFqfNlwu fN ceK �	 4.F uRqgNqgw Ufw IqgVlvF f SW IgWFq MI Ng fGgMN i fN

N.F IqgGF.Ffv lwTFN

co  i r td c 2Oc or2con

FIFwvlwu gw N.F FJIFqlSFwN- NWg .gSFGMlTN IqgGF.Ffv- WFqF M-Fv lw N.F Wgqx

- vFSgw-NqfNFv lw AluMqF N.F .gSFGMlTN .FTlUfT URTlwvqlUfT e Dr

IqgGF.Ffv .f- f vgMGTF qF-gwfwUF -NqMUNMqF Ugw-l-Nlwu gk f URTlwvqlUfT SW UfVlNR

kgq  rn FJUlNfNlgw W.lU. fT-g -FqVF- f- nA UglT kgq Dyn FJUlNfNlgw fwv vFNFUNlgw �	

4.F SW UfVlNR Ufw GF NMwFv Ng 4 ��� 4 ��� fwv 4 ��� SgvF kgq vlkkFqFwN IMqIg-F

N 4 ��� SgvF N.F SW UgwVFq-lgw kfUNgq l- S4 i fwv N.F jMfTlNR kfUNgq

l- fGgMN 
 4.F TljMlv -fSITF- WFqF lwNqgvMUFv lwNg jMfqNK UfIlTTfqlF- WlN. fw

lwwFq vlfSFNFq qfwulwu kqgS 2S Ng 2S W.lU. qF-MTN- lw fw FkkFUNlVF -fSITF

VgTMSF gk wb R xFFIlwu N.F -fSITF vlfSFNFq WlN.lw N.l- qfwuF N.F FJUF--lVF
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.FfNlwu Ufw GF -luwlklUfwNTR fTTFVlfNFv xFFIlwu N.F -fSITF NFSIFqfNMqF qFSflw-

WlN.lw fw fUUFINfGTF qfwuF 
��


AluMqF 1U.FSfNlU qFIqF-FwNfNlgw gk N.F .FTlUfT URTlwvqlUfT vgMGTF qF-gwfwUF
-NqMUNMqF�	

wgN.Fq .gSFGMlTN IqgGF.Ffv Wf- vF-luwFv Gf-Fv gw N.F ArSW qF-gwfwUF -NqMUNMqF

AluMqF �
 4.F IqgGF.Ffv UgSGlwF- N.F Ar -NqMUNMqF WlN. f UgITfwfq -NqlITlwF

kgq GgN. Dyn FJUlNfNlgw fwv vFNFUNlgw gIFqfNlwu fN yeK �e fwv yeK
�� NNqlGMNFv Ng N.F FJUFTTFwN .FfN UgwvMUNlVlNR gk N.F ITfwF Slqqgq -MG-NqfNF N.F

-fSITF NFSIFqfNMqF l- gwTR -Tlu.NTR FTFVfNFv MwvFq kMTT IgWFq SW lqqfvlfNlgw R

kMqN.Fq lSITFSFwNfNlgw gk f wlNqguFw uf- kTgW GTgWlwu fuflw-N N.F GfUx-lvF gk N.F

-fSITF -MG-NqfNF N.F -fSITF NFSIFqfNMqF Ufw GF UgwNqgTTFv fTSg-N lwvFIFwvFwN gk

N.F fIITlFv SW lqqfvlfNlgw lw N.F NFSIFqfNMqF qfwuF gk d - Ufw GF -FFw

lw AluMqF N.F NFSIFqfNMqF ql-F gk N.F -fSITF MwvFq .FfNFv wlNqguFw uf-

kTgW SgwlNgqFv GR N.F �e Dyn U.FSlUfT -.lkN vlkkFqFwUF GFNWFFw N.F e� fwv ae

uqgMI gk FN.RTFwF uTRUgT qF-MTN- lw f vlkkFqFwUF TF-- N.fw d WlN. fwv WlN.gMN SW

lqqfvlfNlgw

DgNfGTR GgN. IqgGF.Ffv- fqF FjMlIIFv WlN. SW SgvMTfNlgw UglT Ng FwfGTF UW  rn

SFf-MqFSFwN-
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AluMqF 1U.FSfNlU qFIqF-FwNfNlgw gk N.F NqlITF qF-gwfwUF -NqMUNMqF UgSIql-lwu
f AfGqR9rOqgN SW qF-gwfNgq fwv f UgITfwfq -NqlITlwF �
 Dyn -IFUNqf gk FN.RTFwF
uTRUgT lw N.F IqgGF.Ffv fN vlkkFqFwN NFSIFqfNMqF- MI Ng d -FN WlN. .FTI gk
wlNqguFw uf- kTgW WlN.gMN SW .FfNlwu N.F -fSF -fSITF lw N.F IqgGF.Ffv fN
-lSlTfq uf- kTgW UgwvlNlgw- f- lw fwv WlN. SW IgWFq gk i pw GgN.
FJIFqlSFwN- N.F uf- kTgW qfNF Wf- b . UfTUMTfNFv NFSIFqfNMqF lwUqFf-F gk
N.F -fSITF vMF Ng N.F SW .FfNlwu rg-lNlgw- gk e� -luwfT gk fTT N.F -IFUNqf WFqF
UFwNFqFv kgq lTTM-NqfNlVF IMqIg-F



1UfTfq a Dr gw -SfTT GlgSgTFUMTF-

�� e s mg  d ee wmdmec aec 

r2co O 2Ior

4.F FwUgMqfulwu �� Dyn Fw.fwUFSFwN- gG-FqVFv lw T� fwv q� -gTMNlgw-

MwvFq-UgqF N.F IgNFwNlfT gk -UfTfq Dr fN .lu. SfuwFNlU klFTv- 	��	� DgwFN.FTF-- N.F

qF-FfqU. NfquFN- WFqF -NlTT TlSlNFv Ng wgw GlgTgulUfT -fSITF- pw gqvFq Ng FJNFwv N.F

UfIfGlTlNR gk -UfTfq Dr Ng GlgTgulUfTTR qFTFVfwN SgTFUMTfq -R-NFS- W.lTF fVglvlwu

N.F fqGlNqfqR NqlfT fwv Fqqgq fIIqgfU.F- f -NqfNFuR Ng IqF-UqFFw N.F IgNFwNlfT Dr

NfquFN SgTFUMTF- Vlf N.Flq IfqfSfuwFNlU Dyn -.lkN l- IqgIg-Fv fwv VFqlklFv IfqN

kqgS N.F vRwfSlU- vFNFqSlwlwu N.F -IFUNqfT vFw-lNR f -MG-NfwNlfT F D eAp -NqFwuN.

l- fT-g f IqFqFjMl-lNF kgq f -MUUF--kMT Dr FJIFqlSFwN 1lSlTfq UgwwFUNlgw GFNWFFw

N.F a Dr Fw.fwUFSFwN- fwv N.F .RIFqklwF Ugw-NfwN gGNflwFv kqgS  rn .f- GFFw

FJfSlwFv fN TgW klFTv- ��

pSlvfKgTF fwv lwvgTF FJ.lGlNlwu -Nqgwu IfqfSfuwFNlU �� Dyn -.lkN- wfSFTR -Nqgwu

FTFUNqgw �� lwNFqfUNlgw- lw N.F IqF-FwUF gk wlNqgJlvF �� WFqF -FTFUNFv f- N.F lwlNlfT

Dr UfwvlvfNF- Ugw-lvFqfGTF �� Dyn Fw.fwUFSFwN d # MI Ng WFqF

gG-FqVFv gw -lwuTF TfGFTFv lSlvfKgTF SgTFUMTF- lw lN- fjMFgM- -gTMNlgw vgIFv WlN.

Sy .RvqgJR NFNqfSFN.RTIlIFqlvlwRTgJRT 4 yrab f- WFTT f- -lNF

-IFUlklU d # qfwulwu kqgS Ng gw MwlkgqSTR TfGFTFv lwvgTF vgIFv WlN. N.F -fSF

UgwUFwNqfNlgw gk 4 yra lw T�  wUgMqfuFv GR N.F-F qF-MTN- kMqN.Fq IfqfSfuwFNlU

Dyn fwv a Dr SFf-MqFSFwN- WFqF IFqkgqSFv gw VfqlgM- -SfTT GlgSgTFUMTF-

lwUTMvlwu uTRUlwF fTfwlwF -FqlwF IqgTlwF fwv uTMUg-F jMfTlNfNlVFTR qFTfNlgw

GFNWFFw N.F NWg jMfwNlNlF- WFqF IqF-FwNFv lwUTMvlwu N.F IqFVlgM-TR IMGTl-.Fv

qF-MTN-	��	� jMfwNlNfNlVF SfNU. l- wgN fwNlUlIfNFv kgq -FVFqfT qFf-gw- Alq-N gk fTT

N.F IfqfSfuwFNlU Dyn -.lkN vlqFUNTR qFkTFUN- N.F eAp -NqFwuN. fwv TfUx- lwkgqSfNlgw

fGgMN N.F F D vRwfSlU- W.lU. l- UqMUlfT kgq N.F Dr UgMITlwu kfUNgq 1FUgwvTR

gN.Fq Dr IfN.WfR- Ufw fT-g lSIfUN N.F gG-FqVFv Dr Fw.fwUFSFwN- Agq FJfSITF

N.F UgMwNFqfUNlVF vlIgTfq eAp vqlVFw a Ufw TFfv Ng f wFufNlVF Fw.fwUFSFwN gk



1UfTfq a Dr gw -SfTT GlgSgTFUMTF-

Dyn -luwfT W.lU. Wf- fT-g gG-FqVFv lw N.l- -NMvR F-lvF- IfqfSfuwFNlU -.lkN lw

TljMlv- Ufw fT-g UgSIql-F UgwNqlGMNlgw- kqgS N.F vlIgTfq eAp NFqSFv I-FMvg UgwNfUN

-.lkN

gSIMNfNlgwfT fIIqgfU.F- .f- GFFw M-Fv Ng IqFvlUN� fwv qfNlgwfTlKF	��	� N.F -UfTfq

a Dr Fw.fwUFSFwN- pw-NFfv gk N.F kf-N FwUgMwNFq vl-f--gUlfNlgw IqgUF--

vvF-UqlGFv GR N.F rMT-F SgvFT f jMfwNMSSFU.fwlUfT y -NMvlF- IFqkgqSFv GR gMq

UgTTfGgqfNgq- gw N.F SFU.fwl-S- gk N.F gG-FqVfNlgw- -MuuF-N- N.fN N.F SgvMTfNlgw

gqlulwfNF- kqgS N.F kf-N lwNFqSgTFUMTfq .RvqguFw Ggwv vRwfSlU- gk N.F Tgwu TlVlwu

qfvlUfT -MG-NqfNF UgSITFJ

tdd1Hyte.nep l rn2 mnte

4.F kgTTgWlwu IMGTlUfNlgw NguFN.Fq WlN. N.F -MIIgqNlwu lwkgqSfNlgw

��+3������(+71��)����3>��*���*+71��)�������5+>,3=C�������/7B</748?��'����/��)���

#;3<7/;��&��+7.� +8������$886�=/69/;+=>;/�.B7+63-�7>-5/+;�985+;3C+=387�/72+7-/.�

! $�<9/-=;8<-89B�80�<6+55�,385813-+5�685/->5/<�37�@+=/;���������������
������	�

��	�
���

l- fNNfU.Fv lw N.F kgTTgWlwu IfuF-

4.F Wgqx Wf- IqFIfqFv lw f UgTTfGgqfNlVF SfwwFq 4.F UgwwFUNlgw GFNWFFw N.F

IfqfSfuwFNlU Dyn -.lkN fwv -UfTfq Dr Fw.fwUFSFwN Wf- lwlNlfTTR IqgIg-Fv GR

rqgk tlfkFl yfg pw-NlNMNF gk .FSl-NqR .lwF-F UfvFSR gk 1UlFwUF- 4.F fMN.gq

IFqkgqSFv gk N.F Sfzgq IfqN gk N.F Dr Dyn FJIFqlSFwN- WlN. N.F f--l-NfwUF kqgS

rqgk tlfkFl yfg fwv q Bf-RT FwR-FwxgV 4.F fwfTR-l- gk N.F Dr Fw.fwUFSFwN-

Wf- IFqkgqSFv GR N.F fMN.gq NguFN.Fq WlN. rqgk tlfkFl yfg 4.F jMfwNMS

SFU.fwlUfT y -lSMTfNlgw fwv A4 UfTUMTfNlgw- WFqF IFqkgqSFv GR rqgk olfwWFl

ifwu s.Fzlfwu :wlVFq-lNR gk 4FU.wgTguR q hlWFl blM  f-N .lwf DgqSfT

:wlVFq-lNR fwv rqgk olfg eF  f-N .lwf DgqSfT :wlVFq-lNR
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Room-temperature dynamic nuclear polarization
enhanced NMR spectroscopy of small biological
molecules in water
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Vasyl Denysenkov1,2, Xiao He 3,8✉, Thomas Prisner 1,2 & Jiafei Mao 2,7✉

Nuclear magnetic resonance (NMR) spectroscopy is a powerful and popular technique for

probing the molecular structures, dynamics and chemical properties. However the conven-

tional NMR spectroscopy is bottlenecked by its low sensitivity. Dynamic nuclear polarization

(DNP) boosts NMR sensitivity by orders of magnitude and resolves this limitation. In liquid-

state this revolutionizing technique has been restricted to a few specific non-biological model

molecules in organic solvents. Here we show that the carbon polarization in small biological

molecules, including carbohydrates and amino acids, can be enhanced sizably by in situ

Overhauser DNP (ODNP) in water at room temperature and at high magnetic field. An

observed connection between ODNP 13C enhancement factor and paramagnetic 13C NMR

shift has led to the exploration of biologically relevant heterocyclic compound indole. The

QM/MM MD simulation underscores the dynamics of intermolecular hydrogen bonds as the

driving force for the scalar ODNP in a long-living radical-substrate complex. Our work

reconciles results obtained by DNP spectroscopy, paramagnetic NMR and computational

chemistry and provides new mechanistic insights into the high-field scalar ODNP.
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N
uclear magnetic resonance (NMR) spectroscopy is an
indispensable powerful technique for probing the mole-
cular structure, dynamics, and chemical properties at or

even beyond the atomic resolution. It has strong impacts on a
broad range of applications in chemistry, biology, material sci-
ence, environmental science as well as chemical and pharma-
ceutical industries. However, all these applications are limited by
the low inherent sensitivity of this technique. Since the early days
of NMR spectroscopy, the demands for higher sensitivity have
been driving the developments in instrumentation, methodology,
and the understanding of NMR spin dynamics1. One of the
popular approaches for boosting NMR sensitivity is dynamic
nuclear polarization (DNP), in which nuclear spins are hyper-
polarized via the polarization transfer from unpaired electron
spins under microwave irradiation2–9. In most DNP schemes, the
unpaired electron spins are introduced as paramagnetic radicals
or metal centers. Since the electron spin has a much higher
gyromagnetic ratio than any nuclear spins, that is −658-fold of
1H nucleus and −2617-fold of 13C nucleus, tremendous sensi-
tivity enhancements can be anticipated. Such a remarkable
potential has sparked enthusiasms on developing DNP techni-
ques for numerous NMR applications5,10–27.

The past decade has already witnessed the transformation of
solid-state NMR (ssNMR) spectroscopy by DNP2,5,6,9. Solid-state
DNP experiments are carried out mostly at cryogenic tempera-
tures (usually below 120 K), at which the electron spin relaxation
times are long enough for the efficient microwave saturation in
solids. Such low operation temperatures quench most molecular
dynamics, prohibit chemical processes, and in many cases com-
promise the spectral resolution. An alternative approach, namely
the dissolution DNP, combines the low-temperature solid-state
DNP and the room-temperature liquid-state NMR via a rapid
dissolution/melting step. However, it is a single-shot experiment
and a freeze-thaw procedure has to be applied to the
samples17,28–32. Different from all the abovementioned approa-
ches, the in situ liquid-state Overhauser DNP (ODNP) process
permits to hyperpolarize the target molecules directly in solution
at room-temperature4,10,12,13,16,18,20,22,23,25,33.

In liquid-state DNP the electron-nucleus (e-N) polarization
transfer is mediated by the electron-nucleus Overhauser effect
(OE) driven by molecular motions. The physical principle of OE
is the e-N cross-relaxation caused by dynamic fluctuations of the
e-N spin−spin interactions. Unpaired electron spins interact with
nuclear spins via dipolar interaction and scalar hyperfine inter-
actions, both of which can contribute to the ODNP. The ODNP
efficiency relies on both the magnitude and the dynamics of the
e-N interactions. A more detailed introduction on the theoretical
background of ODNP can be found in Supplementary Note 1. At
high magnetic fields (e.g., 9.4 T), molecular motions at the sub-ps
time scale, or in the THz frequency regime, are required for
efficient ODNP. In aqueous solutions of nitroxide radicals,
translational and rotational motions, which drive the stochastic
e-N dipolar crosstalk upon the radical-water encounter events,
occur within this time scale. These motions lead to a remarkable
negative ODNP-enhancement of the water 1H NMR signal at
9.4 T34. However, such molecular motions become significantly
retarded upon increasing the molecular sizes. Consequentially the
efficiency of ODNP driven by dipolar interactions drops sig-
nificantly on more complex molecules35.

Distinct from the dipolar ODNP, the scalar ODNP depends on
the fluctuation of the e-N Fermi contact interactions. The chemical
interaction between the radical and the substrate molecule permits
the dispersion of spin density from the radical to the specific
nuclear positions in the substrate molecule. This scalar e-N Fermi
contact fluctuates upon the radical-substrate chemical encounter-
disassociation events and/or during the structural rearrangement of

the radical-substrate complex in solution20,25,36,37. The recently
observed tremendous positive liquid-state ODNP enhancements on
13C signals of various organic compounds show the great potential
of this mechanism at high magnetic field20,25. However, these work
has been limited on a few non-biological model compounds so far,
for example, halogenated hydrocarbons, diketones, and benzene
derivatives19,20,25. Moreover, all the previous studies have been
restricted to organic solvents with lower microwave absorption at
high magnetic field in order to reduce the sample heating by
microwave, a major challenge for high-field room-temperature
ODNP. Here, we have successfully polarized a number of structu-
rally and chemically diverse small biological molecules in water
directly at room-temperature and at high magnetic field (9.4 T,
263 GHz electron Larmor frequency). Motivated by the observed
trend between scalar ODNP enhancement and paramagnetic NMR
shift, we have also expanded our ODNP target list to biologically
relevant heterocyclic compound indole. Extensive density functional
theory (DFT) calculations and quantum mechanics/molecular
mechanics molecular dynamics (QM/MM MD) simulations have
provided new mechanistic insights into scalar ODNP in various
small biological molecules as well as in a long-living H-bonded
radical-substrate complex.

Results
Room-temperature ODNP 13C NMR of imidazole in water.
The sample heating under microwave irradiation poses one major
challenge on room-temperature liquid-state ODNP spectroscopy.
In some previous work, this problem was alleviated partially by
restricting the experiments to organic solvents of low
polarity19,20,25. However, on the aqueous samples relevant to
biological applications, the microwave heat deposition becomes
inevitably more severe (loss tangent of water tanδ= 1.05 at 20 °C
and 0.26 THz)38. For tackling this issue, we have chosen a home-
built liquid-state DNP instrumentation platform based on a
Fabry–Pérot microwave double resonance structure (Fig. 1b)39

that permits efficient excitation of the radical electron spin with
an excellent temperature management. In the Fabry–Pérot
microwave resonator, a highest microwave B-field strength is
reached at the sample position, which is required for the
microwave saturation of the radical electron spin transition in
DNP experiments. At the same time, the microwave electric field
component, which leads to sample heating, is near zero on the
metal surface where the thin flatdisc-like sample (101 μm thick-
ness, Fig. 1b) is located. In addition, since the samples are situated
directly onto a heat-conducting flat metal mirror (Fig. 1b), the
heat dissipation from the sample to its environment is rather
efficient. Previously this design has already been successfully used
for dipolar ODNP 1H NMR experiments on water and on
hydrated lipid bilayers16,39.

Although our setting reduces substantially the sample heating,
it remains rather technically challenging to perform the ODNP
NMR experiments. Here, instead of the blind “trial-and-error”
search for molecules with large scalar ODNP enhancements, we
have first sought a potential indicator of the scalar ODNP
performance. The scalar ODNP relies on the Fermi contact
mediated by the chemical interactions between radical and
substrate molecules. The Fermi contact leads to three distinct but
closely related spectroscopic consequences, namely the signal
enhancement in scalar ODNP NMR spectroscopy, the hyperfine
pattern in EPR spectroscopy, and the well-known Fermi contact
shift in paramagnetic NMR spectroscopy. The hyperfine interac-
tions in radical-substrate complexes have been explored exten-
sively by EPR spectroscopy and computational chemistry. Indeed
it has been shown that the hyperfine constant, which quantifies
the magnitude of the Fermi contact, is correlated with the scalar
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ODNP enhancement40. In this work, inspired originally by a
Google search (Supplementary Note 6), we have recalled the link
between paramagnetic NMR and ODNP spectroscopy. As the
contact shift also reports the magnitude of the Fermi contact, it
could be taken presumably as an NMR indicator for the ODNP
performance similar to the hyperfine coupling constant explored
in the previous work40. In particular, the molecules that do not
interact chemically with radicals should show little paramagnetic
NMR shift. Such molecules could be excluded efficiently prior to
the technically challenging ODNP experiments, which improves
the winning rate of our initial search for promising scalar ODNP
targets.

The Fermi contact shift has been one of the major topics in
paramagnetic NMR spectroscopy over many decades41–45. We
have revisited the rich collection of literatures covering this topic
and have identified a series of paramagnetic NMR studies, in
which a wide range of radical-interacting molecules have been
reported46–53. Interestingly some halogenated compounds show-
ing large ODNP enhancements as reported recently20,25 also
exhibit large 13C paramagnetic NMR shifts54. In this work, we
have taken the molar-free 13C paramagnetic NMR shifts (δpara)
for the comparison of various compounds, which normalize the
scale of the paramagnetic NMR shift over the radical concentra-
tion. Within these paramagnetic NMR literatures, a water-soluble
heterocyclic compound imidazole, which is the sidechain moiety
of the amino acid histidine, is reported to interact with TEMPO-
type radicals via an intermolecular H-bond and exhibits some of
the most remarkable carbon δpara

53. We have therefore selected

this compound as a candidate for ODNP 13C NMR experiments
in water on our high-field liquid-state DNP setup.

The solution of 13C2-imidazole (Fig. 1a) in D2O has been
loaded as a thin layer into the Fabry–Pérot microwave resonator
(Fig. 1b). The water-soluble radical TEMPOL (100 mM) has been
used as the ODNP polarization agent. Pleasingly a large ODNP
13C enhancement of 50 has been obtained with this sample
(Fig. 1c and Supplementary Table 3). This finding has encouraged
us to explore other families of water-soluble molecules for ODNP
experiments.

Room-temperature ODNP 13C NMR of small biological
molecules in water. Encouraged by the initial success on imi-
dazole, we moved on to structurally more complex small biolo-
gical molecules. In this work, we have focused on carbohydrate
and amino acids (Fig. 2) bearing amine and/or hydroxyl groups
that could serve potentially as H-bond donor to TEMPO-type
radicals. In particular, we have targeted the highly water-soluble
glucose (Fig. 2e) and amino acids (Fig. 2a–d, glycine, serine,
alanine and proline). As indicated by the significant carbon δpara
(Supplementary Fig. 2 and Supplementary Table 4), all these
small biological molecules interact chemically with TEMPOL in
water. We have further subjected all these compounds to ODNP
13C NMR experiments in H2O using the same instrumentation
setting for imidazole. Sizable ODNP 13C enhancements have been
obtained on all these molecules (Fig. 2a–e). Notably, our spectral
resolution even permits to resolve the signal splitting by 1JCH
couplings (Fig. 2a–e and Supplementary Table 3), which

Fig. 1 Room-temperature ODNP-enhanced 13C NMR of 13C2 imidazole in D2O at 9.4 T. a The chemical structure of imidazole molecule. The black circle

indicates 13C labeled position. b Scheme of Fabry-Pérot resonator16,39. The sample (102 nL) has been laid as a thin layer on the flat mirror (gray). The

sample diameter (Φ) and thickness (l) are shown. The microwave beam (shown as mw arrow) enters the resonator via a hole in the middle of a spherical

mirror (gray). c Spectra obtained with (up) and without (down) microwave (mw) are presented. A 50-fold ODNP enhancement on 13C signal has been

obtained. TEMPOL (100mM) was used as the hyperpolarizing agent. The spectra are scaled with number of scans for visualizing directly the enhancement

factor. The microwave-off spectra are further scaled up by 10-fold for the better visualization.
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Fig. 2 Room-temperature ODNP NMR of small biological molecules in H2O at 9.4 T. TEMPOL (100mM) was used as the hyperpolarizing agent. The

ODNP-enhanced 13C NMR spectra of U–13C serine (a), alanine (b), glycine (c), proline (d), and glucose (e) are scaled with the number of scans for

visualizing directly the enhancement factor. All the microwave (mw)-off spectra in (a–e) are further scaled up by four-fold for the better visualization. The

resolved 1JCH are showcased in spectral (d, e). f A positive trend of ODNP 13C enhancement over molar-free paramagnetic 13C NMR shift δpara is visualized.

The data on various molecules are presented in colors. The error of δpara is defined as fitting error or standard deviation of δpara values on carbons showing

overlapping signals on ODNP spectra. The error of ODNP enhancement is determined from signal-to-noise ratio. More details about the error calculations

can be found in “Methods”. Source data are provided as a Source Data file.
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significantly outperforms the DNP ssNMR spectroscopy on a
frozen solution sample at the same magnetic field (Supplementary
Fig. 1d).

The excellent spectral resolution also permitted to detect the
site-specific ODNP 13C enhancement for most of the carbons in
these small biological molecules. The chemical shift assignment of
the ODNP-enhanced 13C spectra of these molecules can be found
in Fig. 2a–e. The corresponding site-specific ODNP enhancement
factors are summarized in Supplementary Table 3 and Fig. 2f. Up
to 11-fold ODNP enhancement of 13C signals have been obtained
on these small biological molecules. The site-specific ODNP
enhancement has been observed on all these molecules. As
expected, a qualitative positive trend has been observed between
the carbon δpara and the ODNP enhancement factor within and
across the tested water-soluble molecules (Fig. 2f and Supple-
mentary Table 4).

In glucose, the C1 and C6 carbons show larger ODNP
enhancements than the other carbons (Fig. 2e and Supplementary
Table 3). These two carbons are less sterically hindered than other
carbons and are therefore more likely accessible by TEMPOL
radical as also indicated by their larger δpara. In the four tested
amino acids, the carboxylate carbons all show negative ODNP
enhancements (Fig. 2a–d and Supplementary Table 3), which
evidences the dominating role of dipolar ODNP mechanism on
these carbons similar to that found on carbonyl and ester carbons
in various organic compounds25. As indicated by their small δpara
(Supplementary Table 4), these carboxylate groups are not
involved in the direct interactions with TEMPOL radical. In
contrast, the aliphatic carbons in amino acids and glucose all
show positive ODNP enhancements, which supports the prevail-
ing scalar ODNP mechanism on these sites. Interestingly the
aliphatic carbons amino acids that are not directly linked to
amino or hydroxyl groups also show sizable scalar ODNP
enhancement (Fig. 2a–d). It seems that, besides the amino and
hydroxyl groups that are well-known for their H-bonding
capacities, aliphatic C−H groups also participate in the
intermolecular interactions with TEMPOL radical.

To further resolve the molecular mechanism of the observed
site-specific ODNP enhancement in these amino acids, we have
performed DFT calculations of these TEMPOL-amino acid
complexes (Fig. 3 and Supplementary Table 5). For each amino
acid, the amine group-mediated TEMPOL-amino acid complex
has been taken as the reference for deriving the relative Gibbs free
energy (ΔΔG) of the other binding configurations. Our simula-
tions support the binding of TEMPOL to the amino groups as
shown by the lower Gibbs energy of the corresponding complexes
(Fig. 3a–d). For serine, the complex organized by the sidechain
hydroxyl group is significantly more stable than that via the
amino group (ΔΔG=−15.7 kJ/mol, Fig. 3c), which demonstrates
the stronger H-bonding capacity of hydroxyl groups. This
binding site preference agrees with the higher scalar ODNP
enhancement of Cβ than that of Cα carbon in serine (Fig. 2a and
Supplementary Table 3). The aliphatic C-H groups in all the
explored amino acids also show certain radical-binding capacities
(Fig. 3a–d, ΔΔG in the range of 0.8−8.7 kJ/mol) in line with the
generally observed scalar ODNP enhancement on these carbons
(Fig. 2a–d and Supplementary Table 3). For serine and proline,
the aliphatic CH-organized TEMPOL-amino acid complexes only
show slightly higher energies (ΔΔG < 5 kJ/mol) than the NH-
mediated complexes (Fig. 3c, d). Interestingly, our structure
optimization of the TEMPOL-proline (CγHγ1) complexes has led
consistently to a binding configuration to the neighboring CβHβ1
group, suggesting a competition or cooperativity between these
two sites. Similarly, in the TEMPOL-proline(CβHβ2) complex the
neighboring Cγ carbon also carries significant spin density

(Fig. 3d and Supplementary Table 5). The relative Gibbs energies
of the TEMPOL-glycine/alanine(C−H) complexes (ΔΔG is close
to 8 kJ/mol) are higher than those of the TEMPOL-serine/proline
complexes. It has been reported that the methyl groups form
weak H-bond with TEMPO-type radicals55. Our results agree
with this previous finding and demonstrate that such methyl-
radical interactions could lead to scalar ODNP enhancement.
Compared to other amino acids, glycine shows significantly both
higher δpara (Supplementary Fig. 2f) and ODNP enhancement
(Fig. 2c) on its Cα carbon (Fig. 2f and Supplementary Table 4).
This is likely due to the lack of competing radical binding sites
(sidechain carbons) in glycine. In summary, our simulations
support that a wide range of chemical moieties, including the
amine, hydroxyl, methyl, and aliphatic CH2 and CH groups, show
binding capacity towards TEMPOL radical and therefore could all
mediate the chemical engagement with the radicals for scalar
ODNP.

ODNP 13C NMR of biologically relevant heterocyclic com-
pound indole. Biological molecules often bear heterocyclic moi-
eties, such as imidazole in histidine, indole ring in tryptophan,
and nucleobases in nucleic acids. Encouraged by the successful
selection of imidazole as a scalar ODNP candidate from the
previous paramagnetic NMR literature53, we decided to expand
this endeavor to other biologically relevant heterocyclic com-
pounds. In the original paramagnetic NMR work, from which
imidazole has been sourced, a full list of nitrogenous heterocyclic
compounds have been shown to interact with TEMPO radical via
intermolecular H-bonds53. In particular indole (Fig. 4b, c), the
sidechain moiety of tryptophan, interacts with TEMPO and
shows rather large paramagnetic 13C NMR shifts (Supplementary
Table 4)53. We, therefore, selected this compound for ODNP 13C
NMR experiments. Due to the poor solubility of indole in water,
we switched to the apolar CCl4 solvent. Previously we have
developed another liquid-state ODNP NMR resonator at 9.4 T
featuring a cylindrical microwave structure (Fig. 4a)56 that is
highly suitable for the volatile CCl4 solvent25. We have therefore
selected this setting for the ODNP 13C NMR experiments on
indole. TEMPO at 100 mM has been used as the DNP agent in
this experiment.

As shown in Fig. 4c, in the uniformly–13C ([U–13C]) labeled
indole significant positive ODNP enhancements have been
observed on all except the two bridge carbons (C3a and C7a).
The positive enhancements point to a dominating scalar ODNP
mechanism on the peripheral carbons, while the negative 13C
enhancements indicate the prevailing dipolar ODNP mechanism
on the bridge carbons. The 13C–13C homonuclear and 1H–13C
heteronuclear J-coupling network in [U–13C] indole leads to
rather complex spectroscopic patterns (Fig. 4c). Nevertheless,
with the help of conventional 1H-decoupled liquid-state 13C
NMR spectrum (Fig. 4d), an unambiguous assignment of most of
the signals on the ODNP 13C NMR spectrum of [U–13C] indole
can be achieved. To further resolve the spectroscopic complexity
caused by the 13C–13C homonuclear J-coupling, we have turned
to another labeling scheme with a single 13C site (13C2 indole,
Fig. 4b). The ODNP-enhanced 13C NMR spectrum of 13C2-
indole shows one 13C doublet (Fig. 4b). The resolution of the
spectrum (33 Hz without 1H decoupling) permits to resolve the
splitting of this 13C doublet and to quantify the corresponding
H2-C2 1JCH-coupling (181 Hz) (Fig. 4c). In addition, we have
even detected the ODNP-enhanced NMR signal of CCl4 carbon
(Fig. 4b) at its natural isotope abundance (ca. 0.15 M 13C spins) in
the same sample.

The spectral resolution also allowed us to derive the site-
specific ODNP enhancement factor for different carbons in the
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Fig. 3 Chemical interactions between TEMPOL radical and amino acids mapped by DFT calculations. The structural and energy landscapes of

H-bonded glycine (a), alanine (b), serine (c), proline (d)-TEMPOL complexes are presented. The relative Gibbs free energies (ΔΔG) of the complexes

involving different binding sites are referenced to the amino-binding state. The SOMO orbitals and the corresponding spin densities are presented along

with the energy. The TEMPOL-substrate interaction sites are indicated with * symbol. The magnitude of spin densities on various carbons is presented in

gray scale as shown in (d).
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indole ring (Supplementary Table 4). Qualitatively the indole
carbons exhibiting large δpara values also show more evident
ODNP enhancements except the two bridge carbons (Supple-
mentary Fig. 3c and Supplementary Table 4). We have further
expanded this analysis to other compounds (Supplementary

Fig. 3a) previously studied by ODNP 13C NMR spectroscopy in
organic solvents at the same magnetic field (9.4 T)25. Due to the
recent in-house modification of the helical microwave structure
(different plungers), we could only reach, though reproducibly, a
moderately lower ODNP enhancement on the TEMPONE/13CCl4
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sample compared to the previous work (Supplementary Fig. 1c)25.
The ODNP enhancement of this new experimental result was
used for rescaling the previous results in order to match the
current instrumentation condition. As shown in Supplementary
Fig. 3b and Supplementary Table 4, a correlation of ODNP
enhancement over δpara remains visible in this expanded
molecular scheme. However, the data points seem more scattered
than those shown in Fig. 2f. This could be due to the distinct
nature (e.g., the halogen-bond and H-bond) of the radical-
substrate interactions presented by this more diverse scheme of
organic compounds. In addition, both the magnitude and the
dynamics of hyperfine interactions determine the ODNP
enhancement, while the paramagnetic NMR shift only indicates
the average scale of hyperfine interactions. Since the dynamics of
the H-bonded radical-substrate complexes had not been well
explored, we decided to further explore such dynamics in the
TEMPO-indole complex by advanced computational chemistry
approaches.

Molecular dynamics permits scalar ODNP in the indole-
TEMPO complex. Since the binding chemistry between indole
and TEMPO is well-defined, we selected this complex as our
model system for a detailed investigation on the molecular
dynamics relevant to scalar ODNP. The sub-ps dynamics of the
TEMPO-indole complex can neither be accessed directly by EPR/
paramagnetic NMR spectroscopy nor be depicted by conven-
tional single-point QM calculations. In previous studies, the
“pulse model” has been used to describe the microscopic
mechanism of scalar ODNP25,55. In such a model the fluctuations
of hyperfine interactions that drive ODNP are associated pri-
marily with the transient formation-disassociation of radical-
substrate complexes, which can be approximated as “pulses”36,37.
We have estimated that the lifetime of the TEMPO-indole
complex is longer than 100 ps (Supplementary Note 2), a time
scale mismatching with high-field ODNP. To resolve the mole-
cular mechanism of the Fermi contact fluctuations in the long-
living TEMPO-indole complex, we have carried out an extensive
in silico simulation.

Since the Fermi contact is determined by the electronic
structure of the complex, QM/MM MD simulation has been
selected rather than the conventional MD approach based on
classical mechanics. This ab initio approach also covers the
contribution of the unpaired electron in the radical-substrate
chemical interaction that cannot be depicted faithfully by
empirical force fields. The TEMPO-indole complex (45 atoms)
was included in the QM region set at the M06-2X/6-311G** level
and the explicit solvent CCl4 bath (498 molecules, 2490 atoms)
were treated using classical mechanics (Fig. 5a). We have chosen
M06-2X functional for the QM simulation of H-bonded TEMPO-
indole complex due to its excellent radical/nonradical trade-off,
namely the balanced accuracy on both the open and closed-shell
molecules57. For resolving the hyperfine fluctuations at the sub-ps
time scale, we have simulated the QM/MM trajectory of 10 ps
(1 × 104 h CPU time). This extensive computational effort has

yielded new structural, chemical, and dynamic insights into the
molecular mechanism of high-field scalar ODNP.

First, our simulation reveals both the intermolecular and the
intramolecular structural dynamics in the indole-TEMPO com-
plex. The intermolecular H-bond in this complex fluctuates
drastically and samples a large space of local geometry (Fig. 5b-d).
In addition, the benzene and the pyrrole ring of the indole
molecule also undergo fast intramolecular structural fluctuations
(Fig. 5b, c). It has been reported that TEMPO-type radicals
also interact chemically with CCl4 via halogen-mediated
interactions20,54. In our simulation the average TEMPO
oxygen–CCl4 chlorine distance (3.42 Å) remains significantly
longer than that in TEMPONE–CCl4 complex (2.96 Å), suggest-
ing a negligible role of nearby CCl4 molecules in competing for
direct chemical interactions with the TEMPO radical within the
time window of our simulation. The fluctuations of the
surrounding CCl4 molecules may reshape the solvent environ-
ment for accommodating the dynamic TEMPO-indole complex.

Second, the structural fluctuations within the TEMPO-indole
complex are coupled with the spin density dynamics on indole
carbons. As shown on a representative conformation of the
TEMPO-indole complex (Fig. 6a), the singly occupied molecular
orbital (SOMO) of the TEMPO radical overlaps with its indole
counterpart in the H-bonded complex. The front lobe of the
TEMPO SOMO located at the NO moiety overlaps with the
indole SOMO in a head-to-side anti-π/anti-π configuration
(Fig. 6a). In this configuration, the orbital overlap is sensitive to
the intermolecular H-bond geometry. In addition, the indole
SOMO orbital is also tuned by the indole ring structure (Fig. 6a).
Through the intermolecular SOMO overlap, the electron spin
density delocalizes from the TEMPO radical to the indole anti-π
orbital (Fig. 6a). These spin densities further propagate to the
indole 13C nuclear positions via the local anti-π/σ ortibal overlap.
The structural fluctuations of both the TEMPO-indole H-bond
and the indole ring itself contribute to the spin density dynamics
on the indole carbons (Fig. 6c). Notably, the two bridge carbons
in the indole molecule are located at the node position of its
SOMO (Fig. 6a, c). Indeed they exhibit negligible ODNP 13C
enhancements compared to the other carbons.

Third, the spin density dynamics within the TEMPO-indole
complex present ODNP-relevant sub-ps features. The covariance
between the spin density dynamics of various nuclei in the
TEMPO-indole complex shows only a weekly correlated pattern
(Fig. 6b). The individuality of the spin density dynamics on
different indole carbons reflects the structural and chemical
complexity of the Fermi contact in this complex as described
above. To extract the time scale features of such complex spin
density dynamics, we have performed a comprehensive analysis
of the spin density trajectories (Supplementary Fig. 5) derived
from our QM/MM MD simulation. Some detailed introductions
on the theoretical and mathematical background of our data
analysis can be found in Supplementary Information (Supple-
mentary Note 4 and Supplementary Fig. 4) along with the full
data presentation (Supplementary Figs. 5–11). The representative

Fig. 4 Room-temperature liquid-state ODNP NMR of indole in CCl4 at 9.4 T. TEMPO (100mM) has been used as the hyperpolarizing agent. CCl4 has

been chosen as the solvent. a Scheme of helical resonator56. The solution samples (101 nL) have been loaded into a capillary of 50 μm diameter (Φ). The

sample length (l) is about 4.5 mm. The microwave beam (mw arrow) enters the cavity from side. b Spectra of 13C2 indole obtained with (up) and without

(down) microwave (mw arrow) are presented. The resolved J-coupling is indicated. c Spectra of U–13C indole obtained with (up) and without (down)

microwave are presented. The molecular structures of 13C2 indole and U–13C indole are shown in the insets of panels (b) and (c) respectively. The 13C

labeled positions are indicated by black circles. The spectra in (b) and (c) are scaled with the number of scans for visualizing directly the enhancement

factor. The microwave (mw)-off spectra in (b) and (c) are further scaled up by four-fold and two-fold respectively for the better visualization. d The

conventional 1H-decoupled liquid-state 13C NMR spectrum of indole without the 13C enrichment.
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results of the spin density dynamics at the indole C2 position are
shown in Fig. 6d–g.

The spin density autocorrelation functions (ACFs) of all indole
carbons exhibit an initial decay followed by the sub-ps waves
(Fig. 6e and Supplementary Fig. 6). The correlation times
presented by the initial ACF decay are below 0.1 ps as extracted
by the inverse Laplace transformation (Supplementary Fig. 8a–j).
For most of the indole carbons, a second slower decaying
component in the 0.5−1.0 ps range is also detectable (Supple-
mentary Fig. 8b–j). The fast ACF decay at the similar time scale
(0.1 ps) can be found on the intermolecular H-bond dynamics
(Supplementary Fig. 8q, r) but not on the TEMPO-CCl4 (solute-
solvent) fluctuation or on the TEMPO methyl rotation (Supple-
mentary Figs. 5m–p, s, S7m–p, s). This further supports that the
spin density dynamics in the TEMPO-indole complex is
associated primarily with the intermolecular H-bond dynamics.
The complex features of spin-density ACFs (Fig. 6e and
Supplementary Fig. 6) fit neither the “pulse” models36,37 nor
the commonly used memory-free Ornstein−Uhlenbeck
process58. The spin density dynamics here can be better described
by a more generalized autoregressive (AR) data model widely
used in the time series analysis (Supplementary Note 4)59. The
order of the AR model for describing the spin density dynamics
in the TEMPO-indole complex is at least 6 (Supplementary
Fig. 11q–t). This suggests a short “memory” of 6 fs (6 steps with
1 fs/step interval in our simulation) of the non-Markovian spin
density dynamics, which aligns nicely with memory time at the
10 fs time scale as detected by the spin density memory functions.
The detailed introduction and analysis of the memory function
can be found in Supplementary Note 4 and Supplementary
Figs. 9, 10 respectively.

Despite the highly complex nature of the spin density
dynamics in the TEMPO-indole complex, we could derive the
spectral density functions by Fourier transforming the spin

density ACFs (Fig. 6f, g and Supplementary Figs. 4, 7). The
spectral density at the e-13C ZQ frequency (0.263 * 2π= 1.65
THz) infers the ODNP performance. Indeed the e-13C ZQ
relaxation rates estimated from the e-13C ZQ spectral density are
in the order of magnitude of 10−1 to 101 s−1 (Supplementary
Note 5 and Supplementary Table 6), which agrees qualitatively
with the order of magnitude of the observed DNP 13C
enhancements.

Discussion
In this work, we have discovered a full scheme of new molecular
targets for scalar ODNP 13C NMR spectroscopy ranging from
structurally and chemically diverse small biological molecules
(carbohydrates and amino acids) to biologically relevant hetero-
cyclic compounds (imidazole and indole). In particular, we have
achieved sizable ODNP 13C enhancement on small biological
molecules in water at room temperature and at high field (9.4 T).
The paramagnetic NMR shift, a parameter that is rather easily
accessible, has served us as an indicator for our initial search for
such target molecules. Our data also identify a rather broad range
of scalar ODNP-friendly chemical groups that interact with
TEMPO-type radicals. The methyl groups, which are widely used
NMR probes especially for large biomolecular complexes, form
weak H-bonds with the TEMPO-type radicals and are eligible for
room-temperature scalar ODNP. More generally, the H-bonding
capacity of CH, OH, and NH groups with TEMPO-type
radicals55, suggests that a broad range of organic molecules
could be explored by scalar ODNP 13C NMR spectroscopy. We
expect that paramagnetic NMR will continue to serve as a tool for
facilitating the future ODNP target discovery. The spectral reso-
lution achieved in our room-temperature ODNP 13C NMR
experiments, even in the presence of high concentration
(100 mM) of paramagnetic species, is already sufficient for

Fig. 5 QM/MM MD simulation captures the structure dynamics of the H-bonded TEMPO-indole complex. a The TEMPO-indole complex (QM) is

immerse in CCl4 solvent (MM) for the simulation. b, c Both the intermolecular H-bond and the indole ring undergo the structural fluctuations. d Both the

H-bond (length and angle) and the radical-solvent distance undergo the dynamic fluctuations. Source data are provided as a Source Data file.
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Fig. 6 The dynamic electronic structures of the TEMPO-indole complex. a The SOMO of a representative conformation of the complex. b The covariance

of spin density fluctuations at the various positions in the complex. The atoms are represented as the colored circles. The red and blue links indicate the

negative and positive covariance respectively. c The SOMO of several states sampling distinct H-bond structures (length and angle) are shown. d The spin

density trajectory of indole C2. e The autocorrelation function of the spin density dynamics at indole C2 position. f, g The unnormalized spectral density

function of the spin density dynamics at indole C2 position. The dashed line in (g) indicates e-13C zero-quantum frequency at 9.4 T. Source data are

provided as a Source Data file.
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resolving some 1J couplings. This opens the door towards more
challenging ODNP 2D NMR experiments on such samples.

In previous ODNP studies20,25,37, the radical-substrate che-
mical encounter-disassociation events were considered as the
main driving-force of scalar ODNP. In the halogen-bonded
radical-substrate systems such events indeed occur frequently at
the sub-ps time scale suitable for high-field scalar ODNP (Sup-
plementary Note 3). In contrast, the lifetime of the indole-
TEMPO H-bond complex is drastically longer than those
halogen-bond complexes (Supplementary Note 2). The long
lifetime in the 100 ps regime has also been proposed on some
other H-bonded radical-substrate complexes55. This trend is in
line with the generally stronger H-bond interaction than the
halogen-bond in radical-substrate complexes as indicated by the
binding constants (Supplementary Notes 2 and 3, 10−1 to 100 M
−1 for the H-bonded radical-substrate complexes and 10−2 M−1

for the halogen-bonded complexes). At low magnetic fields (e.g.,
0.33 T, 10 GHz electron Larmor frequency), radical-substrate
interaction-disassociation processes at 102 ps time scale are fast
enough for a good ODNP efficiency40,55. At high magnetic fields
(e.g., 9.4 T in this study, 263 GHz electron Larmor frequency),
molecular events at 102 ps time scale is two orders of magnitude
slower than those required for promoting efficient e-13C cross-
relaxation. Rather the dynamic fluctuation within the long-living
radical-substrate complex serves as the main driving force of
scalar ODNP at such high magnetic field. Our simulation reveals
that the intermolecular H-bond dynamics together with the
intramolecular structural fluctuations are responsible for the
high-field scalar ODNP in the long-living H-bonded TEMPO-
indole complex. These molecular dynamics impact directly the
intermolecular and intramolecular SOMO and are coupled with
the spin density dynamics of the indole carbons. Such distinct
molecular mechanisms in the H-bonded and halogen-bonded
radical-substrate complexes could complicate the tentative cor-
relation between ODNP enhancement and δpara. A more detailed
discussion on additional factors that may also cause such devia-
tions can be found in Supplementary Discussion.

Our QM/MM MD simulation also unfolds the sub-ps features
of the spin density dynamics in a H-bonded radical-substrate
complex. In the framework of an AR model, the sub-ps sinu-
soidal-like waves presented in the spin density ACFs are deter-
mined by the much shorter “memory” of the dynamic process.
The origin of this memory, namely the intra-complex quantum
mechanical interactions and other potential latent degrees of
freedoms, will be explored in our future work. Molecular
dynamics at the sub-ps time scale has been found in many
H-bonded molecules by terahertz (THz) spectroscopy60–66. Our
data analysis framework based on QM/MM MD trajectories
offers a new approach for exploring the ODNP potential of such
fast THz modes in the H-bonded molecular systems.

In summary, we show that the carbons in structurally and
chemically diverse small biological and biologically-relevant
molecules, ranging from heterocyclic compounds, carbohydrates
to amino acids, can be hyperpolarized via scalar ODNP at room
temperature. In particular, sizable DNP 13C enhancements, along
with sufficient spectral resolution, can be obtained on small
biological molecules in water directly at room-temperature and at
high-field (9.4 T). All these observed scalar ODNP enhancements
are based on intermolecular H-bonds in the radical-substrate
complexes, suggesting a broad applicability of liquid-state ODNP
13C NMR spectroscopy. Paramagnetic NMR spectroscopy, a
technique strongly related to DNP, can facilitate the ODNP target
search. In addition, QM/MM MD simulations offer mechanistic
insights into the fast sub-ps dynamics in such H-bonded radical-
substrate complexes. We expect that our work will promote the

exploration of other families of molecules for room-temperature
liquid-state ODNP NMR applications and will encourage further
developments in high-field DNP instrumentation, QM/MM MD
simulations, and the use of other complementary approaches for
detecting and describing ultrafast H-bond dynamics in liquids.

Methods
Materials and sample preparation. U-13C indole, U-13C glucose, and 13CCl4
were purchased from Cambridge Isotope Laboratory (Tewksbury, U.S.).
13C-imidazole was obtained from Toronto Research Chemicals TRC (I350204,
North York, Canada). 13C-labeled amino acids and D2O ( > 99%) were obtained
from CortecNet (Les Ulis, France). TEMPO, TEMPOL and TEMPONE were
obtained from Aldrich-Sigma and were used without further purification. The
solvent CCl4 was purchased form ABCR (Karlsruhe, Germany). Radical and
13C-enriched compounds were dissolved together in a specific solvent and all
samples were used as soon as prepared or immediately stored at −80 °C before the
further use. We have found that imidazole could not reach a good concentration in
CCl4. Therefore chloroform was used instead of CCl4 for this compound. The
details about all ODNP NMR samples are listed in Supplementary Table 1.

For paramagnetic NMR titration experiments, all samples were prepared using
compounds of natural 13C abundance at the concentrations in Supplementary
Table 1 or reported previously25. The concentrations of radicals were varied
between 0 and 200 mM. The samples were loaded to brown-colored 5 mm NMR
tubes for the solution NMR measurements. The frequency locking on the
deuterium-free sample (e.g., CCl4) was achieved by placing an external DMSO-d6
sample sealed in 1.0 mm (outer diameter) capillary into the solution NMR tubes.

ODNP experiments and data analysis. All liquid-state DNP experiments were
performed on a homebuilt DNP NMR spectrometer operating at 9.4 T (1H Larmor
frequency 400MHz, electron Larmor frequency 263 GHz)56. Microwave (MW)
irradiation was generated in a customized 4.7 T gyrotron (Gycom, Russia) oper-
ating at the second harmonic mode and was directed to DNP NMR probe via
corrugated waveguides. The maximal microwave power from the MW bridge was
5.5W. A commercial Bruker Avance 9.4 T spectrometer was used for the NMR
experiments.

DNP experiments on aqueous samples were carried out on a stripline
Fabry–Pérot (FP) DNP NMR probehead modified from the previous design39. The
Fabry–Pérot cavity offered high microwave efficiency on thin flat samples while
restricting the sample heating. The stripeline served as the RF component for the
NMR experiment. The sample solution was first loaded onto the stripline using a
1 μL microsyringe (Hamilton) and then sealed with a flat Teflon ring (2 mm inner
diameter, 15 μm thickness) under a quartz plate (Stellar Industries Corp), which
corresponds to an effective sample volume of 50 nL. The Teflon ring was pre-
lubricated with proton-free grease (Crytox, DuPont) to prevent the leakage of the
sample solution. The grease was not compatible with an organic solvent. Therefore
the current setup is mostly suitable for aqueous samples. After being sealed, the
samples were inspected carefully under microscope for the bubbles. Thanks to the
small sample dimension (thickness) and high-heat conductance of metal stripeline,
this FP probehead shows excellent heat management capacity, which permits the
stable DNP NMR measurements on aqueous samples. The NMR spectra with
thermal polarization (“Boltzmann” condition) were acquired without microwave
irradiation. The DNP-enhanced NMR spectra were acquired under maximal MW
power (5.5W) obtainable from our gyrotron. The DNP working condition was
optimized using a two-step procedure similar as that used on HC probehead
(Supplementary Fig. 1a), with the exception that the distance between the stripeline
and spherical mirror was adjusted for tuning the FP cavity. We noticed that the
control of sample dimension could be helpful for maintaining the quality factor of
the current FP cavity. The saturation factor under our experimental condition was
estimated to be about 0.6 based on the observed DNP enhancement of water 1H
(about −10 at 320 K). The RF channel can be switched to either 1H or 13C Larmor
frequency. The 13C and 1H 1D NMR spectra were acquired and processed as
described above. All 1H and 13C chemical shifts were referenced indirectly to TMS.

DNP experiments on samples with organic solvents were performed on a home-
built helix-cylindrical (HC) ODNP NMR probehead, which features a cylindrical
MW cavity and a helical radiofrequency (RF) coil56. Liquid samples were loaded in
a quartz capillary (Polymicro, 50 or 100 μm inner diameter, 150 μm outer
diameter) via the capillary effect and were sealed with wax on both ends. An air gap
was left between the sample solution and the wax in order to prevent the direct
contact between the organic solvent and the wax sealing. Before each measurement,
the capillaries were carefully inspected for ensuring the absence of bubbles inside
the sample volume. The sample heating could generate bubbles inside the sample
or even cause the sample leakage. Such sample deteriorations were indicated by the
loss of NMR signals. We observed that polar solvents in particular water with a
high dielectric constant can be heated rapidly by MW in HC probehead. Small
sample size (capillary diameter) would alleviate partially this heating issue.
However, this would severely compromise the NMR sensitivity. Therefore on polar
solvent samples, only qualitative results can be obtained on this probehead. The
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sample capillaries were placed horizontally along the axis of helix coil. The MW
resonator was tuned to TE013 mode by adjusting the distance between two plungers
made of Kel-F with silver-coated caps. The length of the MW cavity was about
4.5 mm, which corresponds to the active sample volume of 35 nL or 9 nL for 100
μm or 50 μm capillaries respectively. The NMR spectra with thermal polarization
(“Boltzmann” condition) were acquired without microwave irradiation. The DNP-
enhanced NMR spectra were acquired under 1.4W microwave power. The best
DNP working condition for each sample was located in two steps. First, the
microwave frequency was first tuned preliminarily by scanning the gyrotron cavity
temperature for the best DNP-enhancement on a standard TEPONE-13CCl4
sample. (Supplementary Fig. 1a) In the second step, the target sample was loaded
and the cylinder microwave cavity was fine-tuned for each specific sample by
adjusting the distance between plungers following the 1H signal of the sample. The
RF channel was switched manually between 1H and 13C Larmor frequencies by
reconfiguring the RF circuit inside probehead. For the 13C direct excitation NMR
experiments, a “hard” 13C pulse π/2 pulse of 22.7 kHz RF strength was used for
excitation. The carrier frequency for 13C RF pulse was set to 104 ppm. No 1H
decoupling was applied during the acquisition. The recycle delay was set to 1 s that
is long enough for the full 13C magnetization recovery. The 13C spectral window
was set to 140 ppm (14.1 kHz) and the FID was digitalized with 8192 points. The
FID was processed with 16k points with Gaussian window function (lb=−5 Hz,
gb = 0.04). For the 1H NMR experiments, a 1H pulse π/2 pulse of 25.0 kHz RF
strength was applied. The carrier frequency for 1H RF pulse was set to 6 ppm. The
recycle delay was set to 1 s. The spectral window was set to 40 ppm (16.0 kHz) and
the FID was digitalized with 4096 points. The FID was processed with 16k points
without applying window functions. All 1H and 13C chemical shifts were
referenced indirectly to TMS.

The ODNP enhancement factor was calculated with the following equation:

εOE ¼
IDNP

IBoltzmann
"
nBoltzmann

nDNP
# 1

where I is the integral of the signal and n is the number of scans.
The error of DNP enhancement was calculated by the signal-to-noise ratio of

the NMR spectra using Gaussian error propagation law:
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where ΔI is the reciprocal of signal-to-noise ratio.
We found that the achievable ODNP enhancement on the same 13CCl4/

TEMPONE sample had dropped significantly from the previous record obtained
on the sample HC probehead25. Since the radical concentration was identical in all
samples, we derived a scaling factor from the DNP enhancements of 13CCl4/
TEMPONE sample under different HC probehead conditions and applied this
scaling factor on previously reported results for a fairer comparison.

Determination of molar-free paramagnetic chemical shifts (δpara). Solution 1D
13C NMR experiments were performed on a Bruker 400MHz spectrometer
(Institute for Organic Chemistry and Chemical Biology, Goethe University of
Frankfurt am Main). All 1H and 13C NMR experiments were performed using the
standard setups at room temperature. 13C FIDs were acquired with 1H decoupling.
All these solution experiments on the commercial instrument including the data
processing were automated. The resonance assignment was performed manually
and the molar-free paramagnetic shifts were obtained from the slope of the linear
fitting of observed paramagnetic shift versus the radical concentration. The error of
δpara is defined as the data fitting error of this linear regression. For the cases where
several carbon signals are overlapped on OD NP NMR spectra, we calculated the
standard deviations of δpara of these carbons and present this deviation as the error.

Single point DFT, QM/MM MD simulation, and trajectory data extraction.
The structures of TEMPOL-amino acid complexes were optimized in water phase
at the M06-2X/6–311G** level using Gaussian1667. All the molecular orbitals were
described by cubegen module of Gaussian program. The solvation effect was
introduced via polarizable continuum model (PCM). We performed an exhaustive
configurational search for the TEMPOL-amino acid complexes at each binding site,
and kept the lowest-energy configuration. The vibrational frequencies were cal-
culated to confirm the local minima with all positive frequencies. The Gibbs free
energies (including the solvation energy) of the TEMPOL-amino acid complexes
are given in Supplementary Table 5.

The quantum mechanics/molecular mechanics molecular dynamics (QM/MM
MD) simulation of indole-TEMPO complex was performed with the explicit CCl4
solvent environment. The initial TEMPO-indole complex was constructed starting
from the TEMPO-CHCl3 complex20 by replacing CHCl3 with indole. Subsequently,
the TEMPO-indole complex was optimized in a carbon tetrachloride solvent
environment at the M06-2X/6–311 G** level68 using the Gaussian16 program67,68.
Polarizable Continuum Model (PCM) was applied to mimic the solvent
environment.

Next, the TEMPO-indole complex was placed at the center of a rectangular box
containing 498 carbon tetrachloride molecules. Force field parameters for carbon
tetrachloride and the TEMPO-indole complex were taken from the Generalized

Amber force field (GAFF)69 with the HF/6–31G* RESP charges. Minimization
using the Amber force field was first performed to relax the system with a weak
constraint. Then the system was brought to room temperature (300 K) in 100 ps
with a weak constraint. After that, 100 ps classical MD simulation of the weakly
restrained TEMPO-indole complex was carried out to further relax the system with
the periodic boundary condition at 300 K and 1 atm. The integration time step was
set to 1.0 fs.

Finally, 10 ps QM/MM MD simulation was performed after the pre-equilibrium
simulation.

Currently, this simulation is set as a long-run task on the computational
platform and a glimpse into the 20 ps result can be found in Supplementary Figs. 5t
and 6t. The TEMPO-indole complex was partitioned into the QM region and the
rest of the system was treated by MM. The QM region was calculated by M06–2X/
6–311G**68. The electronic coupling between the QM and MM regions was treated
by including the MM charges in the QM Hamiltonian. A 15 Å cutoff was utilized to
treat QM/MM electrostatic interactions. The integration time step for QM/MM
MD simulation was also set to 1.0 fs. The atomic spin densities of the TEMPO-
indole complex were obtained from the QM/MM calculations. The Amber18
program70 was utilized to perform the MD simulations, and the Sander module
with an interface to the Gaussian16 program was employed to carry out QM/MM
MD simulations. The 10 ps trajectory calculation took 1 × 104 h CPU (Intel Xeon
E5–2650 2.30 GHz) time on our cluster. The time evolutions of the spin density
and molecular geometry (H-bond length, H-bond angle, TEMPO-CCl4 distance,
methyl rotation angle) were extracted from the QM/MM MD trajectory using in-
house scripts. The 3D profiles of SOMO of selected conformations/frames were
generated using GaussView. The QM/MM simulation was conducted on 20-core
Intel Xeon E5–2650 2.30 GHz processors at the Supercomputer Center of East
China Normal University (ECNU).

Data analysis of QM/MM MD trajectory. A general introduction of the data
analysis procedure is shown in Supplementary Fig. 4. The normalized auto-
correlation functions (ACF) g(t) were calculated from the QM/MM MD trajectory
data following the definition below:

gðtÞ ¼
<ρðt0Þρðt0 þ tÞ>

<ρðt0Þρðt0Þ>

where ρ(t) presents the specific target parameter (e.g., spin density, distance, angle)
at time t. ACFs were computed from the corresponding trajectory data by a in-
house written python script. In order to prevent the artificial “convergence” to zero
caused by the finite length of trajectories, we only calculated ACF up to half of the
trajectory time duration. High precision (100 decimals) was set for the ACFs in
order to reduce the propagation of numerical errors from ACF to the later com-
puted memory functions. In a test calculation, we also removed two methyl groups
on TEMPO in QM/MM calculations and found that the spin density ACF shows
similar pattern on indole in complex with this hypothetical radical.

All Fourier transforms were performed using Origin (OriginLab Corporation).
The covariances of spin density variations between different atoms were calculated
using StatPlus:mac (AnalystSoft Inc.) and were visualized using Circos–0.69–371.
The inverse Laplace transform of ACF was computed using CONTIN72 as a plug-
in of Origin (https://www.originlab.com/fileExchange/details.aspx?fid=456).

The memory function K(t) was defined as below:

∂

∂t
gðtÞ ¼ #

Z t

0
Kg ðτÞgðt # τÞdτ

where g(t) is the ACF and K(τ) is its memory kernel. This definition is in the form
of Volterra integral equation of the second type, in which the right side of the
equation is also called Bromwich integral. The solution of this integral equation
takes the form of Laplace and inverse Laplace transform:

Kg ðτÞ ¼ L
#1½ðL½gðtÞ(Þ#1 # t(

where L and L
#1 presents the Laplace and inverse Laplace transform.

Initially, we attempted to compute the memory function by discrete Z-transform
and inverse Z-transform. However, the computational burden became astronomical
for a 104 data sequence. Only the truncation of up to 20 terms was affordable for the
initial points of the memory function on a normal PC. However, the error induced
by such truncation escalated rapidly with increasing time (Supplementary Fig. 8p).
Therefore the memory functions were eventually computed numerically following
the protocol proposed by Berne and co-workers73 using a python script written in
house. The Gregory formula was taken for approximating the integration in Day’s
method for solving the linear Volterra integral equation74. To reduce the numerical
error accumulated in the iteration, the decimal module was used for suppressing the
rounding error of binary representation. We also calculated the memory function by
reverting the Berne’s approach for deriving g(t) from K(t)73. With the decimal
module, this approach yields the result similar to that obtained from the direct
treatment of Volterra integral equation. Though the deviation between two
numerical memory functions yielded by these two approaches indeed propagates
with time/iteration, its absolute value remains negligible (Supplementary Fig. 9q). In
this work, we still used the approach by solving the Volterra integral equation. It
should be noticed that even with the best numerical treatment we can afford, the
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numerical error still propagates significantly on several sites as shown in
Supplementary Fig. 9b, k, l, n, o.

The autoregressive AR-model-based time series analysis was performed using
Mathematica (version 10.3.0.0). The function “TimeSeriesModelFit” was used and
the model was set to “AR”. We have also tested more general models
(Supplementary Fig. 11q–t). The best candidate was ARMA(6,1) (AR(6) with
moving average MA(1)), the Akaike information criterion (AIC) of this model was
−236421, which is just slightly better than AR(6) model (AIC −235660). Since the
physical meaning of MA is difficult to be interpreted in our case and AR(6) model
already captures the feature of the trajectory, we finally selected AR(6) model to
represent the trajectory. We have also confirmed the stationarity of this model
using the “WeakStationarity” function. Our analysis also shows that the AR models
of orders p higher than 6 do not further improve the fitting quality and the six
time-point correlation parameters along with the noise level are already converged
at p= 6. Therefore p= 6 shows the minimal order of RA for representing our
trajectory data. However, high order p > 6 still yields essentially non-zero time-
point correlation parameters. Therefore p = 6 only defines the minimal order of
time-point correlation in our data.

Data availability
The ODNP NMR data have been deposited in Figshare (https://doi.org/10.6084/
m9.figshare.14774433, https://doi.org/10.6084/m9.figshare.14774415). The results of
DFT calculations have been deposited in GitHub (https://github.com/xiaohegroup/
Simulations-of-Tempol). The full QM/MM trajectory is available from the corresponding
authors upon reasonable requests. Source data are provided with this paper.

Code availability
All input files for the DFT calculations and QM/MM simulations are available via
GitHub (https://github.com/xiaohegroup/Simulations-of-Tempol, https://doi.org/
10.5281/zenodo.515090875). The codes for analyzing the QM/MM trajectory are available
from the corresponding authors upon reasonable requests.
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5. 1H Solid Effect DNP on liposome doped with BDPA 

5.1 Introduction 

For a long period, DNP performed in the liquid state has been primarily referred to 

as OE DNP. Although some observations at low fields have shown the availability 

of SE in viscous or anisotropic medium,89-91 the research interest on SE is limited 

due to the quadratic drop of the efficiency with increased fields as well as the 

dynamically averaged efficiency of the state mixing in liquids. As a consequence, 

OE has been the unique DNP pathway utilized in solution at elevated magnetic fields. 

In this work, a considerable 1H DNP enhancement of 12 was observed on liposome 

doped with BDPA at ambient temperature and 9.4 T, which demonstrated the 

capability of SE DNP in an anisotropic liquid in the presence of a radical with 

narrow-line EPR and an efficient mw nutation field. 

5.2 Corresponding Publication:  

The following publication together with the supporting information 

"Kuzhelev, A. A., Dai, D., Denysenkov, V. and Prisner, T. F., Solid-like Dynamic 

Nuclear Polarization Observed in the Fluid Phase of Lipid Bilayers at 9.4 T. J. Am. 

Chem. Soc., 144, 1164–1168 (2022)" 

is attached in the following pages. 

The work was prepared in a collaborative manner. The measurement of DNP on 

viscous lipids with narrow-line radicals is initially proposed by Dr. Andrei Kuzhelev. 

The author performed of the DNP/NMR experiments together with Dr. Andrei 

Kuzhelev. 

Reprinted with permission from J. Am. Chem. Soc. 2022, 144, 3, 1164–1168. 

Copyright 2022 American Chemical Society. 

https://doi.org/10.1021/jacs.1c12837  
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ABSTRACT: Dynamic nuclear polarization (DNP) is a powerful method to enhance NMR sensitivity. Much progress has been
achieved recently to optimize DNP performance at high magnetic fields in solid-state samples, mostly by utilizing the solid or the
cross effect. In liquids, only the Overhauser mechanism is active, which exhibits a DNP field profile matching the EPR line shape of
the radical, distinguishable from other DNP mechanisms. Here, we observe DNP enhancements with a field profile indicative of the
solid effect and thermal mixing at ∼320 K and a magnetic field of 9.4 T in the fluid phase of 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC) lipid bilayers doped with the radical BDPA (1,3-bis(diphenylene)-2-phenylallyl). This interesting
observation might open up new perspectives for DNP applications in macromolecular systems at ambient temperatures.

Dynamic nuclear polarization (DNP) is a method for
NMR signal enhancement. It transfers the larger

polarization of unpaired electron spins of paramagnetic
molecules via resonant microwave excitation to the nuclear
spins of the surrounding sample.1,2 Different mechanisms have
been explored to perform the polarization transfer: the
Overhauser effect,3 which is active in liquids and metals,4

and the solid effect (SE),5 the cross effect (CE),6 and thermal
mixing (TM),7 which are functional in solid, nonconducting
materials. In the last years, much progress has been made to
optimize DNP efficiencies for solid state samples at high
magnetic fields,1 which are necessary for applications in
biomolecular,8−10 medical,11 and surface and material
sciences.12−15 In these applications, mostly the SE and CE
DNP have been exploited. They work best at low sample
temperatures of 100 K or below. Only a few demonstra-
tions16−20 that also liquid samples at room temperature can be
efficiently hyperpolarized by DNP at high magnetic fields exist.
In liquids, only the Overhauser mechanism is active,4 which
relies on an efficient electron−nuclear cross-relaxation.
Recently, Overhauser-like DNP enhancements have been
observed with BDPA21,22 or similar mixed valence com-
pounds23 in frozen solutions of nonconducting solvents, even
at temperatures as low as 1.2 K.24 This showed up as a positive
NMR signal enhancement by microwave excitation directly at
the EPR spectral position. These experimental results created
much interest because it was found that much less microwave
power was necessary to drive this polarization transfer, that it
has a favorable dependence on the magnetic field strength,22

that it survives with and without MAS conditions,25 and that it
works up to room temperature if the BDPA radical is
embedded in solid matrices like ortho-terphenyl.26

In the present study, we report sizable DNP enhancements
of lipid protons doped with BDPA radicals at a magnetic field
of 9.4 T and a temperature of ∼320 K. Surprisingly, we only
found DNP enhancement arising from the SE and from TM.

Liquid-state DNP measurements were performed with a
home-built DNP spectrometer27 working at 9.4 T magnetic
field, corresponding to an EPR resonance frequency of 263
GHz for g ≈ 2 radicals and a proton NMR frequency of 400
MHz. The central component of the liquid-state DNP
spectrometer is a double resonance DNP structure28 consisting
of a Fabry−Peŕot resonator for the microwave excitation (Bmw)
and a stripline resonant structure for the NMR excitation and
detection (Brf) as shown in Figure 1. A gyrotron with a power
of 5 W was used for the microwave excitation. The lipid/
water/BDPA mixture consisting of 1,2-dimyristoyl-sn-glycero-
3-phosphocholine (DMPC), deuterated water, and BDPA in
molar ratio of 10/500/1 (more details for the sample
preparation in the SI) was placed on top of the stripline in a
sample container with a thickness of about 20 μm and a
diameter of 1.5 mm, corresponding to the beam waist of the
Gaussian microwave beam at the sample. This sample
geometry and position ensures a maximum magnetic field
component B1 at the sample, necessary to saturate the electron
spin transitions and at the same time minimize the electrical
field component E1 within the sample, minimizing sample
heating. The flat mirror with a high heat conductivity was
additionally cooled by a flow of room temperature nitrogen
gas. The microwave heating of the 5 W microwave power led
to an estimated sample temperature of about 310−330 K
under DNP conditions.
We studied the BDPA radicals in the lipid samples by EPR

spectroscopy at X-band (9 GHz) and J-band (260 GHz). For
the concentrations of BDPA radicals optimal for the DNP
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experiments (BDPA/DMPC ratio of 1/10) an exchange
narrowing of the hyperfine resolved EPR line from 1 mT to
about 0.2 mT was observed at both magnetic field strengths
(upper trace in Figure 2; more EPR characterization in the SI).

The gel-to-liquid phase transition temperature of the BDPA/
DMPC sample between 293 and 298 K, as confirmed by EPR
and NMR measurements (see SI), ensures that the sample is in
the fluid phase under DNP conditions. In the lower trace of
Figure 2, the DNP field profile of the acyl chain protons is
shown, which is totally antisymmetric with respect to the
narrow BDPA EPR resonance position. The outermost peaks
are located at magnetic field strengths displaced by ±ωH/γe
compared to the EPR resonance field position. In addition, a
second antisymmetric enhancement pattern, much closer to
the EPR resonance field position, is visible. The maximal
enhancements of both features correspond to ±12 and ±8,

respectively. The outer two peaks appear at the field positions
expected for a solid-state DNP mechanism and are
quantitatively reproducible, whereas the inner peaks vary in
their amplitude from sample to sample (see SI). We attributed
the outer peaks to a SE driven DNP and the inner peaks to
TM, resulting from clusters of BDPA molecules in the lipid
(see below). Different from DNP experiments performed at
lower microwave frequencies (X- or Q-band) at our high
microwave frequencies (J-band), the features arising from
Overhauser effect, TM, and SE can easily be distinguished and
are well separated.
The solid-state mechanism is driven by excitation of

“forbidden” electron spin transitions, where simultaneously a
hyperfine coupled proton spin is inverted. This is only possible,
if the anisotropic part of the hyperfine interaction is not
averaged out, as usual is the case in liquid samples by fast
rotational and translational motion of the radical. It has been
shown at X-band frequencies that for viscous samples a
transition from Overhauser effect to SE DNP can be observed
if the rotational correlation time of the radical−target complex
becomes slow enough.29−32 The lateral diffusion of lipid
molecules and the lipid reorientation in the bilayers are indeed
slow enough even in the fluid phase of DMPC at our
experimental conditions. A second important requirement to
observe efficient SE DNP is a high enough microwave B1 field
strength. With our microwave resonant Fabry−Peŕot structure
large B1 field strengths of up to 0.6 mT can be achieved with 5
W of microwave power. This allows a very efficient and fast
driving of the allowed (and forbidden) electron-spin
transitions, different from typical nonresonant DNP setups.
Indeed, we observed a linear dependence of the SE DNP
enhancement as a function of the applied microwave power
(see SI).
In Figure 3, the NMR signal with and without applied

microwave at the field position corresponding to the upper SE

maximum is shown. Our double resonant DNP probe and the
high magnetic field enables enough spectral resolution to
distinguish the signals from the residual water protons from the
lipid tail and headgroup protons. Note that we observed similar
DNP enhancements for the lipid tail and headgroup protons,
while for the residual water protons, the DNP enhancement
was negligible (Figure 3 and SI).

Figure 1. (A) Stripline Fabry−Peŕot double-resonance probehead
used for the DNP measurements. (B) Schematic picture of the
assumed location of BDPA molecules and clusters inside the lipid
bilayers. (C) Structure of the BDPA (1,3-bis(diphenylene)-2-
phenylallyl) radical and the used DMPC (1,2-dimyristoyl-sn-glycero-
3-phosphocholine).

Figure 2. Field profile of the 1H acyl chain DNP enhancement at a
temperature of ∼320 K. An antisymmetric DNP profile with respect
to the narrow BDPA EPR resonance field position is observed.

Figure 3. Normalized 1H NMR spectra to single scan of a BDPA/
DMPC/D2O sample with molar ratio 1/10/500 with (red, 64 scans)
and without (black, 2048 scans) microwave excitation at a magnetic
field of 9.432 T.
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The antisymmetric feature much closer to the allowed
electron-spin resonance position in the field profile of Figure 2
resembles the pattern expected for TM DNP. Different from
the SE, the TM requires simultaneous interactions with several
electron spins.33 Therefore, this enhancement pattern could be
due to small BDPA clusters in the lipid, as visualized in Figure
1. Such clusters have been observed in low temperature DNP
experiments of BDPA in an ortho-terphenyl matrix.34 Different
from the DNP enhancement observed at ωS/γe ± ωH/γe,
attributed to the SE, this enhancement varied from sample to
sample considerably (see SI). Previous EPR and UV−vis
spectroscopy studies revealed that BDPA radicals, and
especially BDPA clusters, have a limited thermal stability.35

This observation could explain the variation of the inner part
of the DNP field profiles in our BDPA doped lipid bilayers.
The stability of the BDPA X-band EPR signal in the BDPA/
DMPC samples was studied at 330 K (see SI). It showed
indeed a biexponential behavior, with a fast-decaying
component attributed to the decomposition of radical clusters
and another component attributed to BDPA monomers that is
quite stable over the typical DNP measurement time (3−5 h),
leading to a stable SE DNP.
Our earlier high field DNP experiments with nitroxide

mono- and biradicals as polarizing agents with lipid bilayers
showed very different behavior.36 In these samples, an
Overhauser effect DNP enhancement of about −10 was
observed at ambient temperatures with a DNP enhancement
profile matching the nitroxide EPR spectral shape. No
asymmetric DNP enhancement that could be attributed to
the SE or to TM could be observed in this case. There are
several reasons for this different behavior. First of all, the
smaller size of nitroxides leads to a faster rotational motion
inside the lipid bilayer well-known from EPR studies.37−39

Second, the electron spin relaxation times of nitroxides are
much shorter compared to BDPA at room temperature in fluid
solutions. Additionally, the much broader EPR spectra of
nitroxides compared to BDPA further reduces SE DNP
contributions. In fact, the EPR line width of a slowly tumbling
nitroxide radical at a magnetic field of 9.4 T spans 600 MHz,
larger that the proton Larmor frequency. This will on the one
hand significantly reduce the possibility of efficiently saturating
allowed and forbidden EPR transitions and on the other hand
lead to much less defined field profiles for the SE. A similar
trend has been observed at X-band in ionic liquids using
nitroxide and BDPA radicals as polarizing agents.32

Surprisingly, we did not observe any Overhauser DNP
enhancement in the BDPA/DMPC samples under our
experimental conditions, differently from observations of
Overhauser-like positive DNP enhancements observed at
lower temperatures in solids.21−26 Indeed, the negative
dipolar-coupling induced proton Overhauser DNP of BDPA
in liquid solutions is much less efficient at high magnetic fields
compared to nitroxide radicals.40 This is due to the more bulky
molecular structure and less exposure of the unpaired electron
spin. This strongly reduces the spectral density of the dynamic
modulation of the dipolar hyperfine coupling at high
microwave frequencies, which is essential to observe an
Overhauser DNP effect at high magnetic fields. The positive
Overhauser DNP enhancement arises from the BDPA protons
having an intense scalar Fermi-contact hyperfine cou-
pling.22,41,42 In solid state samples, the scalar Overhauser
hyperpolarization propagates from the BDPA protons to the
solvent by spin-diffusion. Under our DNP conditions in the

fluid phase of the lipid, this polarization transfer pathway is
inefficient. This might explain the fact that we did not observe
Overhauser DNP under our experimental conditions. In
contrast, our observed SE DNP on the lipid protons starts
by a direct polarization transfer step from the BDPA electron
spin to the lipid proton followed by a dispersion of the
polarization mediated by lateral diffusion of the lipids. Our
observation of DNP enhancements with the field profile of TM
could also indicate that indeed such effects could contribute to
the DNP enhancements observed at low temperatures in solid
samples, as proposed recently.34

In conclusion, in this work we described the first high field
DNP experiments in the liquid phase of DMPC at ambient
temperatures, with field profiles indicative of the SE and TM.
The essential steps to achieve this were (i) the use of stripline/
Fabry−Peŕot double resonance DNP structure, allowing us to
perform the measurements in the liquid phase with a very high
microwave B1 field, (ii) the use of the polarizing agent BDPA
with a narrow EPR line, and (iii) the use of DMPC lipid
bilayers as an environment having much slower molecular
motions in the aqueous medium compared to the BDPA
radical alone. This together allowed the sample to behave like a
solid on the nanosecond time scale necessary for the
polarization transfer step from the unpaired electron to the
proton nuclear spins of the lipid. DNP enhancement up to ±12
has been achieved at high temperatures and high magnetic
fields by the SE. A full quantitative description and
optimization of these new DNP results will require more
detailed studies, including variation of radical and macro-
molecular environment and sample temperature and examina-
tion of the DNP enhancement on other nuclei, such as 13C,
15N, and 31P. These experiments are under way in our
laboratory at the moment.

■ ASSOCIATED CONTENT

*sı Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.1c12837.

More details on the sample preparation and the EPR,
NMR, and DNP experimental details and additional
EPR and DNP data (PDF)

■ AUTHOR INFORMATION

Corresponding Author

Thomas F. Prisner − Goethe University Frankfurt am Main,
Institute of Physical and Theoretical Chemistry and Center
for Biomolecular Magnetic Resonance, 60438 Frankfurt am
Main, Germany; orcid.org/0000-0003-2850-9573;
Email: prisner@chemie.uni-frankfurt.de

Authors

Andrei A. Kuzhelev − Goethe University Frankfurt am Main,
Institute of Physical and Theoretical Chemistry and Center
for Biomolecular Magnetic Resonance, 60438 Frankfurt am
Main, Germany

Danhua Dai − Goethe University Frankfurt am Main, Institute
of Physical and Theoretical Chemistry and Center for
Biomolecular Magnetic Resonance, 60438 Frankfurt am
Main, Germany

Vasyl Denysenkov − Goethe University Frankfurt am Main,
Institute of Physical and Theoretical Chemistry and Center

Journal of the American Chemical Society pubs.acs.org/JACS Communication

https://doi.org/10.1021/jacs.1c12837
J. Am. Chem. Soc. 2022, 144, 1164−1168

1166

https://pubs.acs.org/doi/suppl/10.1021/jacs.1c12837/suppl_file/ja1c12837_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c12837/suppl_file/ja1c12837_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.1c12837?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c12837/suppl_file/ja1c12837_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Thomas+F.+Prisner%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2850-9573
mailto:prisner@chemie.uni-frankfurt.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Andrei+A.+Kuzhelev%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Danhua+Dai%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Vasyl+Denysenkov%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c12837?urlappend=?ref=PDF&jav=VoR&rel=cite-as


for Biomolecular Magnetic Resonance, 60438 Frankfurt am
Main, Germany

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacs.1c12837

Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

This work was supported by the Deutsche Forschungsgemein-
schaft (DFG, grant 405972957) and by the Center of
Biomolecular Magnetic Resonance (BMRZ).

■ REFERENCES

(1) Denysenkov, V. P.; Prisner, T. F. Liquid-State Overhauser DNP
at High Magnetic Fields. eMagRes. 2019, 8 (1), 41−54.
(2) Corzilius, B. High-Field Dynamic Nuclear Polarization. Annu.
Rev. Phys. Chem. 2020, 71, 143−170.
(3) Overhauser, A. W. Polarization of Nuclei in Metals. Phys. Rev.
1953, 92 (2), 411−415.
(4) Hausser, K. H.; Stehlik, D. Dynamic Nuclear Polarization in
Liquids. In Advances in Magnetic and Optical Resonance 1968, 3, 79−
139.
(5) Jeffries, C. D. Polarization of Nuclei by Resonance Saturation in
Paramagnetic Crystals. Phys. Rev. 1957, 106 (1), 164−165.
(6) Hwang, C. F.; Hill, D. A. New Effect in Dynamic Polarization.
Phys. Rev. Lett. 1967, 18 (4), 110−112.
(7) Abragam, A.; Goldman, M. Principles of Dynamic Nuclear
Polarisation. Rep. Prog. Phys. 1978, 41 (3), 395−467.
(8) Su, Y.; Andreas, L.; Griffin, R. G. Magic Angle Spinning NMR of
Proteins: High-Frequency Dynamic Nuclear Polarization and 1H
Detection. Annu. Rev. Biochem. 2015, 84, 465−497.
(9) Kaplan, M.; Cukkemane, A.; Van Zundert, G. C. P.; Narasimhan,
S.; Daniëls, M.; Mance, D.; Waksman, G.; Bonvin, A. M. J. J.; Fronzes,
R.; Folkers, G. E.; Baldus, M. Probing a Cell-Embedded Megadalton
Protein Complex by DNP-Supported Solid-State NMR. Nat. Methods
2015, 12 (7), 649−652.
(10) Mao, J.; Aladin, V.; Jin, X.; Leeder, A. J.; Brown, L. J.; Brown, R.
C. D.; He, X.; Corzilius, B.; Glaubitz, C. Exploring Protein Structures
by DNP-Enhanced Methyl Solid-State NMR Spectroscopy. J. Am.
Chem. Soc. 2019, 141 (50), 19888−19901.
(11) Ardenkjær-Larsen, J. H.; Golman, K.; Gram, A.; Lerche, M. H.;
Servin, R.; Thaning, M.; Wolber, J.; et al. Increase of Signal-to-Noise
of More than 10,000 Times in Liquid State NMR. Proc. Natl. Acad.
Sci. U. S. A. 2003, 100, 10158.
(12) Rossini, A. J.; Zagdoun, A.; Lelli, M.; Lesage, A.; Copéret, C.;
Emsley, L. Dynamic Nuclear Polarization Surface Enhanced NMR
Spectroscopy. Acc. Chem. Res. 2013, 46 (9), 1942−1951.
(13) Kobayashi, T.; Perras, F. A.; Slowing, I. I.; Sadow, A. D.; Pruski,
M. Dynamic Nuclear Polarization Solid-State NMR in Heterogeneous
Catalysis Research. ACS Catalysis 2015, 5, 7055−7062.
(14) Thankamony, A. S. L.; Knoche, S.; Bothe, S.; Drochner, A.;
Jagtap, A. P.; Sigurdsson, S. T.; Vogel, H.; Etzold, B. J. M.; Gutmann,
T.; Buntkowsky, G. Characterization of V-Mo-W Mixed Oxide
Catalyst Surface Species by 51V Solid-State Dynamic Nuclear
Polarization NMR. J. Phys. Chem. C 2017, 121 (38), 20857−20864.
(15) Wolf, T.; Kumar, S.; Singh, H.; Chakrabarty, T.; Aussenac, F.;
Frenkel, A. I.; Major, D. T.; Leskes, M. Endogenous Dynamic Nuclear
Polarization for Natural Abundance 17 O and Lithium NMR in the
Bulk of Inorganic Solids. J. Am. Chem. Soc. 2019, 141 (1), 451−462.
(16) Prandolini, M. J.; Denysenkov, V. P.; Gafurov, M.; Endeward,
B.; Prisner, T. F. High-Field Dynamic Nuclear Polarization in
Aqueous Solutions. J. Am. Chem. Soc. 2009, 131 (17), 6090−6092.
(17) Liu, G.; Levien, M.; Karschin, N.; Parigi, G.; Luchinat, C.;
Bennati, M. One-Thousand-Fold Enhancement of High Field Liquid
Nuclear Magnetic Resonance Signals at Room Temperature. Nat.
Chem. 2017, 9 (7), 676−680.

(18) Yoon, D.; Dimitriadis, A. I.; Soundararajan, M.; Caspers, C.;
Genoud, J.; Alberti, S.; De Rijk, E.; Ansermet, J. P. High-Field Liquid-
State Dynamic Nuclear Polarization in Microliter Samples. Anal.
Chem. 2018, 90 (9), 5620−5626.
(19) Van Der Heijden, G. H. A.; Kentgens, A. P. M.; Van Bentum, P.
J. M. Liquid State Dynamic Nuclear Polarization of Ethanol at 3.4 T
(95 GHz). Phys. Chem. Chem. Phys. 2014, 16 (18), 8493−8502.
(20) Dubroca, T.; Wi, S.; Van Tol, J.; Frydman, L.; Hill, S. Large
Volume Liquid State Scalar Overhauser Dynamic Nuclear Polar-
ization at High Magnetic Field. Phys. Chem. Chem. Phys. 2019, 21
(38), 21200−21204.
(21) Haze, O.; Corzilius, B.; Smith, A. A.; Griffin, R. G.; Swager, T.
M. Water-Soluble Narrow-Line Radicals for Dynamic Nuclear
Polarization. J. Am. Chem. Soc. 2012, 134 (35), 14287−14290.
(22) Can, T. V.; Caporini, M. A.; Mentink-Vigier, F.; Corzilius, B.;
Walish, J. J.; Rosay, M.; Maas, W. E.; Baldus, M.; Vega, S.; Swager, T.
M.; Griffin, R. G. Overhauser Effects in Insulating Solids. J. Chem.
Phys. 2014, 141, 064202.
(23) Gurinov, A.; Sieland, B.; Kuzhelev, A.; Elgabarty, H.; Kühne, T.
D.; Prisner, T.; Paradies, J.; Baldus, M.; Ivanov, K. L.; Pylaeva, S.
Mixed-Valence Compounds as Polarizing Agents for Overhauser
Dynamic Nuclear Polarization in Solids. Angew. Chemie - Int. Ed.
2021, 60 (28), 15371−15375.
(24) Ji, X.; Can, T. V.; Mentink-Vigier, F.; Bornet, A.; Milani, J.;
Vuichoud, B.; Caporini, M. A.; Griffin, R. G.; Jannin, S.; Goldman,
M.; Bodenhausen, G. Overhauser Effects in Non-Conducting Solids at
1.2 K. J. Magn. Reson. 2018, 286, 138−142.
(25) Chaudhari, S. R.; Wisser, D.; Pinon, A. C.; Berruyer, P.; Gajan,
D.; Tordo, P.; Ouari, O.; Reiter, C.; Engelke, F.; Copéret, C.; Lelli,
M.; Lesage, A.; Emsley, L. Dynamic Nuclear Polarization Efficiency
Increased by Very Fast Magic Angle Spinning. J. Am. Chem. Soc. 2017,
139 (31), 10609−10612.
(26) Lelli, M.; Chaudhari, S. R.; Gajan, D.; Casano, G.; Rossini, A. J.;
Ouari, O.; Tordo, P.; Lesage, A.; Emsley, L. Solid-State Dynamic
Nuclear Polarization at 9.4 and 18.8 T from 100 K to Room
Temperature. J. Am. Chem. Soc. 2015, 137 (46), 14558−14561.
(27) Denysenkov, V.; Prandolini, M. J.; Gafurov, M.; Sezer, D.;
Endeward, B.; Prisner, T. F. Liquid State DNP Using a 260 GHz High
Power Gyrotron. Phys. Chem. Chem. Phys. 2010, 12 (22), 5786−5790.
(28) Denysenkov, V.; Prisner, T. Liquid State Dynamic Nuclear
Polarization Probe with Fabry-Perot Resonator at 9.2 T. J. Magn.
Reson. 2012, 217, 1−5.
(29) Leblond, J.; Uebersfeld, J.; Korringa, J. Study of the Liquid-
State Dynamics by Means of Magnetic Resonance and Dynamic
Polarization. Phys. Rev. A 1971, 4 (4), 1532−1539.
(30) Leblond, J.; Papon, P.; Korringa, J. Stochastic Theory of
Dynamic Spin Polarization in Viscous Liquids with Anisotropic
Electron-Spin Relaxation. Phys. Rev. A 1971, 4 (4), 1539−1549.
(31) Neudert, O.; Reh, M.; Spiess, H. W.; Münnemann, K. X-Band
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e a fwv 1 Dr gw TlIg-gSF vgIFv WlN. wlNqgJlvF-

� gA mg ewtm mdc AmtcA fwTo gwTsmCwAc 

r2co O 2Ior

 wUgMqfuFv GR N.F vlIgTfq a Dr Fw.fwUFSFwN- gG-FqVFv gw TlIlv GlTfRFq- fN

4 �	 kMqN.Fq lwVF-NlufNlgw Wf- UgwvMUNFv gw N.F TlIg-gSF vgIFv WlN. -lNF

-IFUlklU wlNqgJlvF Gf-Fv -Ilw TfGFT- fwv -.gWw lw 1FUNlgw 4g FJITflw N.F

gG-FqVFv a Dr Fw.fwUFSFwN- UgMITlwu kfUNgq- UfTUMTfNFv WlN. vlIgTfq eAp kqgS

y -lSMTfNlgw-� WFqF UgSIfqFv WlN. N.F FJIFqlSFwNfT qF-MTN- 4.gMu. N.F y

-lSMTfNlgw- -MuuF-N f UgMITlwu kfUNgq gk N.F FJIFqlSFwNfT VfTMF N.F kf-N

vRwfSlU- gk N.F TlIlv SgTFUMTF- UgSIfqfGTF Ng N.F UqlNlUfT UgqqFTfNlgw NlSF I-

l- WFTT UfINMqFv GR y 4.F gG-FqVFv 1 lwvlUfNFv N.F IqF-FwUF gk f wgw fVFqfuFv

eAp klFTv gw TlIlv SgTFUMTF- W.lU. WFTT -MIIgqN- N.F SgvMTfNlgw qF-Igw-lGTF kgq N.F

a fql-lwu kqgS N.F TgUfT kf-N vRwfSlU- lw TlIlv-

N.FgqFNlUfT Wgqx -NMvRlwu N.F 1 fN .lu. klFTv-��� WlN. f u NFw-gq GqgfvFwFv a 

-fNMqfNlgw IqgklTF l- IqF-FwNFv lw 1FUNlgw rfqN gk N.F a Dr Fw.fwUFSFwN-

gG-FqVFv gw TlIlv- -.gWw lw 1FUNlgw Wf- lwNFqIqFNFv WlN.lw N.l- N.FgqFNlUfT kqfSF

4.l- N.FgqR WlTT GF lSITFSFwNFv NguFN.Fq WlN. N.F y -lSMTfNlgw- Ng qfNlgwfTlKF

gMq qF-MTN- lw N.F wFfq kMNMqF

occ idor Ir. rOi cId2

4.F qF-MTN- gk N.F a Dr gw TlIlv- vgIFv WlN. -Ilw TfGFTFv TlIlv- fqF -MSSfqlKFv

lw f vqfkN fNNfU.Fv lw N.F kgTTgWlwu IfuF- 4.F fMN.gq IFqkgqSFv N.F Dr Dyn fwv

 rn FJIFqlSFwN vFUgwVgTMNFv N.F gVFqTfIIFv Dyn -luwfT fwv UfTUMTfNFv N.F Dr

UgMITlwu kfUNgq 4.F NqfzFUNgqlF- gk y -lSMTfNlgw- WFqF IqgVlvFv GR q FwlK

1FKFq 4.F UfTUMTfNlgw gk N.F vlIgTfq fUk fwv N.F qF-MTNFv UgMITlwu kfUNgq kqgS y

NqfzFUNgqlF- WFqF IFqkgqSFv GR N.F fMN.gq
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t 6sa f e6 Ma Mae Mdt pc t. ia S f i Sc, 6c t e 6a stco.a 6 ats t a

eatec6c2c6d s e u ctaM Sa2c2aM 66at6c t aefa c iid 6 scus p uta6c ncaiMe Sa2c .eid

 eaS2aM  t  Scat6aM icfcM ci daSe 6 p cat6 6apfaS 6.Sa tM Map te6S 6ae 6sa f 6at6c i

 n n e6 i i Mdt pc e 6 MSc2a fS aee 6 scus ncaiMe t 6sce I Sr ahfaScpat6e IaSa

faSn SpaM  t icf e pa M faM Ic6s ec6a efa cnc efct i aie  2a 6sa icfcM uai 6 ico.cM

Sde6 iicta fs ea 6S tec6c t 6apfaS 6.Sa 6 ffSa c ia � ats t apat6e 66Sc .6aM

6 2aSs .eaS anna 6 tM e icM anna 6 IaSa  eaS2aM  t icfcM p ia .iae sa

6apfaS 6.Sa tM efct i ai f ec6c t MafatMat6 annc cat cae  n 6sa icfcM

di s ct s icta sa M uS .f tM 6sa ct6aSt i I 6aS p ia .iae IaSa ahfaScpat6 iid

ct2ae6cu 6aM sa ahfaScpat6 i  .fictu n 6 Se IaSa  pf SaM Ic6s 6sa 2 i.ae

i .i 6aM d 6sa Mcf i S .6  SSai 6c t n.t 6c t  6 ctaM nS p ecp.i 6c te Isc s

fS 2cMae t ctecus6 ct6 6sa n e6 Mdt pc e ctecMa icfcM ci daSe
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. ia S uta6c ae t t a efa 6S e  fd ce f IaSn.i 6  i 6 s S 6aSc,a p ia .iae

 t 6sa 6 pc ia2ai .6 ce ie icpc6aM d c6e ct6Sctec iid i I eatec6c2c6d dt pc . ia S

 i Sc, 6c t t f 6at6c iid ct Sa ea 6sa t. ia S efct f i Sc, 6c t d 6 ia e6 6sSaa  SMaSe

 n p utc6.Mae .6cic,ctu 6sa  pf S 6c2aid i Sua f i Sc, 6c t  n 6sa .tf cSaM aia 6S t efcte

 Ia2aS 2aSs .eaS anna 6 Isc s eaS2ae .SSat6id e 6sa  tid 6c2a pa s tcep

ct t t 2ce  .e e i.6c t ce fSaMc 6aM 6 a ecutcnc t6id iaee annc cat6 6 scus ncaiMe Ic6s 6sa

Mdt pc e Mae Sc aM d 6sa p ia .i S 6S tei 6c t i tM S 6 6c t i p 6c t .eeaS tM 6asicr

sa fSa2c .eid  eaS2aM  t  Scat6aM icfcM ci daSe 6 p cat6 6apfaS 6.Sa e.uuae6aM

f i Sc, 6c t 6S tenaS MSc2at d 6sa Mcf i S sdfaSncta ct6aS 6c t Ic6s tau 6c2a ats t apat6

.f 6 rMa6 s c a6 i a6 6sa Mdt pc e Saef tec ia n S 6sa n e6 Mcf i S p M.i 6c te
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r2hei .2w cp pkleso.pi yowf wfp 62eprhesb 62wo2.x ipxrbocpi c- wfp resxxorse aw2Spx o.xwpo.

62ipe sx wfp rfsbsrwpboxwor wo6p 2t wfp eoloi eswpbse iotthxo2. s.i skose b2wswo2. eep.s pl2bp

s.i stox2 oeoll2m b,ii s.i o.ice26 eshis pw se sbp sw epsxw wfbpp

2bipbx 2t 6s .owhipx xe2ypb sx wfp rboworse r2bbpeswo2. wo6p sw wfox topei ��	� 
 ������ n2

h.ipbxws.i wfp bpxl2.xocep l2esboEswo2. wbs.xtpb 6prfs.ox6 yp pkwp.ipi wfox pklpbo6p.w w2

xs6lepx r26l2xpi 2t eol2x26px i2lpi yowf xowp xlprotor .owb2koip csxpi xlo. escpex h.ipb s

x-xwp6swor r2.wb2e 2t wfp xs6lep wp6lpbswhbp nsSo. o.w2 srr2h.w 2hb bprp.we- 2cxpbmswo2. 2t

x2eoi pttprw a M o. eoloix i2lpi yowf M hEfpepm pw se yp sex2 6psxhbpi wfp

M lb2toep w2 pks6o.p wfp pkoxwp.rp 2t a o. wfp lbpxp.rp 2t wfp cb2si eo.p bsiorsex ufoep

wfp i-.s6or 62iheswo2. 2t wfp peprwb2. .hrepsb p f-lpbto.p o.wpbsrwo2. 62ipepi c- wfp

62eprhesb wbs.xeswo2. s.i b2wswo2. ox .2w sipdhswp w2 ipxrbocp wfp moxr2hx s.i s.ox2wb2lor eoloi

p.mob2.6p.w s. sllb2srf w2 lbpiorw wfp r2hleo. tsrw2b c- rserheswo. wfp iol2esb shw2

r2bbpeswo2. th.rwo2. srt tb26 xo6heswo2.x ox hxpi w2 bswo2.seoEp 2hb 2cxpbmswo2.x apEpb

Mbs.i2eo.o s.i Mbox.pb
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�� io6-boxw2-e x.  e-rpb2 lf2xlf2rf2eo.p M l2yipb s.i

io2ep2-e x.  e-rpb2 lf2xlf2rf2eo.p M l2yipb ypbp 2cwso.pi tb26 ms.wo l2esb

eoloix

������	���
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�� lse6ow2-e xwpsb2-e � i2k-e x.  e-rpb2 lf2xlf2rf2eo.p � i2k-e

M . l2yipb s.i iolse6ow2-e x.  e-rpb2 lf2xlf2 wp6l2 rf2eo.p n M

M l2yipb ypbp 2cwso.pi tb26 ms.wo l2esb eoloix

�������� -ib2k- wpwbs6pwf-e lolpboio. 2k-e n M lhbow- s.i

phwpboh6 2koip ypbp 2cwso.pi tb26 ao 6s eiborf �

����� nfp lf2xlf2eoloix s.i xlo. escpepi eoloix hxpi o. wfox y2bS sbp oeehxwbswpi o. o hbp

2b r2.mp.op.rp wfp xlo. escpepi eoloix sbp sccbpmoswpi sx . M srr2bio. w2 wfpob escpeo. 

l2xowo2. 2b o.xws.rp wfp fpsi  b2hl escpepi n M M ox sccbpmoswpi sx M wfp rfso.

escpepi � i2k-e M yowf . sbp sccbpmoswpi sx M bpxlprwompe- o 

ee bsiorsex hxpi sbp yowf .swhbse sch.is.rp 2t .owb2 p.
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uS M a Ma RrTN2 R w / N/ Nr/ t rR 2eNDRDT eh � eNDRDT RrTN2 R w / 

fD/T t iO Dh Df ES NSDRNSD2eNetR M D/ M rht tDN t weES Dh Df ES RNeh 2ri 2 t

2eNetR weES r heE/Ddet TDe EO rE  eES / ES NSDRNSDpSD2eh M S rt o/DmN D/ ES SOt/Dpr/iDh

pSreh TedEm/ Df M rht h M weES r t Re/ t TD2r/ /rEeD wrR teRRD2l t iO rtteho

pS2D/DfD/T ehED r f2rR. ED fD/T r SDTDo h DmR 2eNet RD2mEeDh weES r pDhp hE/rEeDh Df b T

uS Tr6D/eEO Df ES RD2l hE wrR / TDl t iO r heE/Do h orR f2Dw mhEe2 r 2eNet ESeh fe2T Oe 2t t

rE ES iDEEDT Df ES f2rR. a Retmr2 E/rp R Df pS2D/DfD/T w / / TDl t mht / lrpmmT d
�� ir/ fD/ rE 2 rRE SDm/R nmiR Pm hE2O ED  hri2 ES 2eNDRDT fD/TrEeDh ES t/e t

M h M ESeh fe2T wrR SOt/rE t weES � fD/ TD/ ESrh TehmE R rE /DDT E TN /rEm/ 

- wSepS eR riDl ES NSrR E/rhReEeDh E TN /rEm/ Df M - rht M -

uS M RrTN2 eR r TedEm/ Df 2eNet h M � weES r TD2r/ /rEeD Df uS h M

TD2r/ pDhp hE/rEeDh eR pr2ei/rE t rR C T iO pw Ma rE c irht

eNDRDT tDN t weES u M heE/Ddet w / N/ Nr/ t rR r / f / hEer2 RrTN2 ED pDTNr/ 

weES N/ leDmR / ND/E t / Rm2ER r.t EpSre  E r2 uS M ESeh fe2T wrR N/ Nr/ t rR

eh ES N/ leDmR N/Dp tm/ Dh2O weESDmE rtteho h M ehr22O u M � RD2mEeDh wrR

rtt t ED ES t/e t M fe2T ED  hri2 2eNDRDT fD/TrEeDh 22 2eNDRDT RrTN2 R w / 

N/ Nr/ t weESDmE t orRReho RDheprEeDh D/  dE/mReDh

������
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22 M a  dN /eT hER eh ESeR wD/. w / N /fD/T t Dh r SDT ime2E M RN pE/DT E /

DN /rEeho rE u  2 pE/Dh L � L  hOR h.Dl  E r2 oO/DE/Dh

OpDT amRRer eR mR t rR Tw RDm/p wSepS prh N/Dlet r Tw NDw / mN ED riDmE s rE ES 

N/Di eh2 E SDT ime2E RE/eN2eh ri/O My/DE M M N/Di S rt wrR mR t eh ESeR wD/. weES

ES prNrie2eEO Df iDES a rht Ma  dpeErEeDh rht t E pEeDh  hOR h.Dl re rht M/eRh /

eNDRDT RrTN2 R w / N/ Nr/ t rht N2rp t DhED ES S rE pDhtmpEeho f2rE T Er2 Te//D/

weES r lD2mT Df b h eh ES / RDhrED/ eom/ uS RrTN2 wrR RmiR Pm hE2O R r2 t

iO r f2rE u f2Dh /eho )T ESep.h RR TT ehh / terT E / 2mi/eprE t weES o/ rR rht r

Pmr/EL N2rE rR ES pDl /  h feEeho f/DT ES ESeh ESep.h RR Df ES teRp RSrN t RrTN2 rht ES 

SeoS S rE pDhtmpEeleEO Df ES N2rh Te//D/ RmiRE/rE ES RrTN2 E TN /rEm/ mht / fm22 Tw

NDw / eR Dh2O TDt /rE 2O ehp/ rR t b rht prh i pDhE/D22 t iO i2Dweho heE/Do h

orR rorehRE ES irp.Ret Df ES RmiRE/rE weES rh  //D/ uS M T rRm/ T hER w / 
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tpM e eMi Mo e6oMS sp euM o pnM aoti et 2us u oM rr t.M euM rs s eo pSsestp

eMi Mo e6oM rr � S M eo 2MoM iM S6oM 2seu p t esishM SspnrM � ��  6rSM

oM Mesestp Mr m ta S p S p p6i Mo o pnspn aoti et M Mp spn tp euM Ssnp r et

ptsSM o est � � oMr d estp esiMS ta rs s S i rMS 2seu p 2seut6e o s rS 2MoM iM S6oM

2seu sp.MoSstp oM t.Mom  6rSM SMf6Mp MS Me2MMp 2seu  ot MuM
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Abstract. In spite of its name, the solid effect of dynamic nuclear polarization (DNP) is operative also in viscous liquids,

where the dipolar interaction between the polarized nuclear spins and the polarizing electrons is not completely averaged out

by molecular diffusion. Under such slow-motional conditions, it is likely that the tumbling of the polarizing agent is similarly

too slow to efficiently average the anisotropies of its magnetic tensors. Here we extend our previous analysis of the solid effect in

liquids to account for the effect of g-tensor anisotropy at high magnetic fields. Building directly on the mathematical treatment5

of slow-tumbling in electron spin resonance (Freed et al., 1971), we calculate solid-effect DNP enhancements in the presence of

both translational diffusion of the liquid molecules and rotational diffusion of the polarizing agent. To illustrate the formalism,

we analyze high-field (9.4 T) DNP enhancement profiles from nitroxide-labeled lipids in fluid lipid bilayers. By properly

accounting for power-broadening and motional-broadening, we successfully decompose the measured DNP enhancements

into their separate contributions from the solid and Overhauser effects.10

1 Introduction

The sensitivity of NMR experiments is greatly increased by dynamic nuclear polarization (DNP),1 where the much larger static

polarization that is available to electronic spins is transferred to nuclear spins (Wenckebach, 2016). For the transfer to take

place, the electronic and nuclear spins should be able to flip simultaneously (Abragam and Goldman, 1978). Such concerted

flips correspond to the zero-quantum (ZQ) and double-quantum (DQ) transitions of the electron-nucleus spin system, which are15

enabled by the inter-spin interactions. Among the four DNP mechanisms, namely the Overhauser effect (OE), the solid effect

(SE), the cross effect, and thermal mixing, only the first two are operative in the liquid state, where the spin-spin interactions

change randomly in time due to the thermal motions of the molecules.

In OE-DNP, the ZQ and DQ transitions are in fact possible because the dipole-dipole and contact interactions are modulated

by the molecular motions. In SE-DNP, on the other hand, the ZQ and DQ transitions are driven directly by the microwave (mw)20

excitation, and the modulation of the dipolar interaction is detrimental because it constantly modifies the matching condition

that the mw frequency should satisfy in order to resonantly drive these transitions.

1 Abbreviations used in the text: continuous wave (cw), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), double quantum (DQ), dynamic nuclear

polarization (DNP), electron paramagnetic resonance (EPR), force-free hard sphere (FFHS), microwave (mw), nuclear magnetic resonance (NMR), Overhauser

effect (OE), 1-palmitoyl-2-stearoyl-sn-glycero-3-phosphocholine (PSPC), solid effect (SE), stochastic Liouville equation (SLE), zero quantum (ZQ).

1
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The initial theoretical treatments of OE (Solomon, 1955) and SE (Abragam and Proctor, 1958) modeled the ZQ and DQ

transitions by expressing the transition probabilities per unit time using Fermi’s golden rule. As the mathematical description

of (semi-classical) relaxation theory matured around the same time (Redfield, 1957; Abragam, 1961), the Fermi golden rule was25

promptly replaced in the theory of OE-DNP in liquids (Hausser et al., 1968) by the correlation function of the dipolar interaction

(or its Laplace transform, which is known as spectral density). Because the time-domain description of relaxation leads to

a correlation function in a very general way (Abragam, 1961), the same formalism works naturally with different spectral

densities (e.g., for rotational or translational diffusion). As an example, the improved analytical treatment of translational

diffusion achieved in 1975 was immediately applied to paramagnetic relaxation in liquids (Ayant et al., 1975; Hwang and30

Freed, 1975).2

During the same time period, it also became possible to account for spin dephasing and relaxation beyond second order

(Anderson, 1954; Kubo, 1954), which is important for understanding spectral line shapes outside the regime of fast averaging

(Kubo, 1969). These initial ideas were transformed into a powerful tool for the calculation and analysis of slow-motional EPR

spectra by Freed et al. (1971).35

When first presented, Abragam’s quantitative description of SE-DNP in terms of mixing of the Zeeman energy levels by the

dipolar interaction (Abragam and Proctor, 1958) conclusively explained that the NMR signal is maximally enhanced when the

mw frequency is shifted from the electronic resonance by ˘ωI , where ωI is the Larmor frequency of the polarized nuclear spin.

Abragam’s perturbative analysis also correctly predicted that the effect should drop quadratically with the magnitude of the

static magnetic field, which has lasting implications for SE-DNP at high magnetic fields. In spite of these successes, however,40

the perturbative approach to SE is practically impossible to integrate with other relevant spin phenomena whose mathematical

treatment matured subsequently.

Recently, Sezer (2023a) presented a time-domain description of SE which, like semi-classical relaxation theory, allows

for different dynamical processes to modulate the relevant spin interactions. By interfacing this description with the spectral

density of translational diffusion (Ayant et al., 1975; Hwang and Freed, 1975), it was possible to treat SE-DNP in the presence45

of molecular translation (Sezer, 2023b), as relevant to liquids. The requirement that the dipolar interaction should not be

completely averaged out by the molecular dynamics restricts liquid-state SE-DNP to viscous media, where the tumbling of the

polarizing agent may similarly be too slow to average the anisotropies of its magnetic tensors. The current paper accounts for

the effect of g-tensor anisotropy on SE in this slow-tumbling regime. To this end, the time-domain description of SE-DNP in

liquids is interfaced here with the established mathematical treatment of slow-motional EPR spectra (Freed et al., 1971).50

To motivate the presented theoretical study, in Sec. 2 we formulate one specific practical problem that it addresses. There

we also introduce the experimental EPR and DNP data that are analyzed subsequently in Sec. 5 using the developed theory.

The needed background from Sezer (2023a, b) is presented in Sec. 3. Building on it, in Sec. 4 we adapt the slow-motional

formalism of Freed et al. (1971) to the treatment of SE in the liquid state. Our conclusions are in Sec. 6, and several supporting

figures are left to the appendix.55

2Surprisingly, this improved treatment is not mentioned by Müller-Warmuth et al. (1983), who continue to use the older, deficient expression of the spectral

density for translational diffusion.
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2 Motivation

DNP aims to increase the longitudinal nuclear magnetization, iz , beyond its equilibrium Boltzmann value, ieqz . This is done

by doping the sample with unpaired electrons, whose spins are then subjected to near-resonance microwave irradiation. In

continuous-wave (cw) DNP, which is the only variety that we consider here, a steady state magnetization issz is reached after

the microwaves have been applied for sufficiently long time. The enhancement of iz under such steady-state conditions is60

ε “
issz
i
eq
z

´ 1, (1)

where ε “ 0 corresponds to the absence of DNP.

In both OE and SE, ε is directly proportional to the ratio of the gyromagnetic factors of the electronic and nuclear spins, γS

and γI . For OE (Hausser et al., 1968; Müller-Warmuth et al., 1983),

εOE “ scf
|γS |

γI

, (2)65

where s, c and f are, respectively, the electronic saturation factor, the coupling factor and the leakage factor. The former is

defined as

s “ 1 ´ sss
z {seq

z (3)

and reflects the deviation of the longitudinal electronic magnetization at steady state, sss
z , from its equilibrium value, seq

z . The

other two factors, c and f , quantify the interaction between the electronic and nuclear spins. Specifically,70

f “ 1 ´ T1I{T 0
1I (4)

compares the nuclear T1’s in the presence (T1I ) and in the absence (T 0
1I

) of the polarizing agent. In DNP, the former is typically

(much) shorter than the latter due to the elevated concentration of the electronic spins, hence f « 1.

Similarly, the SE enhancement can be expressed as (Sezer, 2023a)

εSE “ pv´T1I

ˆ

1

1 ` v`T1I

˙

|γS |

γI

, (5)75

where p “ 1 ´ s quantifies how “non-saturated” the electronic transition is, and the rate constants v˘ are related to the ability

of the microwaves to excite simultaneous flips of the electronic and nuclear spins. These concerted flips correspond to the

“forbidden” ZQ and DQ transitions, which are enabled by the dipolar interaction. In fact,

v˘ “ v2 ˘ v0, (6)

where v0 and v2 denote, respectively, the ZQ and DQ transition rates. In liquids, where the dipolar interaction is partially80

averaged, the contribution of the mw excitation to the nuclear relaxation rate R1I “ 1{T1I , which is quantified by v`, is

generally negligibly small. As a result, v`{R1I ! 1 and the expression in parenthesis in (5) is essentially one. Then the SE

enhancement acquires the multiplicative form

εSE « pv´T1I

|γS |

γI

pv` ! R1Iq, (7)

3
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which is analogous to εOE with the factors s, c and f being replaced by the factors p, v´ and T1I , respectively. In the numerical85

work presented in Sec. 5 we use the approximation (7). The condition v`T1I ! 1 is validated at the end of the analysis by

comparing the estimated v` to the measured T1I .

In the current paper we study the dependence of the DNP enhancement on the displacement from the electronic resonance.

Following Gizatullin et al. (2022), we call the profile of ε against the offset from resonance a “DNP spectrum”. Because DNP

experiments in the liquid state are carried out with a mw resonator (Erb et al., 1958a, b; Leblond et al., 1971b; Neudert et al.,90

2016; Gizatullin et al., 2021a; Kuzhelev et al., 2022, 2023), off-resonance conditions are achieved by varying the stationary

magnetic field at constant mw frequency (i.e., field sweep). In theoretical analysis, however, it is more convenient to work with

a fixed B0 and a variable mw frequency. Thus, when comparing calculations and experiments, we will convert the horizontal

axis of the experiments from magnetic field to offset frequency.

In the case of εOE (eq. (2)), the entire offset dependence is due to the saturation factor s, as the factors c and f are practically95

constant over such narrow frequency range. In the case of εSE (eq. (5)), both pv´ and v` are functions of the offset. For a

single, homogeneously-broadened EPR line the saturation factor can be obtained in closed analytical form from the Bloch

equations (as we review below in Sec. 3.1). Recently Sezer (2023a) showed that the SE spin dynamics is described by two

coupled Bloch equations, whose steady state can similarly be solved analytically to obtain closed-form expressions for the rate

constants v˘ (reviewed in Sec. 3.2). In liquids, where the random molecular motion modulates the dipolar interaction between100

the electronic and nuclear spins, these rate constants are no longer available analytically but can be calculated numerically for

motional models with known dipolar spectral densities (Sezer, 2023b), as reviewed below in Sec. 3.3.

Liquid-state SE-DNP is restricted to viscous media, where the dipolar interaction is not averaged out completely by the

molecular motions. Under these conditions, the tumbling of the polarizing agent is also expected to be too slow to average the

anisotropies of its magnetic tensors. One thus expects substantial deviations from the Lorentzian EPR line shape of the Bloch105

equations. Such deviations are unavoidable in the case of nitroxide-based polarizing agents whose g and A tensors are rather

anisotropic. A recent SE-DNP study at 9.4 T demonstrated that even the narrow-line radical trityl exhibited g-tensor broadening

in liquid glycerol (Kuzhelev et al., 2023).

This paper extends the theoretical description of SE-DNP to the regime of slow radical tumbling where the cw-EPR spectrum

deviates from a Lorentzian line. Given our longstanding efforts in liquid-state DNP at 9.4 T, here we focus on high magnetic110

fields, where the width of the EPR spectrum is dominated by the anisotropy of the g tensor. We will thus completely neglect

the hyperfine tensor. This possibility will greatly simplify the needed adjustments to the Lorentzian case (Sec. 4).

To illustrate the practical problem that motivated this theoretical work, we now turn to the experimental data in fig. 1.

The characterized samples comprised liposomes of hydrated lipid bilayers composed of DOPC (1,2-dioleoyl-sn-glycero-3-

phosphocholine) lipids. As the phase transition temperature of DOPC is about ´17
˝C, the lipids were in their fluid, liquid-115

crystalline phase in the experiments at « 320 K. The DOPC lipids were mixed at a ratio of 20:1 with PSPC lipids spin-labeled

either at position 10 (1-palmitoyl-2-stearoyl-(10-doxyl)-sn-glycero-3-phosphocholine) or at position 16 along one of their

aliphatic chains. Both the EPR spectra (fig. 1a,b) and the DNP enhancements (fig. 1c,d) were recorded in our home-built

Fabry-Pérot resonator at 9.4 T, equipped with temperature control (Denysenkov et al., 2022). While the target temperature of

4
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(a)

(c)

(b)

(d)

Figure 1. Experimental cw-EPR spectra (a, b) and DNP spectra (c, d) of spin-labeled lipids in DOPC lipid bilayers at 9.4 T and « 320 K.

The nitroxide spin label (Doxyl) is either at position 10 (a, c) or at position 16 (b, d) of the aliphatic lipid chain. The integrated cw-EPR

spectra (dashed-dotted blue lines in a and b) are used to decompose the DNP spectra (c and d) into contributions from OE (dashed-dotted

blue lines) and SE (dashed green lines).

the experiments was 320 K, an extra temperature rise of less than 10
˝C can be expected at the maximum mw power of 5.5 W120

that was used for DNP (Denysenkov et al., 2022). Details about the experiments and the sample preparation will be published

elsewhere.

The cw-EPR spectrum of 10-Doxyl-PC in fig. 1a (orange line) is seen to deviate substantially from (the derivative of) a

Lorentzian line shape. At this high magnetic field, the EPR line width is expected to be dominated by the large anisotropy of

the nitroxide g tensor, with comparatively much smaller contribution from the nitroxide hyperfine tensor. (These expectations125

are tested and verified below in Sec. 5.1.) For comparison, in fig. 1b we show the cw-EPR spectrum of the sample doped

with 16-Doxyl-PC. Visually, this narrower spectrum more closely resembles a homogeneous Lorentzian line, although it still

deviates from it (as discussed in Sec. 5.2).

In fig. 1c we show the DNP spectrum (filled red circles) of the sample containing 10-Doxyl-PC as a polarizing agent. The

enhanced NMR signal belongs to the acyl chain protons of the lipids. Thanks to the high magnetic field of the experiment, it130

was possible to resolve the NMR signal of these non-polar protons from the polar protons of water and of the lipid head groups.

The DNP spectrum is seen to have a complex line shape, with the positive enhancement values at offsets of about `400 MHz

demonstrating contribution from SE. At the same time, the comparatively larger negative enhancements in the vicinity of the

5
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electronic resonance (i.e., around 0 MHz) point to a contribution from OE. Such coexistence of SE and OE is well documented

for nitroxide free radicals at the classical EPR fields of about 0.35 T (Leblond et al., 1971b; Neudert et al., 2017; Gizatullin135

et al., 2021a, b). Evidently, it also persists at 9.4 T. The DNP spectrum of 16-Doxyl-PC in fig. 1d also exhibits a mixture of SE

and OE.

More than half a century ago Korringa and coworkers developed a rigorous theoretical framework to predict such mixed

DNP spectra in viscous liquids (Papon et al., 1968; Leblond et al., 1971a). Likely because of its complexity, as well as its

neglect of translational diffusion, their formal analysis has not been applied to recent DNP data. As a simple and practical140

alternative, Neudert et al. (2017) disentangle the OE and SE components of such mixed DNP spectra using only the integral

of the measured cw-EPR signal. Their approach is based on the following insightful observations: (i) up to an overall scaling

factor the EPR line shape is equal to the saturation factor and thus to the OE enhancement (eq. (2)); (ii) up to an overall scaling

factor the SE enhancement lines at ˘ωI are shifted versions (and flipped for the ZQ transition) of the same EPR line shape.

One can thus identify the contributions of OE and SE to the DNP spectrum by placing the integrated cw-EPR spectrum at,145

respectively, zero and ˘ωI offsets, and independently adjusting the magnitudes of the two components.

This approach is illustrated in figs. 1c and 1d, where the dashed-dotted blue lines are the integrals of the cw-EPR spectra

from figs. 1a and 1b, respectively (flipped here to reflect the dipolar nature of OE), and the dashed green lines are the same EPR

spectra but centered at ´400 MHz and +400 MHz. The sum of the OE and SE contributions determined in this way is shown

with a dotted black line. This sum is seen to agree closely with the DNP spectrum of 10-Doxyl-PC (fig. 1c) and to capture well150

the overall shape of the DNP spectrum of 16-Doxyl-PC (fig. 1d).

In spite of the good general agreement between the experimental DNP spectra and the dotted black lines in figs. 1c and 1d,

some persistent differences remain. In particular, (i) the OE feature in the experiment appears to be consistently broader than

the EPR line and (ii) the enhancement between the central OE feature and the negative SE feature is consistently larger than

what is predicted by the overlap of the two copies of the EPR line shape. Both of these aspects are especially clear in the case155

of 16-Doxyl-PC (fig. 1d)

The first deficiency is easy to rationalize. Cw-EPR spectra are recorded at low mw power and their widths reflect mechanisms

contributing to the electronic T2 relaxation. The DNP spectrum, on the other hand, is recorded at high mw power, where the

EPR line width experiences power-broadening that also depends on the electronic T1 relaxation. That the OE-DNP spectrum

“represents an indirect observation of the electron resonance when greatly saturated” was understood early on (Carver and160

Slichter, 1956, fig. 6). To properly model the contribution of OE to mixed DNP spectra, therefore, it is necessary to calculate

the cw-EPR spectrum under saturating conditions. How to rigorously do that in the regime of slow radical tumbling is known

(Freed et al., 1971).

While power-broadening affects OE, it is not immediately clear whether one should also take it into account when modeling

SE. (We address this point in Sec. 4.4.) Even leaving power-broadening aside, however, we know that in liquids the SE lines of165

the DNP spectrum should also be broader than the EPR line width because of the fluctuations of the dipolar interaction (Sezer,

2023b). Although Sezer (2023b) showed how to quantify this additional motional broadening in the case of translational

molecular diffusion, the theoretical treatment there assumed a Lorentzian EPR line and is thus not directly applicable to the

6
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experiments in fig. 1. In the current paper, we extend the formalism to slow radical tumbling and g-tensor anisotropy (Sec. 4).

In Sec. 5 we apply the developed theory to the analysis of the experimental spectra in fig. 1. The needed theoretical background170

is reviewed next.

3 Theoretical background

3.1 Bloch equations

The evolution of the expectation values of the electronic spin operators Si (i “ x,y,z), which we denote by si, is described by

the classical Bloch equations (in the rotating frame)175

»

—

—

–

9sxptq

9syptq

9szptq

fi

ffi

ffi

fl

“ ´

»

—

—

–

R2 ∆ 0

´∆ R2 ω1

0 ´ω1 R1

fi

ffi

ffi

fl

»

—

—

–

sxptq

syptq

szptq

fi

ffi

ffi

fl

` R1

»

—

—

–

0

0

seq
z

fi

ffi

ffi

fl

. (8)

Here, the dot above the variable indicates differentiation with respect to time, R2 and R1 are the reciprocals of the electronic

relaxation times T2 and T1, respectively, and3

∆ “ ω0 ´ ω (9)

is the offset between the Larmor frequency of the electronic spins, ω0, and the (angular) frequency of the oscillating magnetic180

field, ω. In the case of an isotropic g-factor, g0,

ω0 “ g0µBB0{!, (10)

where µB is the Bohr magneton.

At steady state

»

—

—

–

R2 ∆ 0

´∆ R2 ω1

0 ´ω1 R1

fi

ffi

ffi

fl

»

—

—

–

sss
x

sss
y

sss
z

fi

ffi

ffi

fl

“ R1

»

—

—

–

0

0

seq
z

fi

ffi

ffi

fl

. (11)185

Solving these algebraic equations for the variables sss
i , one can calculate the cw-EPR spectrum and the electronic saturation

profile. Making use of the zeros in the first and last rows of the Bloch matrix in (11), we first express sss
x and sss

z in terms of

sss
y :

sss
x “ ´∆T2s

ss
y , sss

z “ ω1T1s
ss
y ` seq

z . (12)

The middle row of the matrix then yields190

sss
y “ ´ω1P

´1
0 seq

z , (13)

3In Sezer (2023a, b) the frequency offset was denoted by Ω. Here we reserve this symbol for the orientation of the polarizing agent (Sec. 4).
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where we defined

P0 “ R2 ` ω
2
1T1 ` ∆

2T2. (14)

The in-phase (absorptive) and the out-of-phase (dispersive) components of the cw-EPR signal are then found to be

abs “ sss
y {seq

z “ ´ω1P
´1
0

dsp “ sss
x {seq

z “ ´∆T2 abs. (15)195

From the longitudinal component at steady state we similarly find

s “ 1 ´ sss
z {seq

z “ ´ω1T1 abs, (16)

which shows that the saturation factor is directly proportional to the absorptive EPR line shape. This proportionality holds for

all mw powers, including the large powers used in DNP. In Sec. 4.3 we show that it remains valid also in the case of g-tensor

anisotropy.200

When generalizing the Bloch equations to non-isotropic g tensor, we will need to work with high-dimensional abstract

vectors. To distinguish these vectors from the vectors in 3D space, we will denote the latter by placing an arrow above their

symbols, and will use bold symbols for the former. (A 3D unit vector will be indicated with a hat rather than an arrow.)

Additionally, we will use capital hollow letters to denote 3ˆ3 matrices that act on the 3D vectors. With this understanding, we

will write the Bloch equations (8) as205

9tsptq “ ´B0tsptq ` R1k̂seq
z , (17)

where

tsptq “

»

——–

sxptq

syptq

szptq

fi

ffi

ffifl , k̂ “

»

——–

0

0

1

fi

ffi

ffifl , (18)

B “

»

——–

R2 ` iωI ∆ 0

´∆ R2 ` iωI ω1

0 ´ω1 R1 ` iωI

fi

ffi

ffifl , (19)210

and B0 “ BpωI “ 0q. (The subscript of B0 is a reminder that B is evaluated at ωI “ 0, where ωI is the Larmor frequency of the

polarized nuclear spin.)

3.2 Solid effect in solids

SE relies on the dipolar interaction between the electronic and nuclear spins whose coupling is

A1 “ Ddip

´3cosθ sinθ

r3
eiφ. (20)215

8
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Here Ddip “ pµ0{4πq!γSγI is the dipolar constant, which equals approximately 2πp79 kHz nm3) for protons, and pr,θ,φq are

the spherical polar coordinates of the inter-spin vector.

In liquids, A1 changes in time because of molecular diffusion. The treatment of SE-DNP for time-dependent A1 in Sezer

(2023b) was developed under the assumption that the nuclear T1 is orders of magnitude larger than the correlation time of the

dipolar interaction, which is practically always the case in liquids. For the same analysis to apply to solids, spin diffusion should220

be much faster than the nuclear T1, which is not necessarily true in practice. When accounting for g-tensor anisotropy below,

we will similarly assume that the tumbling of the radical is much faster than the nuclear T1. This assumption is clearly violated

in solids where “tumbling” is infinitely slow. Nevertheless, for the purposes of comparison, we will refer in the following

to ‘solids’ with the understanding that the correlation time of the dipolar interaction is infinitely long (but still much shorter

than the nuclear T1q. Because we will keep all other parameters, including the time scale of radical tumbling, the same when225

comparing ‘solids’ and liquids, it should be kept in mind that our treatment is not a good model for the solid state (hence the

quotation marks).

For SE-DNP, in addition to the Bloch equations it is necessary to consider the following dynamical equations of the electron-

nucleus coherences gi “ xSiI`y (i “ x,y,z) (Sezer, 2023a):
»

—

—

–

9gxptq

9gyptq

9gzptq

fi

ffi

ffi

fl

“ ´B

»

—

—

–

gxptq

gyptq

gzptq

fi

ffi

ffi

fl

´
1

4
A1

»

—

—

–

syptq

´sxptq

0

fi

ffi

ffi

fl

´ i
1

4
A1

»

—

—

–

0

0

izptq

fi

ffi

ffi

fl

. (21)230

Again, we are only interested in the steady state of the dynamics where

B

»

—

—

–

gss
x

gss
y

gss
z

fi

ffi

ffi

fl

“ ´
1

4
A1

»

—

—

–

sss
y

´sss
x

0

fi

ffi

ffi

fl

´ i
1

4
A1

»

—

—

–

0

0

issz

fi

ffi

ffi

fl

. (22)

The rate constants pv´ and v` needed to calculate the SE enhancement (eq. (5)) are determined from gss
z using the following

equality, which combines (Sezer, 2023a, eq. (31)) and (Sezer, 2023b, eq. (42)):

9iz|sscoh “ ´RetiA˚

1gss
z u “ ´RA

1I i
ss
z ´ v`issz ´ pv´seq

z . (23)235

(Retu takes the real part of its argument.) The term proportional to RA
1I on the right-hand side of (23) accounts for the contri-

bution of the coherences gi to the nuclear T1 relaxation in the absence of mw excitation. This contribution should be removed

when calculating the mw-related rates v` and pv´.

To a good approximation the electronic spin dynamics is independent from the dipolar interaction with the nuclear spins,

as other mechanisms are more efficient in causing electronic relaxation, especially in liquids. As a result, the steady-state240

expressions from Sec. 3.1 can be used when solving (22) for gss
z .

Inverting the matrix B in (22), and using sss
x,y from before, we find

gss
z “ ω1

1

4
A1prB´1szx ` ∆T2rB´1szyqP ´1

0 seq
z

´ i
1

4
A1rB´1szzi

ss
z , (24)

9
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where rB´1sij is the ijth matrix element of B
´1. Substituting this gss

z into (23) we identify the desired SE rate constants

RA
1I “ δ

2RetrB´1
ω1“0szzu

v` “ δ
2RetrB´1szzu ´ RA

1I

pv´ “ ´δ
2
ω1P

´1
0 ImtrB´1szx ` ∆T2rB´1szyu, (25)245

where

δ
2 “ pA˚

1A1q{4 (26)

reflects the strength of the dipolar interaction. (Imtu takes the imaginary part of its argument.)

In liquids, where A1 is time-dependent, we will need to modify the matrix B
´1 in (25) without changing the structure of

these expressions (Sec. 3.3). In the case of solids (i.e., when A1 does not change with time), it is possible to carry out the250

inversion of B by expressing gss
x and gss

z in terms of gss
y , analogously to our treatment of the Bloch equations in the previous

subsection.

From the upper and lower rows of B in (22) we find

gss
x “ ´∆pR2 ` iωIq´1gss

y ´
1

4
A1pR2 ` iωIq´1sss

y

gss
z “ ω1pR1 ` iωIq´1gss

y ´ i
1

4
A1pR1 ` iωIq´1issz . (27)

Substituting this gss
z into (23) we obtain255

9iz|sscoh “ ´ω1RetiA˚

1 pR1 ` iωIq´1gss
y u

´ δ
2RetpR1 ` iωIq´1uissz . (28)

The first term on the right-hand side of the equality in (28) vanishes when ω1 “ 0. In contrast, the term in the second line is

independent of ω1 and thus contributes also in the absence of mw excitation. We thus identify this second term with the thermal

relaxation rate

RA
1I “ δ

2RetpR1 ` iωIq´1u. (29)260

Since we are not interested in this rate, the second summand in (28) can be dropped at this stage. The rate constants v` and

pv´ will thus be identified using only the first line in (28):

ω1RetiA˚

1 pR1 ` iωIq´1gss
y u “ v`issz ` pv´seq

z . (30)

Substituting gss
x and gss

z from (27) into the middle equation in (22), and using the electronic steady state, we find

gss
y “

1

4
A1ω1∆P ´1

0 rR´1
2 ` pR2 ` iωIq´1sP ´1 seq

z

` i
1

4
A1ω1pR1 ` iωIq´1P ´1 issz , (31)265

10
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where

P “ R2 ` iωI ` ω
2

1pR1 ` iωIq´1 ` ∆
2pR2 ` iωIq´1 (32)

generalizes (14) such that P0 “ P pωI “ 0q. Finally, using this gss
y in (30) we obtain

v` “ ´δ
2
ω

2

1 Re

$
&

%
pR1 ` iωIq´2

R2 ` iωI `
ω

2

1

R1`iωI

` ∆2

R2`iωI

,
.

- (33)

and270

pv´ “ ´δ
2
ω

2

1

∆

R2 ` ω2
1
T1 ` ∆2T2

ˆ Im

$
&

%
rR´1

2
` pR2 ` iωIq´1spR1 ` iωIq´1

R2 ` iωI `
ω

2

1

R1`iωI

` ∆2

R2`iωI

,
.

- . (34)

In these expressions we have written down the combinations P and P0 explicitly in order to show in closed form how v` and

pv´ depend on all parameters. For example, we immediately see that pv´ is odd in the offset ∆ while v` is even. Because the

SE-DNP enhancement is proportional to the ratio of these two rates (eq. (5)), it has the characteristic odd (i.e., antisymmetric)

dependence on the offset from the electronic resonance.275

When generalizing the SE spin dynamics to g-tensor anisotropy, we will write the dynamical equations (21) as

9tgptq “ ´Btgptq ´
1

4
A1Gtsptq ´ i

1

4
A1k̂izptq (35)

with

tgptq “

»

——–

gxptq

gyptq

gzptq

fi

ffi

ffifl , G “

»

——–

0 1 0

´1 0 0

0 0 0

fi

ffi

ffifl “
BB

B∆
. (36)

3.3 Solid effect in liquids280

The modulation of the dipolar interaction by translational diffusion was described in Sezer (2023b) on the level of the spectral

density of the motional model, which was denoted by J11psq since this is the Laplace transform of the auto-correlation function

of the dipolar interaction A1 (hence the double subscript of J). As an example, the spectral density of the force-free hard-sphere

(FFHS) model of translational diffusion is (Ayant et al., 1975; Hwang and Freed, 1975)

Jffhs

11 psq “ xδ2yτ
psτq

1

2 ` 4

psτq
3

2 ` 4psτq ` 9psτq
1

2 ` 9
. (37)285

Here, the parameter

τ “ b2{Dtrans (38)

11
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is the diffusive time scale of the model, which depends on the contact distance of the electronic and nuclear spins, b, and on

the coefficient of their relative translational diffusion, Dtrans, and

xδ2y “ D2
dip

6π

5

N

3b3
. (39)290

is the average of the dipolar interaction strength δ
2 over the sample volume, times the concentration of the electronic spins, N .

It is convenient to write J11, which has units of angular frequency, as

J11psq “ xδ2yj11psq, (40)

where j11psq has units of time. This factorization confines the effect of the parameters N , b and the constant Ddip to the scaling

factor xδ2y. The factor j11psq then fully accounts for the line shape of the SE-DNP spectrum, which results from the interplay295

between the offset frequency and the time scale of the translational motion.

According to Sezer (2023b), the modification from solids to liquids amounts to replacing the matrix B´1 in (25) by the

matrix

Q “ j11pBq, (41)

and also replacing δ
2 by xδ2y. The desired SE rate constants in liquids are thus300

RA
1I “ xδ2yRetrQω1“0szzu

v` “ xδ2yRetrQszzu ´ RA
1I

pv´ “ ´xδ2yω1P
´1
0 ImtrQszx ` ∆T2rQszyu. (42)

We now clarify the meaning of (41). Following the definition of a function of a matrix, one should first solve the eigenvalue

problem of B, i.e., BU “ UΛ, where the diagonal matrix Λ “ diagpλ1,λ2,λ3q contains the three eigenvalues and the columns

of U contain the corresponding (right) eigenvectors. Then one should evaluate the spectral density at the three eigenvalues:

%n “ j11pλnq. Finally, one should form the diagonal matrix L “ diagp%1,%2,%3q and calculate Q “ ULU´1. Comparing this305

expression of Q with B´1 “ UΛU´1 we see that in the transition from solids to liquids, where B´1 is replaced by Q, we

essentially “process” the eigenvalues of B with the spectral density function j11. This step prevents us from eliminating the

variables gss
x,z the way we did previously for solids (Sec. 3.2). Because of that, the rate constants in liquids (eq. (42)) need to

be calculated numerically.

Nonetheless, it is still possible to simplify the expression for RA
1I since when ω1 “ 0 the zz component of B is decoupled310

from the rest of the matrix. One then finds

RA
1I “ xδ2yRetj11pR1 ` iωIqu. (43)

Clearly, the time-dependence of the dipolar interaction modifies all rate constants, including RA
1I (cf. eq. (29)).
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4 Slow-motional EPR and DNP spectra for anisotropic g tensor

In this section we show how to account for g-tensor anisotropies when the tumbling of the radical is slow. Because our315

description of SE is built around the Bloch equations (Sezer, 2023a, b), we first adapt the pioneering approach of Freed et al.

(1971) to our needs (Secs. 4.1, 4.2 and 4.3) and then generalize it to SE-DNP (Secs. 4.4 and 4.5).

4.1 Stochastic Liouville equation

Following Freed et al. (1971), we account for the effect of tumbling on the EPR spectrum using the SLE formalism (Anderson,

1954; Kubo, 1954). We describe the rotational state of the radical statistically with the probability density P pΩ, tq, which320

quantifies the likelihood that at time t the molecular system of coordinates attached to the radical has orientation Ω with

respect to the laboratory system of axes. This probability evolves with the Fokker-Planck equation

B
Bt

ppΩ, t|Ω0, t0q “ Drot∇
2
Ω

ppΩ, t|Ω0, t0q, (44)

where Drot is the rotational diffusion constant of the radical and the Laplacian differential operator ∇2
Ω

acts on the orientation

variable Ω. The operator325

KΩ “ ´Drot∇
2
Ω

(45)

satisfies the following eigenvalue problem

KΩD
!

mnpΩq “ Drot!p! ` 1qD!

mnpΩq, (46)

where the eigenfunctions D!
mnpΩq are the Wigner rotation matrix elements, which are orthogonal to each other:

ż

D
L˚

MN pΩqD!

mnpΩqdΩ “
8π2

2L ` 1
δL!δMmδNn. (47)330

From (46) it is clear that the time derivative on the left-hand side of (44) vanishes for the equilibrium probability

peqpΩq “
1

8π2
“

1

8π2
D

0
00pΩq. (48)

In the presence of g-tensor anisotropy, the electronic Larmor frequency depends on the orientation Ω of the radical as

follows:4

ωpΩq “ ω0 ` γ2
0D

2
00pΩq ` γ2

2 rD2
´20pΩq ` D

2
20pΩqs, (49)335

where the angular frequencies

γ2
0 “

2

3

„

gzz ´
1

2
pgxx ` gyyq



µBB0{!

γ2
2 “

1?
6

pgxx ´ gyyqµBB0{! (50)

4We follow Freed et al. (1971) and consider the effect of the g-tensor anisotropy only on the secular terms in the electronic spin Hamiltonian, i.e., those

proportional to the spin operator Sz . The response of the non-secular terms to the g anisotropy is neglected.
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are formed from the components gxx, gyy and gzz of the g-tensor in the molecular frame.

Because the electronic Larmor frequency depends on Ω, the offset frequency ∆ also becomes a function of the molecular

orientation. As an example, for a fixed Ω the Bloch equations (17) should be modified as340

9tsptq “ ´rB0 ` FpΩqstsptq ` R1k̂seq
z , (51)

where the orientation dependence is confined to the 3 ˆ 3 matrix

FpΩq “
!

γ2
0D

2
00pΩq ` γ2

2 rD2
´20pΩq ` D

2
20pΩqs

(
G. (52)

(The matrix G was introduced in (36).) It should be stressed, however, that (51) is not a legitimate equation of motion, as it

does not account for the dynamics of the orientation Ω.345

The SLE formalism remedies this deficiency by introducing the orientation-conditioned averages tspΩ, tq, whose spatial part

evolves according to the Bloch equations (51) and whose Ω dependence evolves according to the diffusion equation (44):

B

Bt
tspΩ, tq “ ´pKΩ b E ` EΩ b B0qtspΩ, tq

´ EΩ b FpΩqtspΩ, tq ` R1k̂seq
z peqpΩq. (53)

Here E is the 3 ˆ 3 identity matrix in 3D space and EΩ is the identity operator in the same abstract space as KΩ. The outer

product b is needed to create a combined operator that acts simultaneously in both of these spaces.350

Since the functions D!
mnpΩq form a complete set, we expand tspΩ, tq as follows:

tspΩ, tq “
1

8π2

8ÿ

!“0

!ÿ

m“´!

!ÿ

n“´!

D
!

mnpΩqts!

mnptq. (54)

The coefficients ts!
mn, which contain the time-dependence, can be obtained from tspΩ, tq using the orthogonality of D!

mnpΩq

(eq. (47)):

tsL
MN ptq “ p2L ` 1q

ż

D
L˚

MN pΩqtspΩ, tqdΩ. (55)355

Ultimately, the only property that we care about is the integral of the SLE variable tspΩ, tq over all orientations:

ż

tspΩ, tqdΩ “

ż

D
0
00pΩqtspΩ, tqdΩ “ ts0

00ptq. (56)

In that sense, the (vector) coefficient ts0
00ptq is the main object of interest, while all other coefficients ts!

mnptq play an auxiliary,

book-keeping role.

Substituting tspΩ, tq from (54) into (53), multiplying both sides by DL˚

MN pΩq and integrating over Ω, we get360

9tsL
MN ptq “ R1k̂seq

z δL0δM0δN0

´ rDrotLpL ` 1q ` B0stsL
MN ptq

´
ÿ

!mn

ˆ
2L ` 1

8π2

ż

D
L˚

MN pΩqD!

mnpΩqFpΩqdΩ

˙
ts!

mnptq. (57)
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Clearly, the terms proportional to KΩ and B0 in the SLE (53) do not mix coefficients tsL

MN
with different values of L, M and

N . In other words, these two operators are diagonal in the selected representation. The term proportional to FpΩq, on the other

hand, mixes coefficients with different L and M (but not N , as we discuss below).

The integral in the last line of (57) contains the product of three Wigner rotation matrix elements. These can be expressed in365

therms of the Clebsch-Gordan coefficients CLM

!1m1!2m2
. Specifically, for the D2

K0pΩq in eq. (52), we have

2L ` 1

8π2

ż

D
L˚

MN
pΩqD2

K0pΩqD!

mn
pΩqdΩ “ CLM

2K!mCLN

20!n, (58)

which leads to

9tsL

MN
ptq “ R1k̂seq

z
δL0δM0δN0

´ rDrotLpL ` 1q ` B0stsL

MN
ptq

´
ÿ

!mn

rγ2
0CLM

20!m ` γ2
2pCLM

2´2!m ` CLM

22!mqsCLN

20!nGts!

mn
ptq. (59)

In (59), the sum over $ mixes only expansion coefficients whose values $ differ by two from L, in both the positive and370

negative directions, because all three Wigner rotation matrix elements in F have L “ 2 (eq. (52)). Since we need ts0
00 at the

end, it is sufficient to consider only coefficients with even values of $. Furthermore, as the Wigner rotation matrix elements in

F have M “ 0,˘2 and N “ 0, the sum over m mixes only coefficients whose values m are either equal to M or differ from it

by two units, while the sum over n does not mix any coefficients with n different from N . These considerations imply that the

triple sum in (59) will go only over ts!
m0 with even $ and m. Finally, because the Wigner rotation matrix elements with M “ 2375

and M “ ´2 appear in a symmetrical way in F, it becomes possible to work with the symmetrized coefficients (Freed et al.,

1971)

tsLM “
1

2
ptsL

´M0 ` tsL

M0q, (60)

thus restricting M to non-negative values (0 ď M ď L). The lowest-order coefficients that are coupled by the SLE dynamics

are thus ts00, ts20, ts22, ts40, ts42, ts44, ts60, etc.380

4.2 Matrix representation of the SLE dynamics

While the above considerations greatly reduce the needed coefficients, there is still an infinite number left. In any practical

work, this infinite set is truncated by selecting a maximum value of L to account for, and setting to zero the coefficients

with L ą Lmax. Since the total number of even L such that L ď Lmax is nL “ Lmax{2 ` 1, the total number of remaining

coefficients tsLM is ntot “ nLpnL ` 1q{2 “ L2
max{8 ` 3Lmax{4 ` 1. For the smallest non-trivial choice of Lmax “ 2, ntot “ 3385

(with ts00, ts20 and ts22). The number of coefficients increases quadratically with Lmax (e.g., ntot “ 15,28,45 for Lmax “

8,12,16, respectively).
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To compactly write down how these coefficients are mixed by the SLE dynamics, we introduce the following abstract vectors

with ntot elements:

1
00 “

»

—————–

1

0

0

...

fi

ffi

ffi

ffi

ffi

ffifl
, siptq “

»

—————–

s00
i ptq

s20
i ptq

s22
i ptq

...

fi

ffi

ffi

ffi

ffi

ffifl
pi “ x,y,zq, (61)390

where the former is needed for the first term on the right-hand side of (59). The SLE dynamics then becomes

»

——–

9sxptq

9syptq

9szptq

fi

ffi

ffifl “ ´B0

»

——–

sxptq

syptq

szptq

fi

ffi

ffifl ` R1

»

——–

0

0

1
00

fi

ffi

ffiflseq
z , (62)

where

B0 “

»

——–

R2 ∆ 0

´∆ R2 ω1E

0 ´ω1E R1

fi

ffi

ffifl (63)

is a 3ntot ˆ 3ntot matrix, and E, R1, R2 and ∆ are ntot ˆ ntot matrices.395

The first three of these sub-matrices are purely diagonal: E is the identity matrix and

R1,2 “ R1,2E ` DrotCD, (64)

with the diagonal elements of CD being equal to LpL`1q. For the simplest case of Lmax “ 2 with only three coefficients (ts00,

ts20 and ts22),

E “

»

——–

1

1

1

fi

ffi

ffifl , CD “

»

——–

0

6

6

fi

ffi

ffifl . (65)400

In (63), the diagonal matrices R1,2 and E, which originate from the second line in (59), do not mix coefficients with different

L and M . Only the sub-matrix ∆, which is of the form

∆ “ ∆E ` γ
2
0C0 ` γ

2
2C2, (66)

mixes coefficients of different orders. In fact, the mixing is due to the matrices C0,2, which modify the frequency offset ∆ in

proportion to the g-tensor anisotropies γ
2
0 and γ

2
2 . For Lmax “ 2,405

C0 “

»

——–

0
1
5

0

1
2
7

0

0 0 ´ 2
7

fi

ffi

ffifl , C2 “

»

——–

0 0
1
5

ˆ 2

0 0 ´ 2
7

ˆ 2

1 ´ 2
7

0

fi

ffi

ffifl . (67)
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(The factors of two in the last column of C2 arise from the fact that coefficients with M “ 0 pose an exception to the sym-

metrization (60).) The matrix elements of these two matrices in the most general case are

rC0sLM,!m “ CLM
20!mCL0

20!0

rC2sLM,!m “ pCLM
2´2!m ` CLM

22!m ` δM0C
LM
22!mqCL0

20!0, (68)

where the summand proportional to δM0 in the second line accounts for the factor of two that is needed by the coefficients tsL0.410

Selecting Lmax “ 0 in the above formalism amounts to retaining only the (3D vector) coefficient ts00. Then the matrix B0

in (63) reduces to B0, and (62) reduces to the classical Bloch equations for a homogeneous line. For Lmax ą 0, the diagonal

matrices R1 and R2 cause the coefficients sLM
z and sLM

x,y , respectively, to decay exponentially, with those with larger L

being suppressed more strongly by the tumbling. Analogously to the Bloch equations, the mw excitation mixes the y and z

components of tsLM , without mixing their LM dependence. The latter is mixed only by the offset matrix ∆, as elaborated415

above.

By building the SLE dynamics on top of the classical Bloch equations, we have arrived at a rather intuitive picture of how the

g-tensor anisotropy is incorporated into the spin dynamics. Specifically, every element of the Bloch matrix B0 (eq. (19) with

ωI “ 0) is replaced by a matrix in the space of LM indices (eq. (63)). In this replacement, all elements except the frequency

offset become diagonal matrices in the LM space, with the mixing in this space being entirely due to the offset. Since we420

describe the solid effect by two coupled Bloch equations, this intuition about the effect of g-tensor anisotropy on the spin

dynamics will be helpful when adapting the approach to SE-DNP.

4.3 EPR spectrum

The cw-EPR spectrum and the electronic saturation factor under g-tensor anisotropy are obtained from the steady state of (62),

425

B0

»

——–

s
ss
x

s
ss
y

s
ss
z

fi

ffi

ffifl “ R1

»

——–

0

0

1
00

fi

ffi

ffiflseq
z , (69)

which can be solved by inverting the 3ntotˆ3ntot matrix B0 numerically. However, it is also possible to solve (69) by inverting

a single matrix with dimensions that are three times smaller (i.e., ntot ˆ ntot), as we show next.

First, taking advantage of the zeros in B0 (eq. (63)), we express s
ss
x and s

ss
z in terms of s

ss
y :

s
ss
x “ ´R

´1
2 ∆s

ss
y

s
ss
z “ ω1R

´1
1 s

ss
y ` R1R

´1
1 1

00seq
z . (70)430

Because only the first element of 1
00 is non-zero, and the diagonal matrix R1 does not mix coefficients with different values

of LM , the second equality in (70) becomes

s
ss
z “ ω1R

´1
1 s

ss
y ` 1

00seq
z . (71)
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For the 00th (i.e., first) element of s
ss
z we thus have s00

z “ ω1T1s
00
y ` seq

z , which is identical to the second equality in (12). We

thus conclude that the proportionality between the electronic saturation factor and the in-phase EPR line shape (eq. (16)) is not435

limited to a homogenous line but applies also under g-tensor anisotropy.

Second, from the middle row of the matrix B0 (eq. (63)), and after substituting s
ss
x and s

ss
z from (70), we find

s
ss
y “ ´ω1P

´1
0 1

00seq
z , (72)

where we have introduced the ntot ˆ ntot matrix

P “ pR2 ` iωIq ` ω
2
1pR1 ` iωIq´1 ` ∆pR2 ` iωIq´1

∆ (73)440

and P0 “ PpωI “ 0q. The matrix P0 generalizes P0 (eq. (14)) and (72) generalizes (13) to the case of g-tensor anisotropy.

From the 00th components of s
ss
y and s

ss
x we find

abs “ ´ω1rP´1
0 s11, dsp “ ω1T2r∆P

´1
0 s11, (74)

where we used the fact that R2 is a diagonal matrix. These expressions generalize eqs. (15) to the case of g-tensor anisotropy.

The corresponding saturation factor as a function of the offset is then (from eqs. (16) and (74))445

sp∆q “ ω
2
1T1rP´1

0 p∆qs11. (75)

As claimed, to solve for the steady state numerically we need to invert the matrix P0 whose dimensions are three times

smaller than those of B0. (The two matrix inversions needed to calculate P0 itself involve the diagonal matrices R1,2.)

The cw-EPR spectrum in derivative mode can be calculated from the derivative of P0 with respect to the (scalar) frequency

offset ∆:450

BP0

B∆
“ R

´1
2 ∆ ` ∆R

´1
2 . (76)

The in-phase and out-of-phase derivative spectra are then obtained from the first (i.e., 00th) components of the vectors

Bsy

B∆
“ ω1P

´1
0 pR´1

2 ∆ ` ∆R
´1
2 qP´1

0 1
00seq

z

Bsx

B∆
“ ´R

´1
2 psy ` ∆

Bsy

B∆
q. (77)

These expressions are used in Sec. 5 to fit the experimental EPR spectra from fig. 1.

In fig. 2 we show examples of (integral) EPR spectra calculated using the presented approach for different tumbling times455

τrot. The different columns in the figure correspond to different choices of Lmax. The g-tensor values used in the simulations

are characteristic of nitroxide spin labels. We also selected a small mw magnetic field (B1 “ 0.02 G) to mimic the low-power

conditions typical for cw-EPR. The main message of this figure is that slower tumbling requires larger Lmax. At the same time,

we see that Lmax “ 8 is already good enough for τrot ď 10 ns, which is the range of rotational time scales of relevance to our

experimental data (Sec. 5). By selecting Lmax “ 10, to be on the safe side, we only need to invert a 21 ˆ 21 matrix at every460

frequency offset, which makes the calculation of g-broadened EPR spectra very fast. This allows us to perform an automated

search over the various parameters and fit the experimental cw-EPR spectra in less than a minute.
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Figure 2. Continuous-wave EPR spectra for g “ diagp2.00755,2.00555,2.0023q and different tumbling times τrot. Larger Lmax is necessary

for slower tumbling. The needed Lmax also depends on the anisotropies, which are pγ0,γ2q “ p´373,107q MHz for B0 “ 9.403 T. Other

simulation parameters were B1 “ 0.02 G, T1 “ 100 ns, T
homog
2 “ 20 ns.

4.4 Solid effect in ‘solids’

Extending the above treatment to SE-DNP, we combine the spin dynamics in (35) with the rotational dynamics in (44) to form

the following SLE:465

B

Bt
tgpΩ, tq “ ´pKΩ b E ` EΩ b BqtgpΩ, tq

´ EΩ b FpΩqtgpΩ, tq

´
1

4
A1GtspΩ, tq ´ i

1

4
A1k̂izptqpeqpΩq. (78)

As before, we introduce the expansion

tgpΩ, tq “
1

8π
2

8ÿ

!“0

!ÿ

m“´!

D
2
m0pΩqtg!

m0ptq, (79)
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where we have set n “ 0 from the start, and find

9tgL
M0ptq “ ´rDrotLpL ` 1q ` BstgL

M0ptq

´
ÿ

!m

rγ2
0CLM

20!m ` γ2
2pCLM

2´2!m ` CLM
22!mqsCL0

20!nGtg!

m0ptq

´
1

4
A1GtsL

M0ptq ´ i
1

4
A1k̂ izptqδL0δM0. (80)470

Again, we switch to the symmetrized coefficients

tgLM “
1

2
ptgL

´M0 ` tgL
M0q (81)

and form the following three, ntot-dimensional vectors from the spatial components of the 3D vectors tgLM :

gi “

»

—————–

g00
i

g20
i

g22
i

...

fi

ffi

ffi

ffi

ffi

ffifl
pi “ x,y,zq. (82)

The steady state of the resulting spin dynamics is then475

B

»

——–

g
ss
x

g
ss
y

g
ss
z

fi

ffi

ffifl “ ´
1

4
A1

»

——–

s
ss
y

´s
ss
x

0

fi

ffi

ffifl ´ i
1

4
A1

»

——–

0

0

1
00

fi

ffi

ffifl issz , (83)

where

B “ B0 ` iωI (84)

generalizes the matrix B0 from (63).

Our goal is to solve for g
ss
z since its 00th component should be used in (23) to calculate the rate constants pv´ and v`. After480

inverting B in (83) we find

g
ss
z “ ´

1

4
A1rB´1szxs

ss
y ´

1

4
A1rB´1szyp´s

ss
x q

´ i
1

4
A1rB´1szz1

00issz . (85)

Note that now rB´1sij denotes the ntot ˆ ntot sub-matrix of B´1 at position ij, and not a scalar matrix element. Using s
ss
x,y

from the previous subsection, we find that the first component of g
ss
z is

g00
z “ ω1

1

4
A1rprB´1szx ` rB´1szyR

´1
2 ∆qP´1

0 s11s
eq
z

´ i
1

4
A1rrB´1szzs11i

ss
z . (86)485
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Substituting this result into (23) we obtain

RA
1I “ δ

2RetrrB´1
ω1“0szzs11u

v` “ δ
2RetrrB´1szzs11u ´ RA

1I

pv´ “ ´δ
2
ω1ImtrprB´1szx ` rB´1szyR

´1
2 ∆qP´1

0 s11u. (87)

These expressions, which require the inversion of the 3ntot ˆ3ntot matrix B, are directly generalizable to liquids (Sec. 4.5).

In ‘solids’, it is possible to obtain alternative expressions that require the inversion of a smaller, ntot ˆntot matrix. To this end,

we express gss
x and gss

z in terms of gss
y using the first and last rows of B:490

gss
x “ ´pR2 ` iωIq´1

∆gss
y ´

1

4
A1pR2 ` iωIq´1sss

y

gss
z “ ω1pR1 ` iωIq´1gss

y ´ i
1

4
A1pR1 ` iωIq´1

1
00issz . (88)

Substituting the first (i.e., 00th) component of gss
z in (23) we find

RA
1I “ δ

2RetrpR1 ` iωIq´1s11u. (89)

Because R1 is a diagonal matrix, this result is identical to (29), showing that RA
1I is not affected by the anisotropy of the g

tensor.495

Similarly, from the middle part of B we obtain

Pgss
y “

1

4
A1rsss

x ´ ∆pR2 ` iωIq´1sss
y s

` ω1i
1

4
A1pR1 ` iωIq´1

1
00issz . (90)

We first observe that pR1 ` iωIq´1
1

00 “ 1
00pR1 ` iωIq´1 because R1 is diagonal. Then we substitute sss

x,y from before to get

gss
y “ ω1

1

4
A1P

´1rR´1
2 ∆ ` ∆pR2 ` iωIq´1sP´1

0 1
00seq

z

` ω1i
1

4
A1P

´1
1

00pR1 ` iωIq´1issz . (91)500

Finally, substituting the 00th element of gss
y in (30) we find

v` “ ´δ
2
ω

2
1 RetpR1 ` iωIq´2rP´1s11u

pv´ “ ´δ
2
ω

2
1ImtpR1 ` iωIq´1

ˆ rP´1pR´1
2 ∆ ` ∆pR2 ` iωIq´1qP´1

0 s11u. (92)

Observe how these expressions generalize (33) and (34) to the case of g-tensor anisotropy.

In the last two rows of fig. 3 we show v`{δ2 and pv´{δ2, which have units of time. Although the electronic non-saturation

factor p and the rate constant v´ always appear together as pv´, it is helpful to separate these two factors when rationalizing505
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Figure 3. Solid-effect rates v` (red line) and pv´ (green line) calculated at high mw power (B1 “ 5.5 G) for static dipolar interaction (i.e.,

‘solid’) and several different rates of rotational tumbling. The factorization of pv´ into p (blue line) and v´ (orange line) is also shown. All

other parameters as in fig. 2 and Lmax “ 10. In particular, T1 “ 100 ns.

SE. We show p and v´{δ2 in the first two rows of fig. 3. Note that v`{δ2 and pv´{δ2 were calculated directly from (92),

whereas v´{δ2 was determined by dividing pv´{δ2 by p “ 1 ´ ω
2

1
T1rP´1

0
s11 (eq. (75)).

The columns in fig. 3 reveal the effect of the g-tensor anisotropy on the different factors relevant to SE. v`{δ2 in the third

row of the figure is composed of two SE lines centered at ´ωI and `ωI . At the fastest tumbling (leftmost column), each of

these two lines is symmetric and approximately Lorentzian. When the tumbling slows down, each line broadens and becomes510

asymmetric. At the slowest tumbling rate (rightmost column), each line resembles a powder EPR spectrum with anisotropic g

tensor. We see that in the regime of slow tumbling the profile of v`{δ2 is no longer symmetric (i.e., even) with respect to the

electronic resonance at zero offset frequency.

In the second row of fig. 3 we show v´{δ2 (orange line), which is also composed of two SE lines centered at ´ωI and

`ωI , with the former flipped with respect to the horizontal axis. For comparison, in the second row we also plotted v`{δ2
515

and ´v`{δ2 (dashed red lines). We see that, for all tumbling rates, the two SE lines comprising v´{δ2 exactly match their

counterparts in v`{δ2.

The first row of fig. 3 shows the electronic saturation under g-tensor anisotropy (we actually plot the “non-saturation”

p “ 1 ´ s). Because of the large B1 used in the calculations (B1 “ 5.5 G) appreciable electronic saturation is achieved for

22

https://doi.org/10.5194/mr-2023-10

��������	���

�

��
�
��
��
�

Preprint. Discussion started: 31 July 2023

c© Author(s) 2023. CC BY 4.0 License.



all shown tumbling rates. From the perspective of the solid effect, it is noteworthy that the saturation is more localized to520

on-resonance conditions when the g-tensor anisotropy is averaged out by the tumbling, and spreads to larger off-resonance

frequencies when the tumbling slows down. This spread broadens the saturation profile and reduces its maximum. However,

in spite of the substantial increase of the spectral width of the saturation when going from τrot “ 2 ns to τrot “ 20 ns, the

maximum decreases only moderately, remaining close to 50% at the slower tumbling rate.

Of course, the amplitude of the saturation profile depends not only on B1 but also on the electronic T1 relaxation time. To525

illustrate this dependence, we recalculated all curves in fig. 3 after increasing T1 five-fold to 500 ns. The result, which is shown

in fig. A1, demonstrates larger saturation for all tumbling rates. At the same time, v´{δ2 and v`{δ2 (second and third rows)

remain entirely unaffected. This demonstrates that the SE lines do not experience the power-broadening that affects the EPR

spectrum.

Finally, the last row of fig. 3 shows pv´{δ2 (solid green line), which equals the product of the first and second rows. From530

(7) we know that pv´{δ2 basically gives the SE-DNP spectrum, up to an overall scaling factor. Since pv´ is suppressed by the

electronic saturation compared to v´, we see that pv´{δ2 is somewhat reduced at offsets between the canonical SE positions

˘ωI . Because both the electronic saturation profile and the profile of v´ are asymmetric in the slow motional regime where the

EPR line exhibits clear g-broadening, the line shape of the SE-DNP spectrum (proportional to pv´) is no longer antisymmetric

(i.e., odd) with respect to the electronic resonance. This is most visible for the green line in the lower rightmost corner of fig.535

3.

4.5 Solid effect in liquids

In the light of Sec. 3.3, the generalization to liquids consists of calculating the matrix

Q “ j11pBq, (93)

and using it instead of B´1 in (87):540

RA
1I “ xδ2yRetrrQω1“0szzs11u

v` “ xδ2yRetrrQszzs11u ´ RA
1I

pv´ “ ´xδ2yω1ImtrprQszx ` rQszyR
´1

2
∆qP´1

0
s11u. (94)

Because the zz sub-block of B is diagonal and does not couple to the rest when ω1 “ 0, we deduce that

RA
1I “ xδ2yRetj11pR1 ` iωIqu, (95)

which is identical to (43). Thus, as we already observed for ‘solids’, the expression for RA
1I is not affected by the anisotropy of

the g tensor and the slow tumbling of the radical.545

In fig. 4 we show the same properties as in fig. 3 but now in the presence of translational diffusion treated by the FFHS

model with motional time scale τffhs “ 6 ns. Several changes compared to ‘solids’ (fig. 3) are worth pointing out.
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Figure 4. Same as fig. 3 for the FFHS model of translational diffusion with τffhs “ 6 ns.

In line with our previous understanding (Sezer, 2023b), the SE lines comprising v`{xδ2y are broadened by the translational

motion that modulates the dipolar interaction (red lines in the third row of fig. 4). This motional broadening reduces their

maximum intensities compared to ‘solids’ (fig. 3, third row). Previously, in the case of Lorentzian lines, the reduction of550

intensity in the transition from solids to liquids was dramatic, by more than a factor of ten (Sezer, 2023b, figs. 3, 4 and 5). In

contrast, the reduction in the presence of g-tensor broadening is about a factor of two (compare third rows of figs. 3 and 4).

This observation may help rationalize why the maximum SE-DNP enhancement in liquids, e.g., about 50 for trityl in glycerol

at 320 K (Kuzhelev et al., 2023), is not negligibly smaller compared to the enhancements that are obtained in the solid state. We

also point out that, while reducing the maximum SE intensities in the vicinity of ˘ωI , the motional broadening substantially555

increases the intensities at the smaller offsets around the electronic resonance.

Besides the motional broadening, the progression from left to right in the third row of fig. 4 demonstrates additional g-

tensor broadening, which was present also in ‘solids’. However, now the two SE lines are affected differently by the g-tensor

anisotropy, making the profile of v`{xδ2y at slow tumbling rates rather irregular.

Moving on to the second row in fig. 4, we see that the SE lines that make up v´{xδ2y (orange) are now completely different560

from their counterparts in v`{xδ2y (dashed red). The increased intensity in the vicinity of the electronic resonance due to

motional broadening is also manifested by v´{xδ2y. For the fastest tumbling in the figure (leftmost column), the fluctuations of

the dipolar interaction not only broaden the SE lines but also enable a new phenomenon, which is manifested as near-resonance
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peaks that are comparable in magnitude to the peaks at ˘ωI but clearly distinct from them (orange line). These peaks reflect

the multiplicative contribution of the dispersive EPR signal to v
´

(Sezer, 2023a, b). For faster translational diffusion the near-565

resonance peaks may become larger than the peaks at ˘ωI , as can be seen in the leftmost column of fig. A3a (orange line).

Because they are more strongly suppressed by the electronic saturation, however, these peaks do not exceed the SE peaks in

the final enhancement profile (fig. A3a, leftmost column, green line).

Up to an overall scaling factor, the green lines in the last row of fig. 4 correspond to the SE-DNP enhancement profile.

Because its middle part is suppressed by the electronic saturation, this profile in the presence of g-tensor broadening becomes570

very non-symmetric and responds sensitively to the tumbling of the polarizing agent. To further illustrate the influence of

the electronic saturation on the SE-DNP spectrum, in fig. A2 we show the same curves but calculated with five-fold longer

electronic spin-lattice relaxation time (T1 “ 500 ns), which leads to larger saturation. Similarly, to illustrate the effect of trans-

lational diffusion, we recalculated the curves in fig. 4 for τffhs “ 3 ns (two times faster) and τffhs “ 12 ns (two times slower).

The results are presented in fig. A3. These additional simulations show that the SE-DNP line shape is very sensitive to the575

times scales of molecular motion.

In the next section, we systematically vary the degrees of power broadening and motional broadening to match the experi-

mental DNP profiles from fig. 1.

5 Disentangling the solid and Overhauser DNP effects

Using the developed methodology, we now analyze the experiments from fig. 1. In the light of eqs. (2) and (7) for the OE580

and SE enhancements, we will identify the profile of the electronic saturation (fig. 4, first row) with εOE and the profile of

pv
´

{xδ2y (fig. 4, last row, green line) with εSE. The tumbling times to be used in the DNP calculations will be obtained by

fitting the experimental cw-EPR spectra. We start with 10-Doxyl-PC (fig. 1a,c) as its experimental spectra were more amenable

to unrestricted fits of all parameters.

5.1 10-Doxyl-PC585

5.1.1 Fit to the cw-EPR spectrum

Derivative EPR spectra were calculated from the first (i.e., 00th) components of the expressions in (77) for different values

of the fitting parameters. In the fit, we varied the time scale of tumbling, τrot, as well as the g-tensor anisotropies γ2
0 and γ2

2

(eq. (50)). As we have no precise knowledge of the field B0 at the sample, we freely shifted the calculated spectra along the

horizontal axis to achieve best match with experiment. Since this leaves one of the g-tensor components undetermined we took590

gzz “ 2.0023, which is typical for nitroxides.

The numerical integrals of the derivative EPR spectra in figs. 1a and 1b (dotted-dashed blue lines) do not come down exactly

to zero at the end of the integration range at high frequency offsets. This points to the possibility that the in-phase component,

sy , is mixed slightly with the out-of-phase component, sx. To account for this possibility, we fitted the derivative EPR spectra
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by calculating595

Bs00
y

B∆
cosφ `

Bs00
x

B∆
sinφ, (96)

where the angle φ controlled the degree of mixing.

All in all, not counting the shift along the horizontal axis, we had four fitting parameters: γ2
0 , γ2

2 , τrot and φ. The best fit to

the cw-EPR spectrum of 10-Doxyl-PC is shown in fig. 5a. The corresponding fitting parameters are given in the upper half of

Table 1.600

Encouragingly, our fitted spectrum shows rather good agreement with experiment, in spite of the simplifying assumptions of

the theoretical model, namely isotropic rotational diffusion and absence of hyperfine interaction. To check the effect of the latter

on the cw-EPR spectrum, we used Easyspin (Stoll and Schweiger, 2006) to simulate spectra with our fitted parameters but now

also including a nitroxide hyperfine tensor, A “ diagp14,14,90q MHz. The result is given in fig. A4a. The modification due to

the hyperfine interaction, although small as expected at high magnetic fields, is clearly visible. Nevertheless, the comparison605

of the integrals of the cw-EPR spectra in fig. A4b suggests that the error made by neglecting the hyperfine interaction when

calculating the DNP spectrum should be small.

Regarding the values of the fitted parameters, it was encouraging to see that the fit resulted in a negligibly small mixing angle

of φ “ ´1.3˝, indicating that the measured spectrum correctly reflects the in-phase EPR component. With B0 “ 9.4029 T and

gzz “ 2.0023, the fitted g-tensor anisotropies that are given in Table 1 implied610

gxx “ 2.00755, gzz “ 2.00555. (97)

These values are rather reasonable for a nitroxide spin label. Finally, the fitted time scale of rotational diffusion was τrot “

5.2 ns. For comparison, the same time scale for the nitroxide free radical TEMPOL in water is about 20 ps (Sezer et al., 2009).

However, unlike TEMPOL, our spin label is covalently attached to the lipid chain.

5.1.2 Fit to the DNP spectrum615

Fixing the g-tensor components and the tumbling time to the values obtained from the fit to the cw-EPR spectrum, we proceeded

to fit the DNP spectrum of 10-Doxyl-PC (fig. 1c). In the calculations, we fixed the mw field to B1 “ 5.5 G, which is our best

estimate for the home-built Fabry-Pérot resonator operating at maximum power (Denysenkov et al., 2022). During the fits,

we again allowed for global shift of the calculation along the horizontal axis. In addition, we fitted the electronic T1 time,

which has a direct effect on the electronic saturation profile, as well as the time scale of translational diffusion, τffhs, which is620

responsible for the motional broadening of the SE lines.

In the fit, we calculated the electronic saturation factor (eq. (75)) and the time scale pv´p∆q{xδ2y (last equation in (94)) as

functions of the offset frequency ∆. Up to unknown multiplicative factors, these correspond to, respectively, the OE and SE

enhancement profiles (eqs. (2) and (7)). We then fit the experimental DNP spectrum by calculating

εp∆q “ σOE ˆ sp∆q ` σSE ˆ
pv´

xδ2y
p∆q, (98)625

26

https://doi.org/10.5194/mr-2023-10

��������	���

�

��
�
��
��
�

Preprint. Discussion started: 31 July 2023

c© Author(s) 2023. CC BY 4.0 License.



(a) (b)

Figure 5. Fits to the experimental cw-EPR spectrum (a) and DNP spectrum (b) of 10-Doxyl-PC. In both cases, our best fits are shown with

dashed black lines. The DNP spectrum in (b) is calculated by adding the contributions of SE (solid green line) and OE (dotted-dashed blue

line), both of which are affected by the g-tensor anisotropy. The fit parameters are given in Table 1.

Table 1. Parameters obtained from the fits to the experimental data. B1 “ 0.02 G for EPR and 5.5 G for DNP. Homogeneous T
homog
2 “ 20 ns

was used for both EPR and DNP.

fit parameter 10-Doxyl-PC 16-Doxyl-PC

E
P

R

γ2
0 ,γ2

2 (MHz) ´373,107 from 10-PC

τrot (ns) 5.2 1.9

φ (˝) ´1.3 ´2

shown in figure 5a 6a

D
N

P

τffhs (ns) 6.4 from 10-PC 15.3

T1 (ns) 123 153 141

σOE (-) 2.43 2.385 2.57

σSE (ps´1) 1.51 1.35 1.09

shown in figure 5b 6b 7

where the scaling parameters σOE and σSE were also allowed to vary freely. As a result, not counting the shift along the

horizontal axis, our fit contained four fitting parameters: τffhs, T1, σOE and σSE. The best fit to the DNP spectrum of 10-Doxyl-

PC is shown in fig. 5b. It is noteworthy how the total DNP enhancement (dashed black line) emerges from the sum of the SE

(green line) and OE (dotted-dashed blue line) contributions. The corresponding fitting parameters are given in the bottom half

of Table 1.630

In the case of 10-Doxyl-PC, the intuitive analysis of Neudert et al. (2017) for identifying the OE and SE components of

a mixed DNP spectrum using the integrated cw-EPR line shape already performed very well (fig. 1c). It is, therefore, not

surprising that our analysis, which has more fitting parameters, agrees better with the experimental DNP spectrum (fig. 5b).
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Both deficiencies of the intuitive approach, namely, too narrow OE and SE contributions due to the lack of, respectively, power

broadening and motional broadening, appear to be satisfactorily addressed.635

On a more fundamental level, our simulation shows that, due to the simultaneous power- and motional-broadening, the

OE and SE contributions to the DNP enhancement are not only rather asymmetric but also overlap extensively. It should,

therefore, be practically impossible to extract any molecular information from the mixed DNP spectrum without a complex,

quantitative analysis. In our specific case, the fit resulted in a translational time scale τffhs “ 6.4 ns, and suggested that the

electronic relaxation time should be about T1 “ 120 ns. At the high magnetic field of the experiment (B0 “ 9.4 T) this spin-640

lattice relaxation time is practically impossible to measure in the liquid state.

In addition to τffhs and T1, the fit to the DNP spectrum of 10-Doxyl-PC also produced the following numerical values for

the two scaling parameters in eq. (98): σOE “ 2.4 and σSE “ 1.5 ps´1. These will be analyzed in Sec. 5.3 together with the

corresponding values for 16-Doxyl-PC.

5.2 16-Doxyl-PC645

Because the g-tensor anisotropies are largely averaged in the cw-EPR spectrum of 16-Doxyl-PC (fig. 1b), we did not attempt

to fit them. Instead, we fixed all three components to the values obtained from 10-Doxyl-PC. This left only the rotational time,

τrot, and the mixing angle, φ, as fitting parameters, not counting the shift along the horizontal axis. As the automated fitting

did not behave well, we varied these two parameters manually. One satisfactory fit, obtained with the parameters that are given

in Table 1, is shown in fig. 6a. We mention that the relative heights of the two lines in the calculation were slightly improved650

by using a small mixing angle of φ “ ´2
˝.

Although, overall, the fit is not bad, the middle part of the calculated spectrum changes too sharply and its high-frequency

line is too narrow compared to experiment. We again used Easyspin to check whether these deficiencies are due to the lack of

hyperfine interaction. The spectra for τrot “ 1.9 ns with and without hyperfine interaction are shown in fig. A5a. As the whole

spectrum is narrower than that of 10-Doxyl-PC, the effect of the hyperfine tensor is comparatively larger. Nonetheless, the655

integrated EPR lines in fig. A5b show that the extra width due to the hyperfine tensor should not compromise our subsequent

analysis of the DNP spectrum, which will experience additional power-broadening and motional-broadening.

Moving on to the DNP spectrum, we observed that the free fit of all parameters resulted in τffhs that was more than two

times larger than that of 10-Doxyl-PC, as we explain below. Considering this to be unrealistic, we fixed τffhs to the value that

was obtained from 10-Doxyl-PC. Thus, not counting the horizontal translation of the calculated DNP spectrum, our automated660

fit had three fitting parameters: T1, σOE and σSE. The outcome is shown in fig. 6b. The corresponding parameters are given in

the second-last column of the lower half of Table 1.

At 9.4 T the electronic Larmor precession time scale is about half a picosecond, which is three orders of magnitude less than

the rotational time scales inferred from the cw-EPR spectra. On such sub-ps time scales, the local dynamics of the spin labels

at positions 10 and 16 should not be very different from each other. Since the spin-lattice relaxation is determined by dynamics665

on the electronic Larmor time scale, we were satisfied that the fitted T1 “ 150 ns was close to that from 10-Doxyl-PC.
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(a) (b)

Figure 6. Same as fig. 5 but for 16-Doxyl-PC. The fitted parameters are given in the second to last column of Table 1. Because all fitted lines

in figs. 5, 6 and 7 are calculated only at the experimental offsets, the green SE lines are not perfectly smooth.

The performance of the simple analysis of Neudert et al. (2017) was poorer for 16-Doxyl-PC (fig. 1d). Compared to it, our

fit to the DNP enhancement profile is excellent (fig. 6b). The only part of the DNP spectrum that our calculation systematically

underestimates are the five leftmost experimental points. Although there are other individual experimental points that lie further

from the calculated spectrum, these five points are persistently lower by about 0.2 enhancement units.670

Observe that the downward shift of the fifth experimental point (together with the first four points) produces an enhancement

peak at around ´400 MHz. The only way our automated fit can create a pronounced peak at this offset is by making the SE

contribution (green line) more “solid-like”, i.e., by increasing τffhs and reducing the motional broadening. (The lower left

corner of fig. A3b provides an example of such more solid-like SE line shape.) We thus identify the systematic displacement

of the leftmost five points to be responsible for the increase of τffhs when it is allowed to vary freely during the fit.675

The best fit that we obtained when τffhs was included among the other fitting parameters is shown in fig. 7. (The resulting

fit parameters are given in the last column of the lower half of Table 1.) Indeed, with τffhs “ 15.3 ns, the SE lines (green) have

become sharper and a small enhancement peak at ´400 MHz has emerged (dashed black line). Although the enhancement

around `400 MHz has been compromised in the process, the overall fit to all experimental points is improved compared to fig.

6b.680

The two alternative fits in figs. 6b and 7 correspond to very different time scales of translational diffusion. Nevertheless,

within the variability of the measurements, they both agree with the DNP data. Considering the experimental challenges of

liquid-state DNP at such high magnetic fields and large mw powers, further decreasing the experimental variability will be

very hard. It is, therefore, important to analyze together several different experimental constructs, like our 10- and 16-Doxyl-

PC. The final decision of which fit to the DNP spectrum of 16-Doxyl-PC is “better” can only be based on the overall consistency685

of the fitted parameters across all analyzed data. We return to this point in Sec. 5.3.
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Figure 7. Same as fig. 6b but also fitting τffhs. The fitted parameters are given in the last column of Table 1. Observe that the OE contribution to

the DNP spectrum (dotted-dashed blue line) is narrower (i.e., more “liquid-like”) than that of 10-Doxyl-PC (fig. 5b), while the SE contribution

is more “solid-like” because the time scale τffhs is 2.4 times longer.

The other two parameters that emerged from the fit to the DNP spectrum of 16-Doxyl-PC were σSE and σOE. These deter-

mine the amplitudes of the SE contribution (solid green lines in figs. 6b and 7) and OE contribution (dotted-dashed blue lines)

to the DNP enhancement (dashed black lines). We now turn to the analysis of these scaling parameters.

5.3 Additional molecular parameters690

Ultimately, the motivation to disentangle a mixed DNP spectrum into its OE and SE components lies in the desire to extract

information about the molecular and spin properties that the respective DNP mechanism depends on. The main advantage of

our procedure over the intuitive approach of Neudert et al. (2017) is that our decomposition produces physically interpretable

parameters, like τffhs and T1. In addition, our scaling parameters σOE and σSE multiply, respectively, the saturation factor and

v
´

{xδ2y, whose absolute magnitudes are part of the calculation (fig. 4, vertical axes). Thus, we can extract further information695

from the fitted values of σOE and σSE. In contrast, because the simple approach rescales the integrated cw-EPR spectrum

whose amplitude is arbitrary, the values of its scaling factors are not informative.

Using eq. (2) for the OE enhancement, the coupling factor c is readily expressed in terms of σOE:

c “
σOE

f

γI

|γS |
, (99)

where the leakage factor f can be obtained by measuring the nuclear spin-lattice relaxation times (eq. (4)).700

We measured the T1 values for the chain protons of DOPC (without spin-labeled lipids) at 310 K and 330 K using the Fabry-

Pérot probe. These are given in the T 0

1I
column of Table 2. Additionally, we measured the nuclear spin-lattice relaxation times

in the presence of either 10- or 16-Doxyl-PC (column T1I of Table 2). The target temperature of the DNP experiments (320 K)

lies between the two temperatures at which the nuclear T1 times were measured. However, considering the possibility of mild
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Table 2. Analysis of the scaling parameters σOE and σSE. Nuclear spin-lattice relaxation times with (T1I ) and without (T 0

1I ) spin labels were

measured at two different temperatures. These determine the leakage factor f . The coupling factor c is obtained from f and σOE using eq.

(99). The magnitude of the dipolar interaction responsible for SE (xδ2y), obtained from σSE using eq. (100), provides information about the

effective contact distance (b). Combining b with τffhs from Table 1, we estimate the diffusion constant of the FFHS model (Dffhs).

Temp. Nuclear T1’s Overhauser Solid effect

Doxyl-PC T (K) T 0

1I (ms) T1I (ms) f σOE c (‰) σSE (ps´1) xδ2yT1I (ns´1) b (nm) Dffhs (nm2/µs)

10
310 580 44 0.92

2.43
3.99

1.51 2.29
0.61 59

330 910 52 0.94 3.92 0.65 66

16
310 580 93 0.84

2.385
4.32

1.35 2.05
0.81 104

330 910 120 0.87 4.17 0.89 123

16*
310 " " "

2.57
4.65

1.09 1.66
0.87 50

330 " " " 4.50 0.95 59

temperature rise by several degrees, we expect the values at 330 K to closely reflect the DNP conditions. Nonetheless, we carry705

out the following analysis using the T1 values measured at both 310 K and 330 K.

The leakage factors obtained from (4) are shown in the column f of Table 2. Using the values of σOE from Table 1 in (99),

we arrived at the coupling factors in column c of Table 2. In the case of 16-Doxyl-PC, the analysis was performed for the

fit where τffhs was fixed at 6.4 ns (denoted 16 in Table 2) as well as for the fit where τffhs was free to change (denoted 16*).

(These two alternatives correspond to the last two columns of Table 1.) For both choices, somewhat larger coupling factors710

were deduced for 16-Doxyl-PC compared to 10-Doxyl-PC. The estimated coupling factors are less than two times smaller than

what we have obtained previously for TEMPOL in DMSO, and about four times smaller than the coupling factors between

TEMPOL and the protons of toluene (Prisner et al., 2016; Sezer, 2013; Küçük et al., 2015).

Turning now to SE, using the enhancement in (7) we express the unknown strength of the dipolar interaction in terms of the

scaling parameter σSE as follows:715

xδ2yT1I “ σSE

γI

|γS |
. (100)

The values of xδ2yT1I , which were calculated from the right-hand side of (100), are about 2 ns´1 for 10, 16 and 16* (Table 2).

Since v`{xδ2y is about 1 ps (fig. 4, third row), we conclude that v`T1I ! 1, which justifies our use of the approximation (7)

throughout the analysis, including during the fit to the DNP spectra.

From the expression of xδ2y (eq. (39)), we can write the contact distance of the translational FFHS model as720

b3 “ N
2π

5
D2

dip

T1I

σSE

|γS |

γI

, (101)

where N is the number density of the electronic spins. Since, in principle, all parameters on the right-hand side of (101) are

measurable, we can determine b. To estimate N , we note that the molecular volume of DOPC is 1.3 nm3 (Greenwood et al.,

2006). Since there are 20 unlabeled lipids for one labeled one, we estimate N “ p20 ˆ 1.3nm
3q´1, which corresponds to a
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molar concentration of 64 mM. Using this number in (101), we obtained the values of b that are given in the second to last725

column of Table 2.

When the values of b are interpreted literally as “contact distance” between the nitroxide spin label and the protons of the

lipid chains, their substantial variation between 10- and 16-Doxyl-PC is disturbing. From that perspective, it is clear that the

parameter b of the FFHS model, which we used to account for the fluctuations of the dipolar interaction due to molecular

translations, cannot reflect the actual molecular distances of closest approach.730

Because b was obtained from the scaling parameter σSE, only information about the amplitude of the SE enhancement has

been directly used in its estimate. In contrast, the motional time scale τffhs (Table 1) encodes information about the line shape

of the SE enhancement. From these complementary features of the SE contribution to the DNP spectrum, we have managed to

determine both b and τffhs. Having access to these two parameters, we can calculate the diffusion constant of the FFHS model

from (38). The results are given in the last column of Table 2. To our surprise, we obtained very similar values for 10 and 16*,735

while the diffusion constant for 16 is two-fold larger. (Given the variability in the experimental data and the fact that the fits to

the DNP spectra are not unique, the differences between Dffhs of 10 and 16* should not be seen as meaningful.)

In an effort to identify a potential candidate for the physical motion that the FFHS model emulates, we observed that the

coefficients of lateral translational diffusion for DOPC in oriented bilayers are 20 nm2 µs´1 at 323 K, and 26 nm2 µs´1 at 333 K

(Filippov et al., 2003, fig. 6a). These, we expect, bracket the value at our DNP conditions. The diffusion in the FFHS model740

corresponds to the relative translation of the nuclear and electronic spins, i.e., Dffhs “ DI ` DS . Assuming that the lateral

diffusion of spin-labeled PSPC in a DOPC bilayer is similar to that of DOPC, from the measured values given above we would

expect Dffhs between 40 and 52 nm2 µs´1. This range is surprisingly close to the estimates of 10 and 16* in the last column of

Table 2, which suggests that the FFHS model in our analysis likely accounts for the lateral diffusion of the lipids in the plane

of the bilayer.745

Since it leads to a diffusion constant that is similar to (i) the known lateral diffusion of DOPC and (ii) the estimate obtained

for 10-Doxyl-PC, we conclude that the fit to the DNP spectrum of 16-Doxyl-PC that is shown in fig. 7 (i.e., the one that led

to “unreasonably” large τffhs) is more realistic than the one with fixed τffhs (fig. 6b). From the perspective of the diffusion

constant, the longer motional time scale of 16* compared to 10, which resulted in more solid-like SE line shape with less

motional broadening, reflects the fact that the “contact distances” in the two cases are different. In retrospect, it is amazing750

how the independent estimates of b and τffhs combine to yield practically identical diffusion constants for the two spin-labeling

positions.

At the moment, it is not clear to us how to properly interpret the different values of b at positions 10 and 16. Atomistic

molecular dynamics simulations (Oruç et al., 2016) could, in principle, be used to investigate whether these effective contact

distances reflect differences in proton density along the normal of the lipid bilayer, or arise for some other reason.755
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6 Conclusion

In the time-domain description of SE that we developed recently (Sezer, 2023a), the relevant spin dynamics is pictured in terms

of two connected Bloch equations. Due to this central role of the Bloch equations in our formalism, we first rephrased Freed’s

treatment of slow tumbling as a generalization of the classical Bloch equations, where the scalar elements of the Bloch matrix

became matrices in the space of the angular-momentum indices LM . For this reformulation to work, we had to neglect the760

hyperfine interaction, which is in fact treated by Freed et al. (1971). As a result, our analysis is formally deficient for nitroxide

radicals. Nevertheless, it should be valid approximately at high magnetic fields where the influence of the hyperfine tensor is

smaller than that of the g tensor. The experimental data that we analyzed fell into this regime.

DNP experiments with nitroxide free radicals in viscous liquids invariably manifest a mixture of SE and OE (Leblond et al.,

1971b; Neudert et al., 2017). As these two DNP mechanisms are sensitive to molecular motions on vastly different time scales,765

it should be possible to obtain rich dynamical information by analyzing their contributions to the overall DNP enhancement.

Disentangling the SE and OE contributions, however, has proven to be challenging (Leblond et al., 1971a). Here we fitted

liquid-state DNP spectra by calculating enhancements that were affected by both the translational diffusion of the spins and the

rotational diffusion of the free radical. Since different motions modify the amplitude and the shape of the DNP spectrum in a

highly concerted manner, by fitting the entire line shape of the enhancement we also gained access to the absolute magnitudes770

of the SE and OE contributions.

Our current treatment of SE-DNP in liquids uses only the correlation function of the dipolar interaction to describe the

translational motion of the spins (Sezer, 2023b). This is formally correct only when the diffusion is much faster than the

nuclear T1 relaxation. It should be possible to relax this condition and model slower spin diffusion, as relevant for SE in the

solid state.775

33

https://doi.org/10.5194/mr-2023-10

��������	���

�

��
�
��
��
�

Preprint. Discussion started: 31 July 2023

c© Author(s) 2023. CC BY 4.0 License.



Appendix A: Additional figures
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Figure A1. Same as fig. 3 but with T1 “ 500 ns (i.e., five-fold longer), which leads to larger saturation of the allowed electronic transition.

Only the first and last rows are affected.
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Figure A2. Same as fig. 4 but with T1 “ 500 ns, which leads to larger electronic saturation. As in the case of ‘solids’, only the first and last

rows are affected.

34

https://doi.org/10.5194/mr-2023-10

��������	���

�

��
�
��
��
�

Preprint. Discussion started: 31 July 2023

c© Author(s) 2023. CC BY 4.0 License.



(a)

(b)

Figure A3. Same as fig. 4 but with (a) τffhs “ 3 ns, i.e., two-fold faster translational motion which broadens the SE lines to a larger extent,

and (b) τffhs “ 12 ns, i.e., more solid-like behavior. Observe how the predicted SE-DNP line shape (green line in the last row) responds

sensitively to the time scale of the translational motion that is responsible for averaging the dipolar interaction.
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(a) (b)

Figure A4. Effect of hyperfine tensor on the calculated EPR spectrum of 10-Doxyl-PC. Various derivative cw-EPR spectra (a) and their

numerical integrals (b) are compared with each other. Our calculation (solid black line) agrees perfectly with the Easyspin (Stoll and

Schweiger, 2006) simulation without a hyperfine tensor (dashed blue line). Including a hyperfine tensor with components p14,14,90q MHz

in the Easyspin calculation (dotted-dashed orange line) leads to visible changes in the derivative cw-EPR spectrum. However, the difference

of the integrated EPR lines with and without a hyperfine tensor in (b) should be negligible as far as the simulation of the DNP spectrum is

concerned.

(a) (b)

Figure A5. Same as fig. A4 but for 16-Doxyl-PC. Because the cw-EPR spectrum is narrower to begin with, the relative contribution of the

hyperfine tensor with components p14,14,90q MHz is larger than in the case of 10-Doxyl-PC. Considering that the EPR line will experience

additional power-broadening and motional-broadening in DNP, it should still be possible to safely neglect the extra width that the hyperfine

tensor brings to the integrated EPR line in (b).
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4qfw-TfNlgwfT fwv ngNfNlgwfT ygvMTfNlgw- gw Dr FkklUlFwUR

s g e Twmg e gA mT Twmg e mAae Twmg mg ckkw wcg 1

r2co O 2Ior

pw TljMlv- N.F -NgU.f-NlU SgvMTfNlgw gk N.F eAp qF-Igw-lGTF kgq N.F a Dr fqF

UgSSgwTR SgvFTFv GR N.F qFTfNlVF Nqfw-TfNlgwfT SgNlgw GFNWFFw IgTfqlKlwu fuFwN

fwv N.F NfquFN SgTFUMTF fwv N.F lwwFq -I.FqF qgNfNlgw gk N.Flq Nqfw-lFwN

UgSITFJ 
��
�	:wvFq-Nfwvlwu N.F UgwNqlGMNlgw- gk vlkkFqFwN SgvFT- l- fvVfwNfuFgM-

kgq fUUMqfNFTR IqFvlUNlgw gk N.F Dr FkklUlFwUR f- WFTT f- N.F -NqfNFulU vF-luw gq

SgvlklUfNlgw gk N.F U.FSlUfT -NqMUNMqF- gk IgTfqlKlwu fuFwN- kgq -IFUlklU IMqIg-F

pw N.l- Wgqx Dr SFf-MqFSFwN- WFqF IFqkgqSFv gw vlSFN.RT -MTkgJlvF y1a

-gTMNlgw vgIFv WlN. wlNqgJlvF vFqlVfNlVF- kFfNMqlwu vlkkFqFwN qlwu uFgSFNqlF- fwv

VfqlgM- -MG-NlNMFwN- N.fN lwkTMFwUF N.F -NFqlU fUUF--lGlTlNR Ng N.F Da uqgMI ilN. N.F

qgNfNlgwfT UgqqFTfNlgw NlSF gk qfvlUfT- vFNFqSlwFv kqgS N.F UW  rn -IFUNqf fwv N.F

y1a vlkkM-lgw UgFkklUlFwN kqgS TlNFqfNMqF N.F vRwfSlU SgvMTfNlgw GR SgTFUMTfq

Nqfw-TfNlgwfT fwv qgNfNlgwfT SgNlgw Ufw jMfwNlNfNlVFTR IqFvlUN N.F gG-FqVFv a Dr

FkklUlFwUR

pw fvvlNlgw Ng N.F UgSGlwFv gMNFq fwv lwwFq -I.FqF SgvFT IqF-FwNFv WlN. N.F

IMGTl-.Fv fqNlUTF lw 1FUNlgw f kMqN.Fq fwfTR-l- lw 1FUNlgw -.gWFv N.fN N.F

e1a1 SgvFT WlN. gMNFq -I.FqF Nqfw-TfNlgw gk y1a fwv gkk UFwNFqFv qgNfNlgw gk

qfvlUfT SgTFUMTF- fT-g Ufw IqFvlUN Dr UgMITlwu kfUNgq- UTg-FTR fuqFF- WlN. N.F

FJIFqlSFwNfT gG-FqVfNlgw- fwv IqgVlvF- -lSMTfNlgw IfqfSFNFq- W.lU. fuqFF- GFNNFq

WlN. N.F y -lSMTfNlgw-
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ABSTRACT: TEMPOL nitroxide radicals are frequently used as a polarizing agent for
liquid-state Overhauser dynamic nuclear polarization. To achieve large signal enhancements
at high magnetic fields (9.4 T), fast picosecond to sub-picosecond dynamics between
nitroxide and the target solvent molecule are required. Such dynamics have been predicted
by molecular dynamic studies and attributed to fast inner-sphere motions of a transient
radical−solvent complex. Here, we systematically study a series of nitroxide radicals with
different substituents around the electron spin-bearing NO moiety and different overall sizes
to quantify the contribution of the rotational dynamics of the radical to these inner-sphere
dynamics. The experiments are performed at a 9.4 T magnetic field, which exhibits high
sensitivity to rotational motion contributions in a low picosecond time range. We can show
that the observed enhancements can be quantitatively predicted taking the rotational motion
of the radical into account.

■ INTRODUCTION

Dynamic nuclear polarization (DNP) has received attention
over the last years as a promising method to enhance nuclear
magnetic resonance (NMR) signals.1,2 It can be shown that
considerable enhancements are also achieved at high magnetic
fields if an efficient microwave (mw) irradiation in the sub-
THz regime of the unpaired electron spin of the polarizing
agent can be accomplished.3,4 Most DNP experiments perform
the polarization transfer from the radical electron spin to the
target nuclear spin in the solid state, where the solid effect,5 the
cross effect,6,7 and thermal mixing8,9 are effective and where
the electron spin relaxation times are reasonably long. Only a
few DNP experiments at high magnetic fields have been
performed in liquid solutions, where the electron−nuclear
cross-relaxation processes generate signal enhancement.10−14

The NMR signal enhancement ε by the Overhauser
mechanism is described as15

ε
γ

γ
ξ=

⟨ ⟩ −
= · · ·

I I

I
f sz 0

0

s

I (1)

where γS and γI are the gyromagnetic ratios of the electron and
the nucleus, respectively, f is the leakage factor that is equal to
1 − T1IS/T1I (T1IS and T1I are corresponding nuclear
longitudinal relaxation times in the presence and in the
absence of polarizing agents in solution), s is the saturation
factor ranging from 0 (no saturation) to 1 (full saturation of
the electron spin system by the mw), and ξ is the coupling
factor, which describes the efficiency of the polarization

transfer. In the Overhauser mechanism, the polarization
transfer is accomplished by the cross-relaxation processes
caused by the dynamic modulation of the hyperfine coupling
between the electron and nuclear spin.
The major reason why liquid-state Overhauser DNP

experiments at a high magnetic field fall behind the progress
seen in solid-state DNP is of technical nature and related to the
strong absorption of the electric field component of the
microwave in liquids at high frequencies. To avoid strong
heating of the liquid sample while at the same time achieving
substantial saturation of the fast relaxing electron spins, mw
resonance structures can be used.16 They allow maximizing the
mw magnetic field strength at the sample while at the same
time minimizing the electrical field component at this position.
Unfortunately, in this case, the size of the mw resonator
severely limits the size of the sample to below 1 μL. Successful
Overhauser DNP experiments on liquids have also been
performed with oversized resonance structures or without such
mw resonators, achieving larger sample volumes.17,18 Addi-
tionally, similar to the polarization transfer mechanism active
in solids, all of these efficiencies decrease rapidly at higher
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magnetic fields. For Overhauser DNP in liquids at high
magnetic fields, this is due to the lack of the necessary fast
translational and rotational correlation times on a sub-ps time
scale.19

Nevertheless, it could be shown experimentally that
substantial 1H DNP enhancements can be obtained in liquids
at 9.4 T using nitroxide radicals as polarizing agents.14,20 These
surprisingly large enhancements were interpreted by addition-
ally fast internal dynamics of the radical−solvent complex
based on molecular dynamics (MD) simulations.21,22 At high
magnetic fields, such fast inner-sphere dynamics can
substantially contribute to the DNP efficiency, in addition to
the translational diffusion dynamics of the solvent and radical,
which can easily be identified by NMR relaxation dispersion
measurements.14 However, the physical origins of these fast
dynamics in the low to sub-picosecond time range are still
unexplained.
Recent DNP experiments performed at X-band frequencies

demonstrated how rotational motion of bulky fullerene-linked
nitroxides with rotational correlation times in the 10−100 ps
range can affect the Overhauser DNP coupling factor at a 0.3 T
magnetic field.23 Here, we systematically investigated a series
of nitroxide radicals with different sizes and different
substitutes close to the spin-bearing N−O group by EPR
and DNP at 9.4 T to investigate the importance of the
rotational motion of the nitroxides to the high-field DNP
enhancements.

■ METHODS

A series of nitroxide derivatives based on piperidine (1, 2, 3),
pyrrolidine (4, 5, 6, 7, 8), imidazolidine (9, 10), pyrroline
(11), imidazoline (12, 13), and nitronyl (14) nitroxides with
various substituents adjacent to a NO spin-bearing moiety
(spyrocyclohexane, spirocyclopentane, tetramethyl, tetraethyl,
phenyl, butyl, and tert-butyl) dissolved in DMSO were used for
the DNP and EPR measurements (Figure 1).
Nitroxide 1 was obtained from Sigma-Aldrich. Nitroxides

2,24 3 and 12,25 5 and 11,26 6,27 7,28 8,29 9 and 10,30 13,31 and
1432 were prepared according to the literature protocols. 3,3-
Dicarboxy-2,2,5,5-tetramethylpyrrolidine-1-oxyl (4) was pre-

pared in analogy to the original method33 with some
modifications described in ref 34.
X-band (9.4 GHz, 0.3 T) CW-EPR measurements to

determine the rotational correlation times of all nitroxide
radicals were performed in the temperature range of 295−383
K with nitroxide concentrations of 0.5 mM using a commercial
Bruker Elexsys E500 spectrometer. High-field CW-EPR spectra
were recorded at J-band frequencies (260 GHz, 9.4 T) at a
temperature of 295 K using a Bruker Elexsys E780
spectrometer. In this case, the same nitroxide radical
concentration of 50 mM was used as for the DNP experiments.
ESEEM and ENDOR measurements to investigate the DMSO
proton spins close to the electron spin-bearing NO group of
the different nitroxides were performed using a Bruker Elexsys
E580 spectrometer (more detailed in SI). The EPR spectra
were simulated using EasySpin software.35

DNP experiments were carried out on our home-built liquid-
state 400 MHz DNP spectrometer, consisting of a commercial
400 MHz NMR Bruker Advance spectrometer equipped with a
home-built EPR bridge operating at 260 GHz for electron spin
excitation and detection. Microwave excitation with a power of
up to 0.5 W was achieved using a gyrotron source.36 DNP
samples with a 50 mM nitroxide concentration in DMSO were
put in quartz capillaries with a 50 μm inner diameter and an
outer diameter of 150 μm and sealed with wax at both ends.
The DNP probe head has a double-resonance structure
consisting of a helix that serves as a cylindrical TE011 cavity
for EPR excitation and as an NMR coil for detection.
Experimentally, a conversion factor of 0.27 mT/√W was
determined for the TE011 microwave resonance structure,36

leading to a B1 field strength of 1.5 G for an applied microwave
power of 0.3 W. The DNP-enhanced and the reference NMR
FID signals were recorded with a standard 90° RF-pulse
excitation. The 90° pulse length was 20 μs, the repetition time
was 1 s, and the number of scans was 8−16 for DNP (MW on)
and 128 for NMR (MW off) FID signals. The DNP
enhancements were determined by taking the 1H FT-NMR
spectra of the samples with and without cw mw irradiation of
the central hyperfine line of the nitroxide spectra. Integrated
proton NMR signals were used to calculate the DNP
enhancement factor ε. Proton longitudinal relaxation times
were measured with and without a polarizing agent using an
inversion recovery experiment with FID detection at room
temperature. Data were fitted with a single exponential
function. The experimental values of longitudinal relaxation
times were T1I = 2.68 s for pure DMSO and T1IS = 0.11−0.16 s
for DMSO in the presence of nitroxides.

■ THEORETICAL DESCRIPTION OF OVERHAUSER
DNP

For solutions containing nitroxides as polarizing agents and the
molecules of the solvent as target molecules, the coupling
factor can be expressed by two mechanisms: outer-sphere
translational diffusion of the molecules and inner-sphere
dynamics of the short-lived radical−solvent encounter
complexes.37 The coupling factor ξ can, in this case, be
expressed as

ξ
ω τ ω τ

= −
+ ̃

+
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e
dddddddddd

f
h
ggggggggggk J k J

R R
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(2)

with the relaxation rates R1 = 1/T1 of the nuclear spin defined
byFigure 1. Structure of the investigated nitroxides.
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for outer-sphere and inner-sphere dynamics.
The two related amplitudes are defined by
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where q is the number of DMSO protons per polarizing agent
(in our case q = 3), [M] is the concentration of the
paramagnetic agent (in mol/L), a is the number of all solvent
protons (for DMSO a = 6), [Msol] is the concentration of
DMSO (14.1 mol/L), ωs and ωI are the electron and nuclear
spin Larmor frequencies, S is the electronic spin quantum
number, r is the distance between the proton and the unpaired
electron of the polarizing agent in the inner-sphere complex, d
is the distance of the closest approach between the solvent
protons and the polarizing agent electron spin within the
translational diffusion process, and D is the sum of the
diffusion coefficients for the solvent molecule and the
polarizing agent. All other symbols describe natural constants:
NA is the Avogadro number, μ0 is the permeability of vacuum,
and ℏ is the reduced Planck constant.
The outer-sphere dynamics described by the hard-sphere

translational diffusive model of the solvent and radical
molecules result in a spectral density function38

ω τ̃ =
+ +

+ + + + + +

J
z

( , )
1

1

z z

z z z z z

5

8 8

2 6

4

81 81 648

2

2 3 4 5 6

(7)

with ωτ=z 2 D and the translational correlation time given
by τD = d2/D.
The inner-sphere spectral density function for rotational

motion of the radical is defined by a Lorentzian function

ω τ
τ

ω τ
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c
2
c
2

(8)

The correlation time τc as a characteristic time of the inner-
sphere dynamical process is given by

τ τ τ τ
= + +

1 1 1 1

c R M e (9)

where τR is the rotational correlation time of a bound complex
of a polarizing agent and solvent molecules, τM is the lifetime
of the radical−solvent complex (in our case nitroxide−
DMSO), and τe is the longitudinal electron spin relaxation
time of the nitroxide. The radical−solvent complex time τM
and the electronic spin relaxation time τe of nitroxides at a J-
band frequency and ambient temperature are in the nano-
second time range. Under the same conditions, the rotational
correlation time τR is in the picosecond range, resulting in 1/τR
≫ 1/τM, 1/τe. Therefore, further, we can assume 1/τc = 1/τR.
The strategy to predict the high-field Overhauser DNP

coupling factors ξ for the different radicals is as follows: the
rotational correlation time τR has been measured by CW-EPR
spectroscopy for all used radicals at the same temperature at
which the high-field DNP experiments are performed. From
these values, the inner-sphere contribution to the coupling
factor ξ can be calculated if the distance r of the inner-sphere
complex is known. We take this value from former MD studies
and modeling of the coupling factor based on nuclear magnetic
resonance dispersion (NMRD) measurements using the hard-
sphere model.14,22 Furthermore, we assume that this distance is
the same for all radicals investigated, supported by electron−
nuclear double resonance (ENDOR) and electron spin echo
envelope modulation (ESEEM) measurements. The contribu-
tion of the translational motion of the DMSO to the coupling
factor was calculated from the known diffusion coefficient D of
DMSO39 (and assuming that the diffusion coefficient of the
radical itself is smaller).
Under our experimental conditions (magnetic field of 9.4 T,

sample temperature above room temperature, and DMSO
diffusion constant D), we found a significant dependence of
the observed Overhauser DNP enhancement ε on the
experimentally determined rotational correlation times τR of
the different nitroxide radicals investigated. For a quantitative
comparison of the calculated coupling factor profiles ξ(τR)
with the experimentally determined DNP enhancements ε(τR)
for the different radicals, the leakage factor f and the saturation
factor s have to be known as well. The leakage factor f can
easily be measured experimentally and was close to 1 for the

Figure 2. Temperature dependence of the rotational correlation time τR of the two nitroxides 4 and 12 in DMSO obtained from simulation of X-
band CW-EPR spectra with isotropic rotational motion. Data are displayed as an Arrhenius plot. The solid red line obtained by linear regression
yields the activation energy, which is given in the SI. The insets show the experimental CW-EPR spectra (black curve) and their simulation (red
curve) at 383 K (better visible in the SI).

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.1c06979
J. Phys. Chem. C 2021, 125, 25651−25659

25653

https://pubs.acs.org/doi/10.1021/acs.jpcc.1c06979?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c06979?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c06979?fig=fig2&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c06979/suppl_file/jp1c06979_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c06979/suppl_file/jp1c06979_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c06979?fig=fig2&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c06979?urlappend=?ref=PDF&jav=VoR&rel=cite-as


used radical concentrations of 50 mM. The saturation factor s
is the most difficult parameter to access experimentally at high
magnetic fields because increasing the mw excitation power
also increases the sample temperature considerably. We used
our previously proposed approach of measuring the reduction
of the paramagnetic shift by the applied mw power to estimate
the saturation factor of our samples under DNP conditions.20

This procedure allowed quantitative comparison of the
calculated and experimentally determined coupling factor
profiles ξ(τR) at a magnetic field of 9.4 T.

■ EXPERIMENTAL RESULTS

Determination of the Rotational Correlation Time of
Nitroxides by CW-EPR. The rotational correlation times of
all nitroxides (Figure 1) were determined by simulation of
CW-EPR spectra recorded at X-band frequencies in a
temperature range of T = 295−383 K. The inlets in Figure 2
show thze CW-EPR spectra of the two radicals 4 and 12
(further spectra together with simulations performed with
EasySpin software35 are shown in the SI) and, as the main
graph, the temperature dependence of the extracted rotational
correlation time. The rotational correlation times τR for all
radicals as well as the anisotropic g-tensor and 14N hyperfine
tensor values extracted from the field-swept high-field (G-
band) EPR spectra are summarized in Table 1.
The rotational correlation times τR of all investigated

nitroxides fall in the range of 5−30 ps at a temperature of
383 K. Increasing the molecular size of nitroxide affects the
rotational correlation time, which ranges from τR ≈ 5−6 ps for
nitroxides 1, 10, and 12 to τR ≈ 20−30 ps for nitroxides 4, 5,
and 6 (Table 1).
Modeling of Inner-Sphere Rotational Contributions

to the DNP Coupling Factor. With a diffusion coefficient of
D = 2.75 × 10−9 m2 s−1 for DMSO (at a temperature of 383 K)
and an electron to proton spin distance of d = 3.75 Å for the
translational motion and r = 3.60 Å for the inner-sphere
complex (taken from MD and NMRD simulations),14,22 the
coupling factor profile shown in Figure 3 can be predicted. As
can be seen, the DNP coupling factor at J-band (260 GHz)
microwave frequencies is very sensitive to inner-sphere
contributions for correlation times in this time range. The
assumption that the distance of the closest approach is the
same for all investigated nitroxides, despite their different
substituents close to the NO group, is justified by pulsed
ENDOR measurements performed at Q-band frequencies,
which allow studying the hyperfine couplings of the unpaired
electron of nitroxides to the surrounding solvent protons (see
SI). In addition, the spectra obtained from the ESEEM time
traces revealed similar 1H signal intensities for all nitroxides
within experimental error (see SI). Thus, we concluded that
the distances between the nearest solvent proton and the
electron spin are practically the same for all studied nitroxides.
Overhauser DNP Experiments at 9.4 T. We performed

1H DNP experiments at a magnetic field strength of 9.4 T
(corresponding to a proton resonance frequency of 400 MHz
and an EPR resonance frequency of 260 GHz). To be able to
quantitatively compare the experimentally obtained DNP
enhancements of the different radicals, a radical concentration
of 50 mM was used, which was found to be optimal to obtain
good solubility for all radicals. The microwave irradiation was
achieved using a gyrotron source with a maximum power of ∼5
W at the entrance of the probe head. Because the microwave
excitation leads to the heating of the sample, the DNP

measurements of all of the different radicals were performed
with exactly the same mw power to achieve coupling factor
profiles ξ(τR) at a fixed temperature T. Two representative
DNP experiments for radicals 4 and 12 for a mw power
between 0.15 and 0.47 W are shown in Figure 4. As can be
seen in Table 1, negative DNP enhancements between −2.7
and −7.2 were obtained for a mw power of 0.23 W and a 50
mM radical concentration (the full set of the DNP measure-
ments of all radicals is provided in the SI). The NMR signal
intensities with and without mw irradiation are calculated by
the integration of the NMR signal intensities, and the
enhancement ε is defined as described in eq 1. The error of
the experimental DNP enhancement ε can, due to several
repetitions of the experiments, be estimated to be ±10%.

Determination of Sample Temperature under Micro-
wave Irradiation. Notably, the enhanced DNP signal is
significantly shifted compared to the initial NMR signal due to
microwave heating of the sample. Many of the parameters
influencing the Overhauser DNP enhancement, as the
rotational and translational correlation times as well as the
nuclear and electron spin relaxation times, are temperature-
dependent. Therefore, it is very important to know the exact
sample temperature for a quantitative comparison of our
experimentally achieved DNP results with our calculations. We
used the temperature dependence of the chemical shift of the

Table 1. Experimental Parameters for Different Nitroxides
in DMSOa

nitroxides ε f
τR
[ps]

Axx Ayy Azz
[G] gxx gyy gzz

1 −7.2 0.96 4.9 5.7 5.7 36.0 2.00957 2.00625
2.00220

2 −6.6 0.96 7.5 5.5 5.5 35.5 2.00950 2.00630
2.00212

3 −4.3 0.96 10.8 4.5 4.5 35.0 2.00920 2.00620
2.00212

4 −5.0 0.96 21.6 4.4 4.4 34.9 2.00845 2.00612
2.00220

5 −3.7 0.96 30.4 4.5 4.5 34.1 2.00890 2.00610
2.00220

6 −2.7 0.96 26.4 3.6 3.6 34.6 2.00900 2.00595
2.00219

7 −4.5 0.95 14.4 3.6 3.6 34.5 2.00900 2.00585
2.00205

8 −3.7 0.96 15.2 4.2 4.2 34.5 2.00927 2.00603
2.00212

9 −3.8 0.96 15.5 4.8 4.8 34.4 2.00990 2.00610
2.00212

10 −5.6 0.96 6.4 4.6 4.6 35.7 2.00887 2.00592
2.00213

11 −4.5 0.96 14.2 4.5 4.5 34.7 2.00892 2.00600
2.00210

12 −5.6 0.94 5.6 4.0 4.0 33.5 2.00925 2.00602
2.00212

13 −4.1 0.95 10.5 4.2 4.2 33.4 2.00930 2.00598
2.00207

14 −4.6 0.96 10.6 1.8 1.8 19.3 2.01100 2.00670
2.00207

a1H DNP-NMR enhancements ε, achieved for 50 mM radical
concentration at a temperature of T = 383 K. The experimental error
of the DNP enhancement ε is 10%. The leakage factor f is determined
at 298 K. The rotational correlation time τR determined with a radical
concentration of 0.5 mM from X-band CW-EPR spectra is given for a
temperature of T = 383 K. 14N nitroxide hyperfine A- and g-tensors
were determined from G-band echo-detected EPR spectra at 50 K
(0.5 mM concentration of the radical in a DMSO/methanol 7:3
mixture).
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DMSO proton signal as an internal standard to calibrate the
sample temperature under DNP conditions for a given mw
power (see SI). Depending on the applied mw power (0.15−
0.47 W), the sample temperature increases to 348−473 K.
Determination of the Leakage Factor f . For a

microwave power of 0.23 W, the sample is heated to a
temperature of 383 K, at which the rotational correlation times
have been measured as well. Therefore, a direct comparison
between the calculated coupling factor profile and the
experimental NMR signal enhancement ε can be performed
under these conditions if the leakage factor f and the saturation
factor s are also determined at this temperature. The values for

the leakage factor have been experimentally determined at
room temperature for all radicals and are all close to 1 (see
Table 1).

Estimation of the Electron Spin Transition Saturation
Factor s. The saturation factor s is most difficult to access
experimentally at high magnetic fields. Extrapolation of
enhancements obtained by different microwave powers does
not work due to the strong heating of the sample by high-
frequency microwaves. Pulsed EPR methods, as electron
double resonance (ELDOR),40,41 which were used at lower
frequencies, are difficult to realize due to the very fast
relaxation times (<100 ns) of nitroxides in liquid solutions at
high fields. Instead, we previously proposed to use the
suppression of the paramagnetic shift as a function of the
mw irradiation power to estimate the saturation factor.20

Figure 5 demonstrates this procedure for nitroxide 1 dissolved
at a concentration of 50 mM in DMSO. As can be seen from
Figure 5, for a mw power above 0.3 W, the paramagnetic
contribution to the chemical shift is fully suppressed, which we
interpret as a full saturation s ≈ 1 of the electron spin. The top
horizontal axis shows the increasing sample temperature by the
applied mw power. Therefore, sample properties as the
translational and rotational correlation times of both the
solvent and the radical, as well as the solvent proton spin and
the radical electron spin relaxation times, are changing, as a
function of the applied mw power. This hinders the
quantitative interpretation of this saturation curve. Never-
theless, we believe that the saturation value for a mw power of
0.23 W is about s ≈ 0.9. The suppression of the paramagnetic
shift as a function of mw power for the nitroxides 1 and 14
with a rather different size and a different CW-EPR line width
at a J-band frequency is identical (see SI). Therefore, we
believe that the saturation factor s is very similar for all of the
nitroxides investigated here at the same mw power.

Calculation of the Coupling Factor for the Different
Nitroxide DNP Polarizing Agents. With the knowledge of
the leakage and the saturation factor at this temperature, a
coupling factor can be extracted from the measured DNP
enhancements and compared to the values predicted from the
hard-sphere model including an inner-sphere rotational
contribution (Figure 6). The calculated coupling factor, taking
the inner-sphere rotational contribution into account, fits very
well to the experimental values given by the experimentally
determined rotational correlation times and the measured

Figure 3. Dependence of the proton Overhauser DNP coupling factor
on the rotational correlation time of the radical. The coupling factor
calculations are shown for a rotational motion of an S−I complex
(black), an intermolecular translational diffusional motion between
radical and solvent molecules (blue), and a coupled outer- and inner-
sphere dynamical model (red). Simulations at two different magnetic
field strengths are compared. Upper diagram: calculations for a 0.3 T
magnetic field. Lower diagram: calculations for a 9.4 T magnetic field.
The two vertical black lines frame the rotational correlation time
window of 5−30 ps of our studied nitroxides at a temperature of 383
K.

Figure 4. 1H NMR spectra of the two nitroxides 4 and 12 dissolved with a concentration of 50 mM in DMSO. The black curve is the FT-NMR
signal without mw excitation and the colored curves show the FT-NMR signals obtained with different amounts of mw power: (red) 0.15 W, (blue)
0.19 W, (purple) 0.23 W, (green) 0.30 W, (orange) 0.37 W, and (violet) 0.47 W. The 1H NMR spectra for the other studied nitroxides are
provided in the SI.
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DNP enhancements. Also, the predicted slope of the coupling
factor profile ξ(τR) follows the experimental data points very
nicely. This quantitative agreement underlines that the
observed differences in the DNP enhancements are primarily
related to the different sizes and therefore rotational
correlation times of the investigated nitroxides. Interestingly,
the liquid-state Overhauser DNP efficiency at high magnetic
fields seems neither dependent on the nature and the size of
the ring (piperidine, pyrrolidine, imidazolidine, pyrroline,
imidazoline) nor on the shielding of the unpaired electron
spin by bulky substituents around the NO group.

■ DISCUSSION

The obtained DNP enhancement ε = −7.2 for nitroxide 1
reached under our experimental conditions (50 mM radical
concentration, 0.23 W mw power, 50 μm capillary diameter,
and sample temperature of 383 K) is less compared to
experiments obtained previously (DNP enhancement ε = −29,

1 M TEMPOL concentration, 0.5 W mw power, 30 μm sample
capillary, and a sample temperature of 453 K).14 There are
several reasons for this reduced value. First of all, a different
mw B1 field strength, which depends on the quality factor Q of
the probe head and the applied mw power, results in a different
sample temperature. At higher temperatures, larger DNP
enhancement is accomplished due to faster translational and
rotational correlation times. Here, we wanted to keep the
sample temperature to a value where the rotational correlation
times of all nitroxides have been experimentally determined by
X-band CW-EPR. We also measured the temperature depend-
ence of the rotational correlation times (see SI), but this did
not allow the secure projection to a temperature as high as 473
K, corresponding to the sample temperature at a 0.47 W mw
power. Another reason to stay at only slightly elevated
temperatures is to achieve very accurate and reproducible
DNP enhancements. This was very important to experimen-
tally identify the slope of the coupling factor as a function of
the different rotational correlation times (Figure 6). The errors
of the experimental points in the graph (where each point
reflects a different sample) become much larger for experi-
ments at higher temperatures (see the SI). This is because at
higher mw power, the finally reached temperature strongly
depends on sample size and alignment within the mw
resonator, which introduces a larger fluctuation in the DNP
enhancements. Additionally, the rotational correlation times
smaller than 10 ps become difficult to determine quantitatively
by X-band CW-EPR, introducing an additional horizontal
error. Furthermore, the procedure to calculate the DNP
enhancement needs the comparison with the Boltzmann NMR
signal, which is obtained at room temperature. So again, this
procedure is safer if the increase in temperature is moderate.
Another reason for the difference of these measurements in

comparison to earlier results is an unexpected concentration
dependence of the DNP enhancement. Two times larger DNP
enhancements are observed for a 1 M radical concentration
compared to a 50 mM sample (see SI). Because the coupling
factor itself is not concentration-dependent, this must reflect a
variation in the saturation and/or leakage factor or might be
due to a reduction of the Boltzmann signal by extensive
paramagnetic relaxation. This concentration effect is presently
under study in our lab.

Figure 5. Suppression of the paramagnetic shift by mw excitation of the electron spin of the radical. On the left side, the paramagnetic shift is
shown for pure DMSO (red) and 50 mM nitroxide 1 in DMSO (black). The chemical shift change of the DMSO sample as a function of mw
power allows to calibrate the sample temperature for a given mw power. The difference of the line positions of the sample with and without a
radical is the paramagnetic shift (shown in the right panel). For a mw power larger than 0.3 W, the paramagnetic shift is fully suppressed, resulting
in a saturation factor of s ≈ 1.

Figure 6. Comparison of the calculated proton coupling factors with
the experimentally determined coupling factors at a sample temper-
ature of 383 K. The proton coupling factor ξ of DMSO doped with
different nitroxide derivatives is shown as a function of the rotational
correlation time τR of the polarizing agent. The radical concentration
was 50 mM for all samples. The coupling factor ξ was calculated using
eq 2 for translational diffusional motion (blue curve), rotational
motion (black dotted curve), and contribution from both translational
and rotational motions (red curve). The experimental data points for
nitroxides 3, 7, and 8 are overlapping with the nitroxides 13, 11, and
9, respectively.
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Nevertheless, we also recorded DNP enhancements at
higher mw power (up to 0.5 W), where the saturation factor is
expected to reach 1. Even at such high temperatures, the
predicted coupling factors fit well to the experimental data (but
with larger error bars in enhancement and rotational
correlation times). The rotational correlation times could not
be accurately determined at these elevated temperatures, as
discussed above. The coupling factor profiles ξ(τR) at these
higher temperatures are given in the SI.
The coupling factor (and thus the DNP enhancement) is

more sensitive to the rotational motion of typical nitroxide
radicals (with rotational correlation times in the range of 1−30
ps) at high magnetic fields. As can be seen from Figure 3 at an
X-band frequency, the coupling factor of the studied nitroxides
with a rotational correlation time in a range of 1−30 ps is
governed mainly by the translational diffusion. Therefore, we
can predict that at low magnetic fields, the liquid-state
Overhauser DNP efficiency will practically be the same for
all of the nitroxides studied in the present work. This agrees
well with previous studies, where relatively small polarizing
agents (except BDPA and nitroxides attached to fullerene)
showed very similar coupling factors at the X-band
frequency.23,42 Thus, experiments at 9.4 T are perfectly suited
to observe the dependence of the Overhauser DNP effect on
the inner-sphere rotational dynamics for the nitroxide radicals
studied here.

■ CONCLUSIONS

Here, we report on a systematic study of the high-field
Overhauser DNP efficiency of a series of nitroxides exhibiting
different ring geometries and sterically differing substituents
close to the NO group. Although we could show that the ring
structure and the substituents close to the NO group do not
affect the DNP performance, it is well known that they are
crucial for their redox stability. Thus, for room-temperature
applications in redox-active media, for example, for DNP
experiments in cells, redox-stable nitroxides are mandatory.
Among the studied nitroxides, the best ones as redox-stable
polarizing agents are radicals 7 and 13 due to steric shielding of
the NO moiety by the mobile ethyl groups.43 Both of these
radicals show somewhat lower Overhauser DNP enhancement
due to the larger size, leading to a longer rotational correlation
time.
In conclusion, we have studied how different structures of

nitroxide as polarizing agents affect the efficiency of Over-
hauser DNP at high magnetic fields (9.4 T). We could show
that the differences observed in the Overhauser DNP efficiency
of these nitroxides can be explained rather well with the
classical hard-sphere model by the different rotational
correlation times of the nitroxides. These results are very
helpful for the prediction of high-field Overhauser DNP
efficiencies of nitroxidesthe most efficient and the most
commonly used class of DNP agents at high magnetic fields so
far.
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4qfw-TfNlgwfT fwv ngNfNlgwfT ygvMTfNlgw- gw Dr FkklUlFwUR

o nnIr. eI2 11 r2 c o2 2Ior

4.F UgSGlwFv SgvFT gk gMNFq -I.FqF Nqfw-TfNlgw fwv lwwFq -I.FqF qgNfNlgw IqFvlUN-

f UTFfq NqFwv gk U.fwuF- lw a UgMITlwu kfUNgq WlN. VfqlFv SgTFUMTfq -lKF- fwv

-gTMNlgw Vl-Ug-lNlF- hFN N.F I.R-lUfT lwNFqIqFNfNlgw gk N.F gGNflwFv klNNlwu IfqfSFNFq-

GR N.F -lSITlklFv SgvFTlwu l- wgN UTFfq 1IFUlklUfTTR N.l- SgvFT f--MSF- f UgSITFJ

WlN. f TlkFNlSF SMU. TgwuFq f- N.F qgNfNlgwfT UgqqFTfNlgw NlSF fwv luwgqF- N.F qFTfNlVF

TgUfNlgw- gk N.F -Ilw- Ng N.F SgTFUMTfq UFwNFq W.lU. l- wgN wFUF--fqlTR fIITlUfGTF Ng

fTT SgTFUMTfq -R-NFS- - IqF-FwNFv GR axMwg 
 N.F .lu. klFTv �e Dr

Fw.fwUFSFwN- gG-FqVFv gw N.F y1a fUFNgwF fwv NgTMFwF fTgwu WlN. N.F Dyn

DMUTFfq yfuwFNlU nFTfJfNlgw l-IFq-lgw qF-MTN- SFf-MqFv kqgS yeK Ng

yeK kqgS N.F IqFVlgM- -NMvlF-�
 Ufw GF qFfvlTR FJITflwFv M-lwu N.F e1a1 SgvFT��

lw-NFfv gk N.F TlwFfq UgSGlwfNlgw gk lwwFq -I.FqF fwv gMNFq -I.FqF SgvFT aMN gk N.F

-fSF Ugw-lvFqfNlgw N.F e1a1 SgvFT l- kMqN.Fq FJfSlwFv lw N.l- -FUNlgw

Alq-NTR f- -.gWw lw AluMqF N.F FJIFqlSFwNfT Dr UgMITlwu kfUNgq- gk WfNFq

vgIFv WlN. wlNqgJlvF- vFNFqSlwFv fN 4 
� 4 	 fwv 4
 fqF UgSIfqFv WlN.

N.F VfTMF- -lSMTfNFv WlN. gMNFq -I.FqF SgvFT fwv N.F e1a1 SgvFT 4.F -lSMTfNlgw

IfqfSFNFq- fqF -.gWw lw N.F 4fGTF 4.F e1a1 SgvFT IqgVlvF- f UTg-Fq

SfNU. Ng N.F FJIFqlSFwNfT qF-MTN- fN 4 UgSIfqFv WlN. N.F gMNFq -I.FqF SgvFT

W.FqFf- gMNFq -I.FqF SgvFT GFNNFq FJITflw- N.F qF-MTN- fN 4 pwNFqF-NlwuTR N.F

UgMITlwu kfUNgq -lSMTfNFv WlN. e1a1 SgvFT l- VFqR UTg-F Ng N.F VfTMF- IqFvlUNFv GR

N.F qfvlfw vl-NqlGMNlgw kMwUNlgw- qvk kqgS y -lSMTfNlgw- . f- -.gWw lw 4fGTF
�



4qfw-TfNlgwfT fwv ngNfNlgwfT ygvMTfNlgw- gw Dr FkklUlFwUR

4fGTF 1lSMTfNlgw IfqfSFNFq- kgq N.F Dr UgMITlwu kfUNgq gk 4 yrab fjMFgM-
-gTMNlgw WlN. gMNFq -I.FqF SgvFT� fwv e1a1 SgvFT √YP NfxF- N.F qgNfNlgwfT
UgqqFTfNlgw NlSF gk 4 yrab� UfTUMTfNFv WlN. N.F 1NgxF-  lw-NFlw FjMfNlgw WlN.
N.F Vl-Ug-lNlF- gk WfNFq fN vlkkFqFwN NFSIFqfNMqF- FNFqSlwFv GR N.F klq-N IFfx
fIIFfqFv lw N.F qvk kqgS y -lSMTfNlgw . � N.F vl-NfwUF \B G GFNWFFw WfNFq �e
fwv gJRuFw fNgS gk 4 yrab fwv N.F vl-NfwUF \̀ L GFNWFFw N.F UFwNFq- gk Sf-- gk
WfNFq fwv 4 yrab fqF fT-g Tl-NFv

i i i

� 5W� W2

� µ

�
	 µ

�		 µ

����� µ

�
	 U2

���� µ �
���� µ �

AluMqF  JIFqlSFwNfT Dr UgMITlwu kfUNgq gk 4 yrab fjMFgM- -gTMNlgw-
SFf-MqFv fN vlkkFqFwN NFSIFqfNMqF- fwv klFTv-
��
�	 FSINR UlqUTF- UgSIfqFv WlN.
-lSMTfNlgw WlN. gMNFq -I.FqF SgvFT vf-.Fv UMqVF- fwv e1a1 SgvFT- -gTlv
UMqVF-



4qfw-TfNlgwfT fwv ngNfNlgwfT ygvMTfNlgw- gw Dr FkklUlFwUR

AMqN.FqSgqF N.F e1a1 SgvFT l- VfTlvfNFv WlN. N.F FJIFqlSFwNfT qF-MTN- -.gWw lw

1FUNlgw - vFIlUNFv lw AluMqF f jMfwNlNfNlVF SfNU. GFNWFFw N.F Dr

UgMITlwu kfUNgq IqFvlUNFv GR N.F e1a1 SgvFT qFv UMqVF fwv N.F FJIFqlSFwNfT vfNf

-lSlTfq Ng W.fN Wf- fU.lFVFv GR N.F UgSGlwFv lwwFq fwv gMNFq -I.FqF SgvFT AluMqF
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ABSTRACT: Dynamic nuclear polarization (DNP) is routinely used as a method for
increasing the sensitivity to nuclear magnetic resonance (NMR). Recently, high-field solid-
e!ect DNP in viscous liquids on 1H nuclei was demonstrated using narrow-line polarizing
agents. Here we expand the applicability of DNP in viscous media to 13C nuclei. To
hyperpolarize 13C nuclei, we combined solid-e!ect 1H DNP with a subsequent transfer of the
1H polarization to 13C via insensitive nuclei enhanced by polarization transfer (INEPT). We
demonstrate this approach using a triarylmethyl radical as a polarizing agent and glycerol-13C3

as an analyte. We achieved 13C enhancement factors of up to 45 at a magnetic field of 9.4 T
and room temperature.

Nuclear magnetic resonance (NMR) is a powerful
spectroscopic technique for the atomistic character-

ization of molecules. The intensity of the NMR signal depends
on both the gyromagnetic ratio γ of the nucleus, which
determines the Zeeman energy splitting and therefore the
Boltzmann polarization of the nuclear spin, and the natural
abundance of the nucleus. The low gyromagnetic ratio and
small natural abundance of 13C of only 1.1% lead to a poor
sensitivity of the NMR spectra and therefore long acquisition
times. The sensitivity problem of NMR can be overcome by
using dynamic nuclear polarization (DNP). DNP allows to
enhance an NMR signal by several orders of magnitude using
the transfer of polarization from the unpaired electron spin of a
polarizing agent to the nuclear spin of an analyte.1

In the solid state, the NMR signal can be enhanced by direct
DNP, mostly for 1H and 19F nuclei,2−4 or indirect DNP, for
low-γ nuclei (e.g., 13C, 15N, 17O, 27Al, or 29Si).5−9 The indirect
polarization pathway is commonly used in solid-state DNP
because many analytes contain 1H nuclei that can be easily
polarized. Currently, the most e"cient electron-to-proton
polarization transfer mechanism in solids is the cross e!ect that
operates at moderate magnetic fields (e.g., 9.4 T) and low
temperature (e.g., 100 K).10,11 The DNP hyperpolarization is
then transferred from 1H to other nuclei by Hartmann−Hahn
cross-polarization (CP).12,13 This approach has been success-
fully employed in structural biology and materials science.14−22

In liquids, direct DNP polarization is mainly applied to
various nuclei (e.g., 1H, 9Li, 13C, 15N, 19F, 23Na, or 31P),23−29

where only one mechanism is operational: the Overhauser
e!ect.1,30 In liquid solutions, the electron spin interacts with

the nuclear spin through dipolar and scalar interactions. If the
scalar coupling dominates over the dipolar one (as commonly
observed for 13C, 15N, 19F, or 31P nuclei), then the Overhauser
DNP can yield outstanding signal enhancements at magnetic
fields of ≥1 T,31−34 although usually it requires specific
chemical systems that involve a strong contact interaction
between the electron and nuclear spins. On the other hand, the
dipolar Overhauser e!ect (as in the case of 1H) has only
limited applications owing to low DNP e"ciency at high
magnetic fields.35,36 Therefore, to increase the 1H polarization,
a technique was proposed recently for transferring 13C
hyperpolarization produced by scalar Overhauser DNP to
the attached 1H spins via the polarization transfer scheme.37,38

With regard to an intermediate state between solids and
liquids, viscous media, only a few DNP measurements at high
magnetic fields39,40 and a number of DNP experiments at low
magnetic fields exist.41−45 These experiments have been so far
performed only on proton and fluorine nuclei via the direct
transfer of spin polarization from the electron spin to the
nuclear spin through the Overhauser e!ect or solid e!ect.
Here we demonstrate a new approach to achieving 13C DNP

enhancements in viscous liquids by transferring the 1H
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hyperpolarization generated by the solid-e!ect DNP mecha-
nism to 13C spins by insensitive nuclei enhanced by
polarization transfer (INEPT) (Figure 1C). We achieved
enhancements of up to 45 for glycerol-13C3 in the presence of
triarylmethyl radicals at a magnetic field of 9.4 T and above
room temperature.

To carry out 1H−13C INEPT solid-e!ect DNP in liquids,
three experimental challenges have to be addressed: (i) the
microwave power (the B1 field) has to be strong enough to
e"ciently drive the forbidden electron−nuclear spin transition,
(ii) the sample heating due to the microwave electric field has
to be minimized, and (iii) the probehead has to simultaneously
operate at resonant frequencies of 263 GHz (electron spin),
400 MHz (1H), and 100 MHz (13C). All these requirements
can be fulfilled with our newly designed triple-resonance
probehead.46 The probehead is a combination of a coplanar
strip line used as a transmitter and receiver at two radio
frequencies (1H and 13C) and a Fabry−Peŕot microwave
resonator at 263 GHz as shown in Figure 1B. In addition, the
probehead has another function: cooling and heating a liquid
sample by flowing nitrogen gas.
We recently demonstrated that polarizing agents with a

narrow EPR line can be utilized to polarize lipid bilayers in the
fluid phase and tripeptides in glycerol through the solid e!ect
at high magnetic fields and ambient temperatures.39,40 1H

DNP enhancement of up to ±45-fold was observed for the
glycerol molecules in the presence of triarylmethyl radicals.40

At the same time, the solid-e!ect 13C DNP enhancements of
glycerol-13C3 were around three times less compared to 1H
DNP enhancements under the same experimental conditions
(see the Supporting Information). To find out whether this
large 1H hyperpolarization can be potentially transferred to
other low-γ nuclei, we implemented 1H−13C polarization
transfer experiments combined with solid-e!ect 1H DNP of
glycerol-13C3 solutions doped with Finland radicals (Figure
1A). These experiments can be accomplished using, for
example, INEPT (Figure 1C)47 or CP13 pulse sequences. To
choose the right polarization scheme in rigid or mobile
molecular systems, a theoretical model for calculating INEPT
and CP intensities as a function of rotational correlation time
τc has been developed and verified on liquid crystals.48

According to this model, the INEPT sequence a!ords signal
enhancement for isotropic liquids with τc < 10 ns, whereas CP
is most e"cient for media with τc > 10 μs. The rotational
correlation time of glycerol falls within the nanosecond time
scale,49 and therefore the INEPT pulse sequence is more
e"cient at ambient temperatures.
INEPT is a well-known method for enhancing the NMR

sensitivity of low-γ nuclei in liquids. This method increases the
signal intensity by transferring the larger polarization of a high-
γ spin onto a coupled low-γ spin. For the INEPT experiment
with a single coupling constant JCH the signal enhancement can
be expressed using equation slightly modified from ref 37:
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where IINEPT and I0,C are the INEPT intensity and the thermal
equilibrium 13C intensity, respectively; γH and γC are the
gyromagnetic ratios for 1H and 13C, respectively; n is the bond
multiplicity (CHn); τ is the pulse delay in the INEPT sequence
and equals to 1/4JCH (for glycerol-13C3, JCH = 145 Hz and τ =
1.7 ms); and T2

H and T1
C are the transverse and longitudinal

relaxation times of 1H and 13C, respectively.
According to eq 1, the 1H spin polarization strengthens the

13C signal by a factor given by the ratio of the gyromagnetic
ratios (γH/γC = 4) multiplied by the number of protons
coupled to the 13C nucleus. The resulting INEPT spectrum of
13C contains both a positive and a negative line with intensities
of −4:4 for doublets (CH), −8:0:8 for triplets (CH2), and
−12:−12:12:12 for quartets (CH3) after phase cycling.
Moreover, in the INEPT experiments under hyperpolarization
conditions, the overall sensitivity of the 13C signal is
additionally increased by the proton hyperpolarization, and
thus the 13C signal enhancement can be expressed as

I I

I

I

I
C DNP INEPT

DNP 0,H

0,H

INEPT

0,C

= =

(2)

where εDNP and εINEPT are the 1H DNP and 13C INEPT NMR
enhancements (see eq 1), respectively, and I and I0,H are the
DNP and Boltzmann proton polarization levels, respectively.
The performance of the INEPT experiment is significantly

a!ected by the nuclear spin relaxation (eq 1). During the τ

delay of the pulse sequence (Figure 1C), the signal intensity
decays with relaxation times of both 1H (T2) and 13C (T1).
The coupling constant JCH in glycerol-13C3 is 145 Hz, and τ

was therefore set to 1/4JCH, i.e., 1.7 ms. Because the

Figure 1. (A) Chemical structure of Finland trityl and glycerol-13C3.
(B) Schematics of the triple-resonance probehead capable of exciting
the liquid sample simultaneously at three frequencies: 1H at 400
MHz, 13C at 100 MHz, and electron spin at 263 GHz. (C) The pulse
sequence used to attain 13C hyperpolarization was solid-e!ect 1H
DNP combined with 1H−13C INEPT. The π/2 pulses were 34 and 80
μs for 1H and 13C, respectively, and the pulse delay τ was 1/4JCH, i.e.,
1.7 ms. The microwave irradiation was applied in continuous wave.
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longitudinal relaxation time of 13C is longer than τ (see Table
1) by at least 2 orders of magnitude, the e!ect of T1 on the

INEPT experiment can be ignored. For the sample without
triarylmethyl radicals, the proton transverse relaxation time is
longer than τ by an order of magnitude (Table 1), which
means that the polarization of 1H can be successfully
transferred to 13C with an INEPT e"ciency of >90% as
shown in Figure 2. When Finland radical is added to the

sample at a concentration of 20 mM, the proton T2 becomes
comparable to τ (Table 1), and the e"ciency of the INEPT
transfer decreases significantly to ∼15% (Figure 2) at room
temperature.
The intramolecular coupling JCH a!ects the 13C longitudinal

relaxation. There are two protons coupled to each 13C(1,3)
and only one to each 13C(2); therefore, these two sites relax
di!erently. For example, the 13C longitudinal relaxation rates
(R1) of two sites were found to be in a ratio close to R1(CH2)/
R1(CH) = 2, consistent with the number of protons attached
to the 13C’s. In contrast, for the 13C transverse relaxation times,
we obtained similar values for the CH2 and CH groups (within
the experimental error of 10%). The addition of the
paramagnetic compound to the solution led to paramagnetic

relaxation enhancement mostly for transverse relaxation time
in a concentration-dependent manner (Table 1). The
paramagnetic relaxation enhancement is often used for
deducing a distance between an analyte nuclear spin and
electron spin of a paramagnetic probe.50 Nevertheless, this
e!ect is not only inversely proportional to the sixth power of
the distance between electron and nuclear spins (r−6) but also
proportional to the square of the nuclear gyromagnetic ratio
(γ2). For this reason, in our study, we noted that the transverse
relaxation times of the 1H nuclei are significantly shorter in the
presence of Finland trityl radicals than the transverse relaxation
times of the 13C nuclei, as shown in Table 1.
Figure 2 presents both 1H DNP and 1H−13C INEPT NMR

enhancements as a function of the concentration of the Finland
radical in glycerol-13C3 at a magnetic field of 9.4 T. With
increasing concentration of the polarizing agent, the 1H DNP
enhancements go up, while the 1H−13C INEPT NMR
enhancements decrease to zero. Consequently, an optimum
concentration of the polarizing agent for the 1H−13C INEPT
DNP experiment of about 20 mM was found, leading to a 1H
DNP enhancement of about 20 as well as an INEPT
enhancement of about 2 for the CH2 group.
Next, we aimed to measure 1H−13C INEPT DNP

enhancements of glycerol-13C3 in the presence of triarylmethyl
radicals at concentrations of 5, 10, and 20 mM (Figure 3C).
To analyze the observed 13C DNP enhancements, we
additionally measured both solid-e!ect 1H DNP and 1H−13C
INEPT NMR enhancements using the triple-resonance
probehead and the Bruker BBI probehead, respectively (Figure
3). Note that in the INEPT experiments without microwaves
with the triple-resonance probehead, we observed similar
enhancements to those seen with the Bruker BBI probehead
(see the Supporting Information). For the sample of 10 mM
Finland radical in glycerol-13C3, the

1H DNP enhancement was
10 ± 1 and INEPT enhancements were 1.8 ± 0.2 and 3.6 ±

0.4 for CH and CH2 groups, respectively (Figure 3A,B,
middle). This corresponds to an overall increase in 13C
polarization by a factor of ∼18 (for CH) and ∼36 (for CH2)
according to eq 2. The expected 13C DNP enhancements are in
good agreement with the experimental values of 24 ± 3 (for
CH) and 45 ± 5 (for CH2), which were calculated taking into
account the thermal equilibrium 13C polarization (ε =
IINEPT DNP/I0,C). For 5 and 20 mM Finland trityl in
glycerol-13C3 (Figure 3, top and bottom), a quantitative
transfer of polarization of 1H to 13C nuclei was also observed,
with enhancements of 26 ± 3 and 39 ± 4 for CH2 sites,
respectively. Thus, using the INEPT pulse sequence, whose
e"ciency is limited only by the proton transverse relaxation
time, we could successfully transfer the full DNP hyper-
polarization of 1H to the 13C nuclei. In our approach, we used
a relatively low concentration of the polarizing agent of ≤20
mM, which has only a slight e!ect on the line width via
paramagnetic relaxation for both 1H and 13C nuclei. Note that
using the triple-resonance probehead, we obtained slightly
broader NMR lines as compared to the Bruker BBI probehead
(Figure 3A,C). Nonetheless, the spectral resolution was high
enough to observe the JCC coupling at 40 Hz.
For larger molecules or more viscous liquids, where the

molecular rotational correlation time exceeds the nanosecond
time range, the INEPT pulse sequence will not be e"cient any
more due to too short nuclear transverse relaxation times. In
this case, other polarization transfer techniques for slow-
motion media can be used such as cross-correlated relaxation-

Table 1. Transverse (T2) and Longitudinal (T1) Relaxation
Times (in ms) of 1H and 13C for Glycerol-13C3 in the
Presence of Finland Trityl (Concentrations Are Shown in
the Table) Measured at a Magnetic Field of 9.4 T and 298
Ka

concentration
(mM) of

Finland trityl in
glycerol-13C3

1H 13C

T2 T1 T2(CH) T1(CH) T2(CH2) T1(CH2)

0 44 222 113* 222 76* 132

5 6.4 210 48 245 42 140

10 3.8 205 34 230 31 135

20 1.8 188 24 233 21 136
aNuclear relaxation times were measured for the CH/CH2 groups for
both nuclei. T2 and T1 were measured using a Carr−Purcell−
Meiboom−Gill and an inversion recovery pulse sequence, respec-
tively. Experimental error of all values is 10%. The asterisk (∗) shows
results for nonlabeled glycerol.

Figure 2. 1H DNP (blue circles) and 1H−13C INEPT NMR (red
triangles) enhancements as a function of the concentration of Finland
trityl in glycerol-13C3 at a magnetic field of 9.4 T and a temperature of
∼315 and 298 K, respectively. The 1H DNP enhancements were
measured at a magnetic field corresponding to the high-field solid-
e!ect position. The 1H 13C INEPT NMR enhancements are shown
for the CH2 groups of glycerol-

13C3.
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induced polarization transfer (CRIPT) and cross-correlated
relaxation-enhanced polarization transfer (CRINEPT), which
are less dependent on rotational correlation times.51,52 These
pulse sequences have been already implemented in NMR
studies on large proteins (≥110000 Da) in an aqueous solution
at 4 °C.51 In principle, a combination of solid-e!ect 1H DNP
and CRIPT or CRINEPT could be potentially applied to
solution-state NMR on supramolecular complexes, such as
membrane proteins in micelles or lipid bilayers or large protein
complexes.
In summary, we demonstrated an approach to attaining 13C

hyperpolarization in viscous liquids by e"ciently transferring
1H hyperpolarization generated by solid-e!ect DNP to 13C
nuclei using an INEPT pulse sequence. Here, this technique
yielded an overall increase in 13C polarization by factors of 24
± 3 and 45 ± 5 for the CH and CH2 groups of glycerol-

13C3,
respectively. It was only limited by the proton transverse
relaxation time which is decreased by the addition of the
radical. This approach may become an alternative method
allowing the significant enhancement of 13C NMR signals in
liquids at temperatures >280 K and may also be extended to
samples containing other low-γ nuclei such as 15N, 17O, or 29Si.
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Figure 3. (A) 1H−13C INEPT NMR, (B) 1H DNP, and (C) 1H−13C INEPT DNP spectra acquired at 9.4 T with (red, blue) or without (black,
green) microwave irradiation using a 263 GHz gyrotron source for glycerol-13C3 in the presence of Finland trityl at a concentration of 5 mM (top),
10 mM (middle), or 20 mM (bottom). NMR or DNP experiments were conducted with the Bruker BBI probehead (A) or the triple-resonance
probehead (B, (C). The spectra were normalized to a single scan. The enhancements were measured by examination of the signal intensity and
were calculated according to ε = IDNP/I0,H − 1 for 1H DNP and ε = IINEPT/I0,C for 1H−13C INEPT NMR/DNP experiments, where I0,H and I0,C are
Boltzmann 1H/13C polarization levels. The error in the measurements was 10%.
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-lKfGTF IfqfSfuwFNlU -.lkN- lw N.F IqF-FwUF gk wlNqgJlvF qfvlUfT- �� WF WFqF fGTF Ng

gG-FqVF -luwlklUfwN �� -UfTfq a Dr Fw.fwUFSFwN MI Ng lw WfNFq fwv T�
qF-IFUNlVFTR f-Fv gw N.l- IqF-UqFFwlwu SFN.gv kMqN.Fq IfqfSfuwFNlU Dyn fwv

Dr SFf-MqFSFwN- WFqF IFqkgqSFv gw f -FqlF- gk fSlwg fUlv- fwv UfqGgw .RvqfNF-

jMfTlNfNlVF qFTfNlgw GFNWFFw N.F AFqSl UgwNfUN -.lkN fwv N.F -UfTfq Dr

Fw.fwUFSFwN Wf- IqF-FwNFv -MG-FjMFwN UgTTfGgqfNlVF jMfwNMS U.FSlUfT y

-NMvR UgwvMUNFv GR N.F eF uqgMI qFVFfTFv N.F -MG I- kTMUNMfNlgw kFfNMqFv GR N.F

fMNgUgqqFTfNlgw kMwUNlgw gk N.F -Ilw vFw-lNR fwv -MuuF-NFv N.fN N.F qF-Igw-lGTF

SgvMTfNlgw fql-F- kqgS N.F lwNFqSgTFUMTfq .RvqguFw Ggwv vRwfSlU- gk N.F Tgwu

TlVlwu qfvlUfT -MG-NqfNF UgSITFJ

:NlTlKlwu N.F fVflTfGTF IMGTl-.Fv vfNf gk IfqfSfuwFNlU Dyn -.lkN- lN GFUgSF-

fIITlUfGTF Ng FJUTMvF wMSFqgM- TF-- qFTFVfwN SgTFUMTF- fwv IqFTlSlwfqlTR -FTFUN N.F
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NfquFN UfwvlvfNF- kgq -MG-FjMFwN Dr SFf-MqFSFwN- DFVFqN.FTF-- N.F gG-FqVFv

Fw.fwUFSFwN l- UgSITlUfNFv GR N.F FTFUNqgw -Ilw vFw-lNR vl-NqlGMNlgw gw N.F

SgTFUMTF- N.F 1 A vFNFqSlwFv GR N.F SgTFUMTfq vRwfSlU- fwv N.F UgMwNFqfUNlVF

vlIgTfq eAp vqlVFw a jMfwNlNfNlVF IqFvlUNlgw gk N.F -UfTfq Dr FkklUlFwUR

qFjMlqF- f SgqF UgSIqF.Fw-lVF fwv -R-NFSfNlU fwfTR-l- ������


����	��

- IqF-FwNFv lw 1FUNlgw N.F 1 Dr gG-FqVFv gw TlIlv- SgTFUMTF- fGgVF N.F

uFT Ng TljMlv UqR-NfTTlwF I.f-F Nqfw-lNlgw NFSIFqfNMqF IqgVlvF- wgVFT gIIgqNMwlNlF-

kgq TljMlv -NfNF Dr fN .lu. SfuwFNlU klFTv- :wTlxF a Dr qFTRlwu gw f vRwfSlUfT

SgvMTfNlgw gk N.F eAp 1 lw TljMlv- qFjMlqF- N.F fwl-gNqgIlU eAp wgN GFlwu fVFqfuFv

gMN GR N.F -NgU.f-NlU SgNlgw- wfSFTR f wgw KFqg -NfNF SlJlwu kfUNgq f- -.gWw lw

1FUNlgw 4.FqFkgqF lN l- FJITglNFv gwTR lw Vl-UgM- SFvlMS ������� 4.F wMUTFfq

-Ilw kgqGlvvFw Nqfw-lNlgw W.lU. l- IfqNTR fTTgWFv GR N.F fwl-gNqgIlU eAp f-

vF-UqlGFv GR N.F -FUgwv gqvFq IFqNMqGfNlgw N.FgqR l- VFqR lwFkklUlFwN fN .lu.

SfuwFNlU klFTv- -Nqgwu SW wMNfNlgw kqFjMFwUR IqgVlvFv GR f .lu. jMfTlNR

qF-gwfNgq Ufw IfqNlfTTR UgSIFw-fNF kgq N.l- vl-fvVfwNfuF blxFWl-F f IgTfqlKlwu

fuFwN WlN. f wfqqgW  rn TlwFWlvN. fT-g .FTI- 4.FgqFNlUfT fIIqgfU.F- Ng N.F 1 

FkklUlFwUR lw TljMlv- .f- GFFw IFqkgqSFv fN TgW klFTv-������	 fwv .lu. klFTv-���

W.lU. -MuuF-N- N.fN N.F vlIgTfq UgqqFTfNlgw NlSF -.gMTv GF TgwuFq f- N.F FTFUNqgw

Nqfw-VFq-F qFTfJfNlgw NlSF 4.l- wFW fIIqgfU. MNlTlKlwu 1 lw Vl-UgM- TljMlv-

IqgVlvF- fw fTNFqwfNlVF SFU.fwl-S Ng a lw TljMlv- fN .lu. klFTv- fwv UgMTv GF

IgNFwNlfTTR fIITlUfGTF Ng SfUqgSgTFUMTF- WlN. qFTfNlVFTR -TgW NMSGTlwu

�������������	�

pw N.F Uf-F gk vlIgTfq a Dr WF .fVF -R-NFSfNlUfTTR -NMvlFv N.F UgwNqlGMNlgw gk

lwwFq -I.FqF qgNfNlgw Ng N.F a Dr FkklUlFwUR GR MNlTlKlwu vlkkFqFwN wlNqgJlvF

vFqlVfNlVF- WlN. vl-NlwUN qlwu uFgSFNqlF- fwv -MG-NlNMFwN- f- -.gWw lw 1FUNlgw

qFuMTfNlgw gk N.F gG-FqVFv Dr UgMITlwu kfUNgq gw y1a SgTFUMTF- l- gG-FqVFv
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GR N.g-F IgTfqlKlwu fuFwN- kFfNMqlwu vlkkFqFwN qgNfNlgw UgqqFTfNlgw NlSF- vFNFqSlwFv

GR N.F UW  rn SFf-MqFSFwN- vFIFwvFwUF gk UgMITlwu kfUNgq- gw N.F qlwu

uFgSFNqR fwv -MG-NlNMFwN- l- fG-FwN ilN. N.F SgTFUMTfq SgNlgw- SgvFTFv GR GgN.

lwwFq -I.FqF qgNfNlgw fwv gMNFq -I.FqF Nqfw-TfNlgw f jMfwNlNfNlVF SfNU. Ng N.F

FJIFqlSFwNfT qF-MTN- l- fU.lFVFv W.lU. -MIIgqN- N.F f--MSFv UgwNqlGMNlgw kqgS N.F

qgNfNlgw gk N.F lwwFq -I.FqF UgSITFJ

- N.F U.fqfUNFql-NlU NlSF gk N.F lwwFq -I.FqF qgNfNlgw Slu.N qfl-F UgwUFqw- fGgMN N.F

TlkFNlSF gk N.F UgSITFJ fwgN.Fq SgvFT f--MSlwu fw gMNFq -I.FqF Nqfw-TfNlgw fTgwu

WlN. N.F gkk UFwNFqFv qgNfNlgw gk qfvlUfT SgTFUMTF- l- FJfSlwFv -FF 1FUNlgw

1lSlTfq f- N.F lwwFq fwv gMNFq -I.FqF fIIqgfU. f jMfwNlNfNlVF fTluwSFwN WlN. N.F

FJIFqlSFwNfT gG-FqVfNlgw- gw y1a l- IqF-FwNFv GMN WlN. f vl-NfwUF gk UTg-F-N

fIIqgfU. UTg-Fq Ng N.F VfTMF -MuuF-NFv GR N.F qfvlfT vl-NqlGMNlgw kMwUNlgw kqgS y

-lSMTfNlgw- ygqFgVFq gMq -lSMTfNlgw- WlN. gkk UFwNFqFv qgNfNlgw WFqF UgSIfqFv

WlN. N.F klFTv vFIFwvFwN Dr Fw.fwUFSFwN- gk WfNFq vgIFv WlN. wlNqgJlvF qfvlUfT-

fU.lFVFv fN vlkkFqFwN klFTv-
��
�	 fwv ulVF- UTg-F qF-MTN- f- IqFvlUNFv GR y

-lSMTfNlgw- � gSIfqFv WlN. N.F lwwFq -I.FqF qgNfNlgw fwv gMNFq- -I.FqF

Nqfw-TfNlgw WlN. UFwNFqFv -Ilw- N.l- SgvFT Nfxlwu lwNg fUUgMwN N.F gkk UFwNFqFv

qgNfNlgw gk qfvlUfT FTFUNqgw -Ilw- Ufw fT-g jMfwNlNfNlVFTR IqFvlUN N.F Dr UgMITlwu

kfUNgq fwv l- SgqF SFfwlwukMT lw MwvFq-Nfwvlwu N.F qFfT I.R-lUfT IqgUF--F- pN Ufw

GF M-Fv lw FJITfwfNlgw gq qF lwNFqIqFNfNlgw gk N.F FJIFqlSFwNfT qF-MTN-

- -.gWw lw 1FUNlgw WF .fVF IFqkgqSFv kMqN.Fq -NMvlF- gw N.F TlIlv GlTfRFq-

Gf-Fv gw N.F gG-FqVFv �e Dr lw f Vl-UgM- TlIlv FwVlqgwSFwN fN 4 �	 R

SFf-Mqlwu N.F klFTv IqgklTF Dr Fw.fwUFSFwN- vqlVFw GR a fwv 1 WFqF

U.fqfUNFqlKFv fUUgqvlwu Ng N.Flq qFTfNlVF gkk-FN Ng N.F FTFUNqgw bfqSgq kqFjMFwUR

ilN. f -fNl-klFv Dyn -luwfT qF-gTMNlgw fwv fw FJIFqlSFwNfT vFNFqSlwfNlgw gk N.F

Dr TFfxfuF kfUNgq fwv -fNMqfNlgw kfUNgq N.F lwvlVlvMfT a Dr FkklUlFwUR gk WfNFq

TlIlv U.gTlwF .Ffv fwv fURT U.flw IqgNgw- WFqF gGNflwFv 4.gMu. N.F UgMITlwu

kfUNgq- IqFvlUNFv GR N.F vlIgTfq fMNgUgqqFTfNlgw kMwUNlgw FJ.lGlN vl-UqFIfwUlF- Ng N.F
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FJIFqlSFwNfT gG-FqVfNlgw- N.F kf-N vRwfSlU- UTg-F Ng N.F FTFUNqgw bfqSgq kqFjMFwUR

W.lU. l- gGTlufNFv kgq f -MUUF--kMT a Dr l- WFTT UfINMqFv GR N.Fy -lSMTfNlgw-

AMqN.Fq fwfTR-l- GR vl-FwNfwuTF N.F a fwv 1 UgwNqlGMNlgw Ugw-lvFqlwu N.F

vRwfSlUfT SgvMTfNFv 1 fwv u NFw-gq GqgfvFwFv a W.lU. UgMTv IqgVlvF VfTMfGTF

lw-lu.N- gk N.F kf-N vRwfSlU- qF-Igw-lGTF kgq N.F Dr gw TlIlv IqgNgw- l- FwufuFv �

F-lvF- N.F y -lSMTfNlgw- fT-g -MuuF-N- N.F Dr UgMITlwu kfUNgq gk WfNFq lw

TlIg-gSF -fSITF l- UgwNqlGMNFv SflwTR GR N.F -Ilw TfGFT- kTlIIFv Ng N.F TlIlv WfNFq

GgMwvfqR 4.l- l- UgwNqfvlUNgqR Ng N.F lwNFqIqFNfNlgw gk IqFVlgM- Dr qF-MTN-

gGNflwFv fN TgW klFTv- ��
 W.lU. fT-g qFjMlqF- kMqN.Fq lwVF-NlufNlgw- �

������������������	�

Mqlwu N.l- vgUNgqfT Wgqx NWg vlkkFqFwN NqlITF qF-gwfwUF Dr FJIFqlSFwN- WFqF

IFqkgqSFv lwUTMvlwu �� a Dr MwvFq �e vFUgMITlwu IFqkgqSFv gw -gvlMS

IRqMVfNF fjMFgM- -gTMNlgw -FF 1FUNlgw fwv �� Dyn gk uTRUFqgT Fw.fwUFv GR

Nqfw-kFqqlwu N.F 1 Dr Fw.fwUFv �e -Ilw IgTfqlKfNlgw WlN. f �e �� pD r4 IMT-F

-FjMFwUF -FF 1FUNlgw

4.F �� Dyn -luwfT gk -gvlMS IRqMVfNF Fw.fwUFv GR -UfTfq Dr -.gW- f -lwuTF

IFfx MwvFq �e vFUgMITlwu f- FJIFUNFv DgNfGTR -Tlu.NTR vlkkFqFwN -UfTfq

Fw.fwUFSFwN- WFqF gG-FqVFv WlN. �e vFUgMITlwu d > Å !≈ fwv WlN.gMN �e

vFUgMITlwu d > Å !& AMqN.Fq lwVF-NlufNlgw- fqF wFFvFv Ng MwvFq-Nfwv W.FN.Fq

N.l- l- f NFU.wlUfT l--MF gq f qF-MTN gk N.F UgMITFv vFUgMITFv N.qFF -Ilw -R-NFS

:-lwu fw pD r4 IMT-F -FjMFwUF f �� Fw.fwUFSFwN MI Ng Wf- fU.lFVFv GR

Nqfw-kFqqlwu N.F �e .RIFqIgTfqlKfNlgw uFwFqfNFv GR 1 Dr pN l- WgqN. wgNlwu N.fN

N.F pD r4 Dr FkklUlFwUR Wf- Ugw-NqflwFv GR N.F �e wMUTFfq Nqfw-VFq-F qFTfJfNlgw

WlN. .lu. qfvlUfT UgwUFwNqfNlgw W.lU. lwvlUfNF- fw gINlSlKFv qfvlUfT UgwUFwNqfNlgw

l- qFjMlqFv kgq kMNMqF fIITlUfNlgw-

4.F-F fIIqgfU.F- gk NqlITF qF-gwfwUF Dr lw TljMlv- IqgVlvF- lwkgqSfNlgw kgq

IgNFwNlfT lwNFuqfNlgw lwNg N.F .lu. vlSFw-lgwfT fIITlUfNlgw- gk SgvFqw Dyn
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caT oc a ddcgk   agn

1FlN l.qFq  wNvFUxMwu Vgq SF.q fT- -lFGFw tf.qKF.wNFw��� .fN -lU. vlF

dFqw-IlwqF-gwfwK Dyn 1IFxNqg-xgIlF fT- Flw TFl-NMwu--NfqxF- fwfTRNl-U.F-

iFqxKFMu FNfGTlFqN vf- VlFT-FlNluF wWFwvMwuFw lw VFq-U.lFvFwFw

Wl--Fw-U.fkNTlU.Fw l-KlITlwFw Mwv pwvM-NqlFKWFluFw Flw-U.TlFäTlU. .FSlF

lgTgulF yfNFqlfTWl--Fw-U.fkNFw Mwv yFvlKlw��� fMkWFl-N 1lF GlFNFN FlwFw wlU.N

lwVf-lVFw sMufwu KM vFw  luFw-U.fkNFw Vgw yfNFqlF fMk fNgSfqFq  GFwF Mwv TlFkFqN

WFqNVgTTF  lwGTlUxF lw vlF SgTFxMTfqF 1NqMxNMq vFqFw iFU.-FTWlqxMwuFw Mwv

RwfSlxFw TTFqvlwu- GFlw.fTNFN vlF Dyn FlwF -F.q uFqlwuF

iFU.-FTWlqxMwu-FwFqulF KWl-U.Fw vFw dFqw-Ilw- Mwv vFS FJNFqwFw yfuwFNkFTv

Wf- lw-GF-gwvFqF GFl nfMSNFSIFqfNMqSF--MwuFw vFMNTlU. Wlqv lF-F lw.'qFwNF

 luFw-U.fkN vFq Dyn SfU.N -lF KM FlwFq KFq-NćqMwu-kqFlFw yFN.gvF TFuN zFvgU.

fMU. cqFwKFw köq l.qF  SIklwvTlU.xFlN kF-N Mwv GF-U.q'wxN l.qF yćuTlU.xFlNFw lw

kgqNuF-U.qlNNFwFw wWFwvMwuFw :S vf- 1Fw-lNlVlN'N-IqgGTFS vFq Dyn fwKMuF.Fw

WMqvFw FwgqSF w-NqFwuMwuFw MwNFqwgSSFw MS vlF pwNFw-lN'N vFq Dyn 1luwfTF

KM Fq.ć.Fw DFGFw vFq iFlNFqFwNWlUxTMwu Vgw cFq'NFw Mwv FJIFqlSFwNFTTFw

BFqkf.qFw� WMqvFw lw vFw TFNKNFw tf.qKF.wNFw xgwNlwMlFqTlU. MwNFq-U.lFvTlU.F

eRIFqIgTfql-fNlgw-NFU.wlxFw FwNWlUxFTN WlF vlF RwfSl-U.F dFqwIgTfql-fNlgw

Dr  vlF I.gNgU.FSl-U. lwvMKlFqNF RwfSl-U.F dFqwIgTfql-fNlgw r.gNg

p Dr �� vlF rfqf.RvqguFw lwvMKlFqNF rgTfql-fNlgw repr ����� Mwv vlF gINl-U.F

wqFuMwu Vgw  vFTuf-Fw��

:wNFq vlF-Fw eRIFqIgTfql-fNlgw-NFU.wlxFw Wlqv Dr uFwfMFq uF-fuN gwNlwMgM-

ifVF UW Dr lw ATö--luxFlNFw vFq 1U.WFqIMwxN vlF-Fq qGFlN -Flw T- 4FU.wlx

vlF -IFxNF vFq Dyn 1IFxNqg-xgIlF Mwv vFq  TFxNqgwFw-IlwqF-gwfwK  rn

1IFxNqg-xgIlF xgSGlwlFqN Fq.ć.N Dr vlF  SIklwvTlU.xFlN vFq Dyn lwvFS -lF vlF

rgTfql-fNlgw Vgw MwuFIffqNFw  TFxNqgwFw-Ilw- fMk vlF GFwfU.GfqNFw dFqw-Ilw-

öGFqNq'uN yF.qFqF Dr yFU.fwl-SFw WMqvFw VgquF-U.TfuFw MS vlF GFgGfU.NFNFw
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BFq-N'qxMwuFw vF- Dyn 1luwfT- lw VFq-U.lFvFwFw rqgGFw-R-NFSFw KM FqxT'qFw Fq

Fq-NF yFU.fwl-SM- vFq KMFq-N Vgw aVFq.fM-Fq lS tf.q Vgq-NFTTNF Mwv -I'NFq

FJIFqlSFwNFTT lw blN.lMS VFqlklKlFqN�	 WMqvF GFqM.N fMk vFw dqFMKqFTfJfNlgw-

IqgKF--Fw vFq uFxgIIFTNFw  TFxNqgw dFqw F D 1Ilw- Mwv Wlqv fT- aVFq.fM-Fq

 kkFxN a Dr GFKFlU.wFN  - l-N wgNWFwvlu vlF F D eRIFqkFlwWFU.-FTWlqxMwu

.kii vMqU. -NgU.f-Nl-U.F RwfSlx KM SgvMTlFqFw MS FlwF -gTU.F

dqFMKqFTfJfNlgw KM lwvMKlFqFw lF-F ygvMTfNlgw l-N lw SgTFxMTfqFw 1R-NFSFw SlN

vRwfSl-U.Fw F D 1IlwIffqFw FqqFlU.Gfq WlF KMS Fl-IlFT yFNfTTFw SlN kqFlFw

GFWFuTlU.Fw  TFxNqgwFw gvFq bć-MwuFw vlF SlN nfvlxfTFw VFq-FNKN -lwv  lw

WFlNFqFq Dr yFU.fwl-SM- wfSFw- 1gTlv  kkFxN 1 WMqvF -I'NFq lw vl

FTFxNql-U.Fw AF-N-NgkkFw FJIFqlSFwNFTT VfTlvlFqN �
��� 1 GFqM.N fMk vFqyl-U.Mwu Vgw

dFqw-IlwKM-N'wvFw lw wWF-Fw.FlN FlwF- fwl-gNqgIFw .kii AFTvF- f.Fq Wlqv Fq

NRIl-U.FqWFl-F lw AF-N-NgkkIqgGFw fwuFWFwvFN vf vlF fwl-gNqgIFw .kii lw wlU.N

Vl-xg-Fw ATö--luxFlNFw VgTT-N'wvlu fM-uFSlNNFTN WFqvFw pw AF-N-NgkkIqgGFw WMqvFw

WFlNFqF fTNFqwfNlVF Dr yFU.fwl-SFw FwNvFUxN GFl vFwFw Flw dFqw-Ilw SlN KWFl

gvFq SF.qFqFw  TFxNqgwFw-Ilw- uFxgIIFTN l-N lF-F WFqvFw fT- dqFMK  kkFxN

 ���� Mwv N.FqSl-U.F yl-U.Mwu 4y �� GFKFlU.wFN WMqvFw

Bgq vFw Fq tf.qFw Wfq vf- Wl--Fw-U.fkNTlU.F pwNFqF--F .fMIN-'U.TlU. fMk Dr

:wNFq-MU.MwuFw GFl wlFvqluFw yfuwFNkFTvFqw GF-U.q'wxN Wf- -lU. Vgw vFq

 wNWlUxTMwu vFq Dyn Agq-U.Mwu .lw KM .ć.FqFw yfuwFNkFTvFqw MwNFq-U.lFv lF-

Wfq fMk N.FgqFNl-U.F Bgq.Fq-fuFw KMqöUxKMkö.qFw vlF FlwF Mwuöw-NluF Dr

 kklKlFwK fTTFq GFxfwwNFw Dr yFU.fwl-SFw GFl .g.Fw yfuwFNkFTvFqw wf.FTFuNFw

 lw WFlNFqFq cqMwv l-N vFq yfwuFT fw .gU.kqFjMFwNFw ylxqgWFTTFw SW mMFTTFw

MS vFw EGFqufwu vF-  TFxNqgwFw-Ilw- FkklKlFwN fwKMNqFlGFw �����

pw vFw TFNKNFw vqFl tf.qKF.wNFw FqTFGNF vlF Dr FlwF nFwfl--fwUF GFvlwuN vMqU. vlF

BFqköuGfqxFlN TFl-NMwu--NfqxFq cRqgNqgw SW mMFTTFw �	 pw BFqGlwvMwu SlN

-U.wFTTFq rqgGFwqgNfNlgw MS vFw Sful-U.Fw ilwxFT y 1 .fN vlF Dr lw

AF-NxćqIFqw VlFTk'TNluF wWFwvMwuFw Vgw lgSgTFxöTFw Gl- .lw KM yfNFqlfTlFw GFl
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.g.Fw yfuwFNkFTvFqw uFkMwvFw �
��� lF l--gTMNlgw Dr wMNKN vlF .g.F Dr

 kklKlFwK vlF GFl wlFvqluFw 4FSIFqfNMqFw Mwv SgvFqfNFw yfuwFNkFTvFqw FqqFlU.N

Wlqv Mwv xfww vMqU. FlwFw fw-U.TlFäFwvFw -U.wFTTFw l--gTMNlgwIqgKF-- Mwv

Dyn FNFxNlgw GFl .g.Fw yfuwFNkFTvFqw -luwlklxfwNF 1luwfTVFq-N'qxMwuFw

TlFkFqw ���� DFGFw vFw w-'NKFw SlN UW SW 1Nqf.TMwu WMqvFw VFq-U.lFvFwF

uFIMT-NF Dr 4FU.wlxFw FwNWlUxFTN MS vlF  kklKlFwKGF-U.q'wxMwuFw vFq Dr

yFU.fwl-SFw KM MSuF.Fw WlF KMS Fl-IlFT vlF DMUTFfq 1Ilw aqlFwNfNlgw Vlf

 TFUNqgw 1Ilw bgUxlwu DaB b ����� Dr lS wMxTFfqFw ngNfNlgw-qf.SFw�� -gWlF

vlF KFlNgINlSlFqNF uFIMT-NF Dr��

tFvgU. WMqvF vlF wWFwvMwu Vgw Dr köq ATö--luxFlNFw lS BFquTFlU. KM

AF-NxćqIFqIqgGFw GFl wlFvqluFw 4FSIFqfNMqFw Ç d WFlN WFwluFq Fqkgq-U.N ��

lF efMIN.FqfM-kgqvFqMwu TlFuN lw vFq rqgGFw-NfGlTlN'N vlF vMqU. -NfqxF  qW'qSMwu

fMkuqMwv vFq vlFTFxNql-U.Fw BFqTM-NF Vgw ATö--luxFlNFw SlN .gU.kqFjMFwNFw SW

1Nqf.TMwu VFqMq-fU.N Wlqv lF-F- NFU.wl-U.F rqgGTFS xfww FkkFxNlV vMqU. vlF

aINlSlFqMwu vF- F-luw- vF- Dr rqgGFwxgIkF- uFTć-N WFqvFw GFl-IlFT-WFl-F vlF

BFqWFwvMwu FlwF- SW nF-gwfNgq- vFq vlF  Mwv dgSIgwFwNFw vFq SW NqFwwN

vlF BFqGF--FqMwu vFq i'qSFTFlNk'.luxFlN vF- rqgGFw.fTNFq- Mwv vlF wWFwvMwu

fxNlVFq rqgGFwxö.TSFN.gvFw �	��
 lF-F ygvlklxfNlgwFw GFwćNluN KWfq FlwF uFWl--F

 lw-U.q'wxMwu vF- rqgGFwVgTMSFw- FqSćuTlU.Fw fGFq fMU. vlF 4qFwwMwu vFq

4FSIFqfNMq-U.WfwxMwuFw Vgw vFq Dr  kklKlFwK fqöGFq .lwfM- -lwxN '.wTlU.

WlF GFl vFw fwvFqFw Dr yFU.fwl-SFw vlF Vgq.FquF-fuNF a Dr  kklKlFwK

-U.wFTT SlN KMwF.SFwvFw yfuwFNkFTvFqw lF 1IFxNqfTvlU.NFkMwxNlgw 1 A vlF

N.FgqFNl-U. vlF a Dr  kklKlFwK GF-NlSSN WMqvF fM- vFw .kii MwNFq

SgTFxMTfqFw ngNfNlgw- Mwv 4qfw-TfNlgw-GFWFuMwuFw fGuFTFlNFN ����� lF-F

FWFuMwuFw vlF vMqU. vf- xTf--l-U.F 1NgxF-  lw-NFlw ygvFT SlN FlwFq NRIl-U.Fw

dgqqFTfNlgw-KFlN Vgw sF.wNFTw Gl- eMwvFqN-NFTw Vgw rlxg-FxMwvFw GF-U.qlFGFw

WFqvFw FqxT'qFw .lwqFlU.Fwv vlF GFgGfU.NFNF a Dr  kklKlFwK GFl wlFvqluFw
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yfuwFNkFTvFqw 4 xćwwFw zFvgU. xFlwF Fq.FGTlU.F -IFxNqfTF lU.NF GFl .g.Fw

yfuwFNkFTvFqw 4 FqKFMuFw

aGWg.T vlF Fq-NFw FgGfU.NMwuFw WlF FqWfqNFN FlwF uF-MwxFwF Dr  kklKlFwK

KFluFw ����� .fN vFq AgqN-U.qlNN vFq ATö--luxFlN- Dr lw vFw TFNKNFw tf.qFw l.q

rgNFwKlfT GFl .g.Fw yfuwFNkFTvFqw fMkuFKFluN FqFlN- Vgq Fulww vlF-Fq

gxNgqfqGFlN WMqvF FqxfwwN vf-- vf- FlwkfU.F ygvFT vFq SgTFxMTfqFw ngNfNlgw Mwv

4qfw-TfNlgw MwKMqFlU.Fwv -Flw xćwwNF MS vlF Dr  kklKlFwK GFl .g.Fw AFTvFqw KM

GF-U.qFlGFw vlF GF-gwvFq- FSIklwvTlU. fMk -U.wFTTF ATMxNMfNlgwFw qFfulFqN �� f-

vFMNTlU.-NF Fl-IlFT l-N vlF vlIgTfqF .kii uFNqlFGFwF �e a Dr SlN FlwFS

BFq-N'qxMwu-kfxNgq Vgw vlF fw gqlFwNlFqNFw blIlvvgIIFT-U.lU.NFw SlN

DlNqgJlvqfvlxfTFw GFl :SuFGMwu-NFSIFqfNMqFw Mwv 4 GFgGfU.NFN WMqvF �	  lwF

RwfSlx SlN FlwFq dgqqFTfNlgw-KFlN √ Ç I- VFquTFlU.Gfq SlN vFq lwVFq-Fw

 TFxNqgwFw bfqSgq AqFjMFwK ! ;, l-N FqkgqvFqTlU. MS FlwF FkklKlFwNF Dr

rgTfql-fNlgw-öGFqNqfuMwu GFl vlF-FS yfuwFNkFTv KM FqqFlU.Fw TTFqvlwu- -lwv vlF

.fqfxNFql-lFqMwu-KFlNFw köq vlF TfNFqfTF lkkM-lgw gvFq fJlfTF ngNfNlgw vFq blIlvF

MS SlwvF-NFw- vqFl cqćäFwgqvwMwuFw Tfwu-fSFq �
��� Wf- fMk FlwF NqFlGFwvF dqfkN

fM- vFq TgxfTFw -U.wFTTFw RwfSlx .lwWFl-N  lw WFlNFqFq VlFTVFq-IqFU.FwvFq

w-fNK GFl .g.FwyfuwFNkFTvFqw l-N vlF -xfTfqF .kii uFNqlFGFwF Dr 4.FgqFNl-U.

Nq'uN vlF -xfTfqF .kii öGFqWlFuFwv KMq F D sFqg mMfwNMS dqFMKqFTfJfNlgw GFl

Mwv .fN VFqwfU.T'--luGfqF M-WlqxMwuFw fMk vlF wMxTFfqF 1lwuTF mMfwNMS

nFTfJfNlgw köq gqufwl-U.F nfvlxfTF lw ATö--luxFlNFw �� f.Fq xfww vlF Dr

 kklKlFwK lw SgTFxMTfqFw 1R-NFSFw SlN vgSlwfwNFq -xfTfqF .kii lwvMKlFqNFq

nFTfJfNlgw fMU. GFl Fq.ć.NFw yfuwFNkFTvFqw Fq.FGTlU. GTFlGFw  lw qFU.wFql-U.Fq

w-fNK SlN lU.NFkMwxNlgwfTN.FgqlF A4 FqFU.wMwuFw Mwv ygTFxMTfq

vRwfSlx y 1lSMTfNlgwFw .fN vlF-F- rgNFwKlfT vFq -xfTfqFw Dr GFl .g.Fw

yfuwFNkFTvFqw FGFwkfTT- Vgq.FquF-fuN � lF Fq-NFw Mwv fMU. qFIq'-FwNfNlV-NFw

FJIFqlSFwNFTTFw DfU.WFl-F -lwv vlF �� a Dr vlF SlN FlwFS BFq-N'qxMwu-kfxNgq

Vgw Gl- KM lw T� bć-Mwu GFl 4	� Mwv Gl- KM lw q� bć-Mwu GFl



FMN-U.F sM-fSSFwkf--Mwu

4	� GFgGfU.NFN WMqvFw lF köq -xfTfqF Dr VFqfwNWgqNTlU.F RwfSlx l-N FGFwkfTT-

wlU.N fMk SgTFxMTfqF FWFuMwuFw GF-U.q'wxN aGWg.T vFq yFU.fwl-SM- wgU.

vl-xMNlFqN Wlqv KFluFw FJIFqlSFwNFTTF FgGfU.NMwuFw vf-- a Dr GFl .g.Fw

AFTvFqw Mwv wlFvqluFw 4FSIFqfNMqFw fMU. lw wlU.NTFlNFwvF AF-NxćqIFqw FkkFxNlV

l-N 	��	�  lwF -gTU.F -U.wFTTF vRwfSl-U.F ygvMTfNlgw vFq -xfTfqFw .kii vlF köq vlF

a Dr VFqfwNWgqNTlU. l-N FJl-NlFqN -gufq GFl d 	�

pS BFquTFlU. KM vFw lw AF-NxćqIFqw vMqU.uFkö.qN Agq-U.MwuFw GlFNFw ATö--luxFlN-

Dr yF--MwuFw FlwFw Fqu'wKFwvFw  lwGTlUx lw vlF SgTFxMTfqF dgwkgqSfNlgw

RwfSlx Mwv 1MG-NqfN nfvlxfTFw iFU.-FTWlqxMwuFw Vgw ygTFxöTFw lw bć-MwuFw

gvFq -gufq lw l.qFq wfNöqTlU.Fw :SuFGMwu lF BlFTkfTN fxNMFTTFq a Dr

1NqfNFulFw TFuN wf.F vf-- vlF ATö--luxFlN- Dr fMU. GFl FlwuF-U.q'wxNFS

rqgGFwVgTMSFw Mwv 1FTFxNlVlN'N uFuFwöGFq SgTFxMTfqFw 1R-NFSFw Flw uqgäF-

rgNFwKlfT .fN pw vlF-Fq qGFlN Wlqv uFKFluN vf-- vlF ATö--luxFlN- Dr GFl .g.Fw

yfuwFNkFTvFqw lw-GF-gwvFqF GFl 4 SlN .gU.FkklKlFwNF Dr rqgGFwxćIkFw

SćuTlU. l-N


������������	�

Fq Vgw -xfTfqFw .kii fwuFNqlFGFwF a l-N köq ATö--luKM-Nfwv- Dr Agq-U.MwuFw

Vgw GF-gwvFqFS pwNFqF--F vf vFq Vgw vFq 4.FgqlF Vgq.FquF-fuNF yFU.fwl-SM- fMU.

GFl .g.Fw yfuwFNkFTvFqw wgU. FkklKlFwN l-N �� Fq vMqU. -xfTfqF .kii fwuFNqlFGFwF

nFTfJfNlgw-IqgKF-- .'wuN FlwFq-FlN- Vgw vFq 1 A vFq RwfSlx GFl vFq  TFxNqgwFw

bfqSgq AqFjMFwK fG Mwv fwvFqFq-FlN- Vgw vFq cqćäF vFq AFqSl dgwNfxN

iFU.-FTWlqxMwu f vlF cqćäF vFq AFqSl dgwNfxN iFU.-FTWlqxMwu TFlU.NFq

FJIFqlSFwNFTT KMu'wuTlU. l-N fT- vlF Bgq.Fq-fuF vFq 1 A WMqvF lw vFq VgqTlFuFwvFw

qGFlN G-U.wlNN FlwF yFN.gvF KMq BgqfGIqökMwu IgNFwKlFTTFq Dr

dfwvlvfNFw vMqU. yF--MwuFw l.qFq IfqfSfuwFNl-U.Fw Dyn BFq-U.lFGMwuFw

VgquF-U.TfuFw Mwv MwNFq-MU.N Fl vFw GFlvFw fM-uFW'.TNFw xTFlwFw lgSgTFxöTFw

pSlvfKgT Mwv pwvgT vlF lw cFuFwWfqN Vgw DlNqgJlvqfvlxfTFw GFNq'U.NTlU.F

IfqfSfuwFNl-U.F BFq-U.lFGMwuFw fMkWFl-Fw �� xgwwNFw Wlq FlwF -luwlklxfwNF ��
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-xfTfqF a Dr BFq-N'qxMwu lw if--Fq GKW T� GFgGfU.NFw f-lFqFwv fMk

vlF-Fq 1UqFFwlwu yFN.gvF WMqvFw WFlNFqF IfqfSfuwFNl-U.F Dyn Mwv Dr

yF--MwuFw fw FlwFq nFl.F Vgw Slwg-'MqFw Mwv dg.TFw.RvqfNFw vMqU.uFkö.qN  -

WMqvF Flw jMfTlNfNlVFq sM-fSSFw.fwu KWl-U.Fw vFq AFqSl dgwNfxN Dyn

BFq-U.lFGMwu Mwv vFq -xfTfqFw Dr BFq-N'qxMwu-kfxNgqFw Iq'-FwNlFqN  lwF

fw-U.TlFäFwvF jMfwNFwU.FSl-U.F y 1NMvlF KFluNF vlF -MG I- ATMxNMfNlgwFw vFq

1IlwvlU.NF Mwv TFuNF wf.F vf-- vlF VFqfwNWgqNTlU.F ygvMTfNlgw vFq .kii fM- vFq

lwNFqSgTFxMTfqFw if--Fq-NgkkGqöUxFwvRwfSlx vF- TfwuTFGluFw nfvlxfT 1MG-NqfN

dgSITFJF- qF-MTNlFqN MqU. vlF BFqWFwvMwu vFq Vgq.fwvFwFw VFqćkkFwNTlU.NFw

fNFw KM vFw IfqfSfuwFNl-U.Fw Dyn BFq-U.lFGMwuFw xćwwFw Kf.TqFlU.F WFwluFq

lwNFqF--fwNF ygTFxöTF köq Dr fM-uF-U.Tg--Fw Mwv vlF slFTxfwvlvfNFw köq

wfU.kgTuFwvF Dr yF--MwuFw VgqfG fM-uFW'.TN WFqvFw FwwgU. Wlqv vFq

GFgGfU.NFNF �� BFq-N'qxMwu-kfxNgq vMqU. vlF 1IlwvlU.NF BFqNFlTMwu öGFq vlF

ygTFxöTF vlF vMqU. vlF SgTFxMTfqF RwfSlx GF-NlSSNF 1 A Mwv vlF uFuFwuF-FNKN

WlqxFwvF a vFq öGFq vlF vlIgTfqF .kii uFNqlFGFwF Wlqv xgSITlKlFqN Aöq

jMfwNlNfNlVF Bgq.Fq-fuFw l-N vF-.fTG FlwF MSkf--FwvFqF Mwv -R-NFSfNl-U.FqF

wfTR-F FqkgqvFqTlU. ������


����	��

ilF lw G-U.wlNN vfquF-NFTTN FqćkkwFN vFq GFgGfU.NFNF 1 1gTlv  kkFxN fw

blIlvSgTFxöTFw gGFq.fTG vFq blIlvI.f-FwöGFqufwu-NFSIFqfNMq wFMF yćuTlU.xFlNFw

köq ATö--luxFlN- Dr pS cFuFw-fNK KM a Dr vf- fMk FlwFq vRwfSl-U.Fw

ygvMTfNlgw vFq .kii GFqM.N l-N F- GFl 1 lw ATö--luxFlNFw FqkgqvFqTlU. vf-- vlF

fwl-gNqgIF .kii wlU.N vMqU. vlF -NgU.f-Nl-U.Fw FWFuMwuFw fM-uFSlNNFTN Wlqv

f.Fq l-N 1 Dr köq Vl-xg-F bć-MwuFw uFFluwFN ������� lF nfNF köq FlwFw

dFqw-Ilw VFqGgNFwFw EGFqufwu vlF vMqU. vlF fwl-gNqgIF .kii NFlTWFl-F FqTfMGN

Wlqv WlF fM- aqvwMwu 1NćqMwu-N.FgqlF KM Fq-F.Fw l-N l-N GFl .g.Fw

yfuwFNkFTvFqw -F.q xTFlw  lw FkklKlFwNFq nF-gwfNgq SlN FlwFq uqgäFw SW �

AFTv-N'qxF xfww vlF-Fq DfU.NFlT NFlTWFl-F xgSIFw-lFqFw  GFwkfTT- WöqvF Flw
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nfvlxfT SlN FlwFq xTFlwFw blwlFwGqFlNF .FTkFw 4.FgqFNl-U.F w-'NKF vFMNFw vfqfMk

.lw vf-- köq 1 Dr vlF vlIgTfqF dgqqFTfNlgw-KFlN T'wuFq -Flw -gTTNF fT- vlF

Nqfw-VFq-fTF nFTfJfNlgw-KFlN vF-  TFxNqgw- ����������	 lF wFMF wWFwvMwu Vgw 1 

Dr GlFNFN FlwFw fTNFqwfNlVFw yFU.fwl-SM- KMq a Dr lw ATö--luxFlNFw GFl .g.Fw

yfuwFNkFTvFqw Mwv xćwwNF SćuTlU.FqWFl-F fMk yfxqgSgTFxöTF SlN qFTfNlV

Tfwu-fSFq ngNfNlgw-GFWFuMwu fwuFWFwvFN WFqvFw

��������������	�

pS dgwNFJN Vgw vlIgTfqFq a Dr .fGFw Wlq vFw FlNqfu vFq ngNfNlgw vF- nfvlxfT-

wFGFw vFq 4qfw-TfNlgw-GFWFuMwu KWl-U.Fw nfvlxfT Mwv 4fquFN ygTFxöT KMq a 

Dr  kklKlFwK -R-NFSfNl-U. MwNFq-MU.N lwvFS Wlq VFq-U.lFvFwF DlNqgJlvvFqlVfNF

SlN MwNFq-U.lFvTlU.Fw nlwuuFgSFNqlFw Mwv 1MG-NlNMFwNFw VFqWFwvFN .fGFw WlF lw

G-U.wlNN uFKFluN  lwF -R-NFSfNl-U.F G.'wuluxFlN vFq a Dr BFq-N'qxMwu

Vgw vFq ngNfNlgw-xgqqFTfNlgw-KFlN vFq nfvlxfTF vlF vMqU. UW  rn yF--MwuFw

GF-NlSSN WMqvF xgwwNF GFgGfU.NFN WFqvFw ylN.lTkF FlwF- ygvFT- vf- FlwF gMN

-I.FqF 4qfw-TfNlgw-GFWFuMwu Mwv FlwF lwwFq -I.FqF ngNfNlgw-GFWFuMwu vF-

nfvlxfT bć-Mwu-SlNNFT dgSITFJF- FwN.'TN xgwwNF vlF-F G.'wuluxFlN jMfwNlNfNlV

-lSMTlFqN WFqvFw

f vlF U.fqfxNFql-Nl-U.F sFlN vF- vfqfM- Ig-NMTlFqNFw nfvlxfT bć-Mwu-SlNNFT

dgSITFJF- Vgw y 1lSMTfNlgw wlU.N MwNFq-NöNKN Wlqv MwNFq-MU.NFw Wlq Flw fwvFqF-

ygvFT WlF lw G-U.wlNN GF-U.qlFGFw elFqGFl WMqvF FlwF 4qfw-TfNlgw-GFWFuMwu

SlN vFq ngNfNlgw Vgw nfvlxfTFw GFl vFwFw vf- MwuFIffqNF  TFxNqgw wlU.N lS

sFwNqMS -lNKN xgSGlwlFqN H.wTlU. WlF GFlS lwwFq -I.FqF Mwv gMNFq -I.FqF ygvFT

xfww FlwF jMfwNlNfNlVF wIf--Mwu fw vlF FJIFqlSFwNFTTFw FgGfU.NMwuFw FqqFlU.N

WFqvFw pwNFqF--fwNFqWFl-F TlFuN .lFq vFq xöqKF-NF G-Nfwv KWl-U.Fw dFqw-Ilw Mwv

 TFxNqgwFw-Ilw w'.Fq fw vFq G-Nfwv- BFqNFlTMwu-kMwxNlgw vlF fM- y

1lSMTfNlgwFw uFWgwwFw WMqvF MU. vlF kFTvfG.'wuluFw a Dr

BFq-N'qxMwu-kfxNgqFw vlF Vgw 4 yrab lw if--Fq GF-NlSSN WMqvFw 
��
�	 xćwwFw

SlN vlF-FS ygvFT uMN qFIqgvMKlFqN WFqvFw Mwv -NlSSFw SlN vFq fM- y
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1lSMTfNlgwFw GF-NlSSNFw 1 A� -F.q uMN öGFqFlw lF-F- ygvFT -IlFuFTN vlF wlU.N

KFwNql-U.F bgxfTl-lFqMwu vF- MwuFIffqNF  TFxNqgwFw-Ilw- lw DlNqgJlvqfvlxfTFw

GF--Fq WlvFq Mwv xćwwNF vF-.fTG köq vlF-F nfvlxfTF FlwF GF--FqF I.R-lxfTl-U.F

F-U.qFlGMwu vF- nfvlxfT 4fquFNSgTFxöT rffqF- TlFkFqw

ilF lw G-U.wlNN uFKFluN .fGFw Wlq KM-'NKTlU.F :wNFq-MU.MwuFw fw vFw

blIlvvgIIFT-U.lU.NFw vMqU.uFkö.qN Gf-lFqFwv fMk vFS GFgGfU.NFNFw �e Dr

BFq-N'qxMwuFw lw FlwFq Vl-xg-Fw blIlvMSuFGMwu GFl 4 �	 MqU. yF--Mwu vF-

AFTvIqgklT- WMqvFw Dr BFq-N'qxMwuFw vMqU. a Mwv 1 lw G.'wuluxFlN l.qFq

qFTfNlVFw BFq-U.lFGMwuFw Vgw vFq  TFxNqgwFw bfqSgq AqFjMFwK GF-NlSSN MqU.

FlwF KMkqlFvFw-NFTTFwvF Dyn 1luwfTfMkTć-Mwu -gWlF vlF FJIFqlSFwNFTTF

F-NlSSMwu vFq bFfxfuF Mwv 1'NNluMwu-kfxNgqFw WMqvF vlF lwvlVlvMFTTF a Dr

 kklKlFwKFw köq rqgNgwFw vF- if--Fq- vFq blIlv .gTlw dgIkuqMIIFw gvFq vFq

blIlv URTxFNNFw GF-NlSSN fvMqU. Wlqv Flw jMfwNlNfNlVFq BFquTFlU. SlN y

1lSMTfNlgwFw FqSćuTlU.N aGWg.T vlF Vgw vFq vlIgTfqFw MNgxgqqFTfNlgw-kMwxNlgw

fM- y 1lSMTfNlgwFw Vgq.FquF-fuNFw Dr dgIITMwu-kfxNgqFw wgU. vFMNTlU.F

GWFlU.MwuFw Vgw vFw FJIFqlSFwNFTTFw FgGfU.NMwuFw fMkWFl-Fw Wlqv vlF

-U.wFTTF RwfSlx wf.F vFq  TFxNqgwFw bfqSgq AqFjMFwK vlF köq FlwFw

FqkgTuqFlU.Fw a Dr 4qfw-kFq FqkgqvFqTlU. l-N Vgw vFw y 1lSMTfNlgwFw uMN

Fqkf--N  lwF WFlNFquF.FwvF wfTR-F GFl vFq vFq a Mwv 1 FlNqfu MwNFq

FqöUx-lU.NluMwu vFq vRwfSl-U. SgvMTlFqNFw 1 Mwv vFq u 4Fw-gq FqWFlNFqNFw a 

uFNqFwwN Wlqv WMqvF wgU. wlU.N fG-U.TlFäFwv vMqU.uFkö.qN lF-F ygvFTTlFqMwu

xćwwNF WFqNVgTTF  lwGTlUxF lw vlF -U.wFTTF RwfSlx TlFkFqw vlF köq Dr fMk

blIlvIqgNgwFw VFqfwNWgqNTlU. l-N fqöGFq .lwfM- TFuFw vlF y 1lSMTfNlgwFw fMU.

wf.F vf-- vFq Dr dgIITMwu-kfxNgq Vgw if--FqIqgNgwFw lw vFq blIg-gSFwIqgGF

.fMIN-'U.TlU. vMqU. vlF KFlNWFl-F fw vFq blIlv if--Fq cqFwKF TlFuFwvFw 1Ilw

bfGFT VFqMq-fU.N Wlqv lF- -NF.N lS ilvFq-IqMU. KM vFq pwNFqIqFNfNlgw kqö.FqFq

 quFGwl--F GFl xTFlwFw yfuwFNkFTvFqw 4 vlF FlwFw xTFlwFqFw

lkkM-lgw-xgFkklKlFwNFw Ig-NMTlFqN Wf- FGFwkfTT- WFlNFqFq :wNFq-MU.MwuFw GFvfqk



FMN-U.F sM-fSSFwkf--Mwu

������������������	�

 - WMqvFw KWFl MwNFq-U.lFvTlU.F qFlkfU.qF-gwfwK Dr  JIFqlSFwNF Flw

-U.TlFäTlU. �� a Dr MwNFq �e  wNxgIITMwu lw W'--qluFq DfNqlMSIRqMVfNTć-Mwu

-lF.F G-U.wlNN Mwv �� Dyn Vgw cTRUlw VFq-N'qxN vMqU. 1 Dr fw �e

KM-fSSFw SlN FlwFS �e �� pD r4 rgTfql-fNlgw-Nqfw-kFq -lF.F G-U.wlNN lS

nf.SFw vlF-Fq gxNgqfqGFlN vMqU.uFkö.qN FSFqxFw-WFqN l-N vf-- vlF pD r4

Dr  kklKlFwK vMqU. vlF �e dFqwNqfw-VFq-fTqFTfJfNlgw GFl .g.Fq nfvlxfT

xgwKFwNqfNlgw FlwuF-U.q'wxN WMqvF Wf- vfqfMk .lwvFMNFN vf-- köq KMxöwkNluF

wWFwvMwuFw FlwF gINlSlFqNF nfvlxfTxgwKFwNqfNlgw FqkgqvFqTlU. l-N lF-F Fq-NFw

w-'NKF vFq qFlkfU.qF-gwfwK Dr lw ATö--luxFlNFw TlFkFqw pwkgqSfNlgwFw köq FlwF

SćuTlU.F pwNFuqfNlgw Vgw Dr lw vFq SF.qvlSFw-lgwfTFw wWFwvMwu vFq

SgvFqwFw ATö--luxFlN- Dyn



bl-N gk gwNqlGMNlgw-

w T mk mgTsw aTwmg 

NgNfT gk IMGTl-.Fv fqNlUTF- lw IFFq qFVlFWFv zgMqwfT- f -MGSlNNFv SfwM-UqlIN fwv

f -MSSfqlKFv SfwM-UqlIN Wf- fNNfU.Fv lw N.l- vl--FqNfNlgw

 O2 oc i or2cI O2Iori

l rn2 mnte n ifwu o blM h hfwu o b cTfMGlNK FwR-FwxgV

B eF o rql-wFq 4 fwv yfg t nggS NFSIFqfNMqF vRwfSlU wMUTFfq IgTfqlKfNlgw

Fw.fwUFv Dyn -IFUNqg-UgIR gk -SfTT GlgTgulUfT SgTFUMTF- lw WfNFq

4.F Wgqx Wf- IqFIfqFv lw f UgTTfGgqfNlVF SfwwFq 4.F qFTfNlgw

GFNWFFw N.F IfqfSfuwFNlU Dyn -.lkN fwv -UfTfq Dr Fw.fwUFSFwN Wf- lwlNlfTTR

IqgIg-Fv GR rqgk tlfkFl yfg pw-NlNMNF gk .FSl-NqR .lwF-F UfvFSR gk 1UlFwUF-

4.F fMN.gq IFqkgqSFv gk N.F Sfzgq IfqN gk N.F Dr Dyn FJIFqlSFwN- lwUTMvlwu

-fSITF IqFIfqfNlgw fwv -IFUNqf qFUgqvlwu 4.F fwfTR-l- gk N.F Dr Fw.fwUFSFwN-

Wf- IFqkgqSFv GR N.F fMN.gq NguFN.Fq WlN. rqgk tlfkFl yfg q Bf-RT FwR-FwxgV

IqgVlvF- N.F -MIIgqN- gw N.F IqgGF.Ffv- 4.F jMfwNMS SFU.fwlUfT y -lSMTfNlgw

fwv A4 UfTUMTfNlgw- WFqF IFqkgqSFv GR rqgk olfwWFl ifwu s.Fzlfwu :wlVFq-lNR

gk 4FU.wgTguR q hlWFl blM  f-N .lwf DgqSfT :wlVFq-lNR fwv rqgk olfg eF

 f-N .lwf DgqSfT :wlVFq-lNR 4.F fMN.gq IfqNlUlIfNFv lw N.F SfwM-UqlIN

IqFIfqfNlgw lwUTMvlwu IqFIfqfNlgw gk N.F kluMqF- gk Dr -IFUNqf fwv -MIIgqNlVF

kluMqF- qFTfNFv WlN. FJIFqlSFwN- fwv WqlNlwu N.F Dr Dyn IfqN

l rn2 mnte dMK.FTFV n FwR-FwxgV B fwv rql-wFq 4 A 1gTlv

TlxF RwfSlU DMUTFfq rgTfqlKfNlgw aG-FqVFv lw N.F ATMlv r.f-F gk blIlv lTfRFq- fN

4 9
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4.F Wgqx Wf- IqFIfqFv lw f UgTTfGgqfNlVF SfwwFq 4.F SFf-MqFSFwN

gk Dr gw Vl-UgM- TlIlv- WlN. wfqqgW TlwF qfvlUfT- l- lwlNlfTTR IqgIg-Fv GR q

wvqFl dMK.FTFV 4.F fMN.gq IFqkgqSFv gk N.F Dr Dyn FJIFqlSFwN- NguFN.Fq

WlN. q wvqFl dMK.FTFV

l rn2 mnte dMK.FTFV n FwR-FwxgV B dlqlTRMx p

fuqRfw-xfRf  c fwv rql-wFq 4 A pwkTMFwUF gk ngNfNlgwfT ygNlgw gk DlNqgJlvF-

gw aVFq.fM-Fq RwfSlU DMUTFfq rgTfqlKfNlgw 1R-NFSfNlU 1NMvR fN elu.

yfuwFNlU AlFTv- s 9

4.F Wgqx Wf- IqFIfqFv lw f UgTTfGgqfNlVF SfwwFq 4.F fMN.gq

IFqkgqSFv Dr Dyn SFf-MqFSFwN- NguFN.Fq WlN. q wvqFl dMK.FTFV 4.F  rn

FJIFqlSFwN- WFqF IFqkgqSFv GR q wvqFl dMK.FTFV 4.F fwfTR-l- fwv

lwNFqIqFNfNlgw WFqF IFqkgqSFv SflwTR GR q wvqFl dMK.FTFV

l rn2 mnte FwR-FwxgV B n fwv rql-wFq 4 A NqlITF qF-gwfwUF F
�e �� IqgGF.Ffv kgq TljMlv -NfNF Dr FJIFqlSFwN- fN 4F-Tf

4.F Wgqx Wf- IqFIfqFv lw f UgTTfGgqfNlVF SfwwFq 4.F vFVFTgISFwN

gk N.F IqgGF.Ffv fwv NF-N gk N.F Dr Dyn IFqkgqSfwUF WFqF IFqkgqSFv GR q

Bf-RT FwR-FwxgV 4.F fMN.gq IFqkgqSFv N.F �e vFUgMITlwu Dr Dyn

FJIFqlSFwN- fwv N.F FJIFqlSFwN- Ng SgwlNgq -fSITF NFSIFqfNMqF WlN. WlN.gMN SW

lqqfvlfNlgw

l rn2 mnte n FwR-FwxgV B fuqRfw-xfRf  c 4gqSR-.FV B y

rql-wFq 4 A fwv dMK.FTFV �� eRIFqIgTfqlKfNlgw gk Bl-UgM- bljMlv- GR

4qfw-kFq gk 1gTlv  kkFUN �e RwfSlU DMUTFfq rgTfqlKfNlgw fN elu. yfuwFNlU AlFTv

s 9
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4.F Wgqx Wf- IqFIfqFv lw f UgTTfGgqfNlVF SfwwFq 4.F fMN.gq

IFqkgqSFv N.F lwlNlfT Iqggk gk N.F pD r4 Dr UgwUFIN 4.F fMN.gq IFqkgqSFv N.F

Dr Dyn FJIFqlSFwN- lwUTMvlwu -fSITF IqFIfqfNlgw -IFUNqf qFUgqvlwu fwv -IFUNqf

fwfTR-l- NguFN.Fq WlN. q wvqFl dMK.FTFV 4.F fMN.gq IfqNlUlIfNFv lw SfwM-UqlIN

IqFIfqfNlgw lwUTMvlwu IqFIfqfNlgw gk N.F kluMqF- gk Dr -IFUNqf fwv -MIIgqNlVF

kluMqF-

l onmm1. elH2dnym 1FKFq n fwv rql-wFq 4 A 4.F -gTlv FkkFUN gk

vRwfSlU wMUTFfq IgTfqlKfNlgw lw TljMlv- pp UUgMwNlwu kgq u NFw-gq fwl-gNqgIR fN

.lu. SfuwFNlU klFTv- ,IqFIqlwNC vgl gqu Sq lw

qFVlFW

4.F Wgqx Wf- IqFIfqFv lw f UgTTfGgqfNlVF SfwwFq 4.F IqgzFUN Wf-

IqgIg-Fv GR q FwlK 1FKFq 4.F fMN.gq IqgVlvFv N.F FJIFqlSFwNfT Dr klFTv

IqgklTF- fwv UW  rn -IFUNqf fwv IFqkgqSFv N.F Ff-R-Ilw -lSMTfNlgw 4.F N.FgqFNlUfT

Wgqx Wf- IFqkgqSFv GR q FwlK 1FKFq

loo dnB1. elH2dnym aVFq.fM-Fq fwv 1gTlv  kkFUN �e RwfSlU DMUTFfq

rgTfqlKfNlgw gw blIg-gSF fN SGlFwN 4FSIFqfNMqF fwv 4

4.F fMN.gq IFqkgqSFv N.F Dr Dyn fwv  rn FJIFqlSFwN

vFUgwVgTMNFv N.F gVFqTfIIFv Dyn -luwfT fwv UfTUMTfNFv N.F Dr UgMITlwu kfUNgq

4.F y -lSMTfNlgw- WFqF IFqkgqSFv GR q FwlK 1FKFq 4.F UfTUMTfNlgw gk N.F

vlIgTfq fMNgUgqqFTfNlgw kMwUNlgw fwv N.F qF-MTNFv UgMITlwu kfUNgq kqgS y

NqfzFUNgqlF- WFqF IFqkgqSFv GR N.F fMN.gq
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Ii2 o1 c i r2 2Iori Ir or1 c r i

aqfT gwNqlGMNlgw-

�� wv pwNFqwfNlgwfT 1gUlFNR kgq yfuwFNlU nF-gwfwUF yFFNlwu p1y n �e

aVFq.fM-Fq Dr gk blIlv- fN 4F-Tf gwTlwF IqF-FwNfNlgw MuM-N

a-fxf tfIfw

�� pwVlNFv qv Acyn wwMfT l-UM--lgw yFFNlwu aVFq.fM-Fq Dr gw

-SfTT GlgSgTFUMTF- lw WfNFq fN 4 1FINFSGFq dfqT-qM.F cFqSfwR

rg-NFq gwNqlGMNlgw-

�� ehr UgwkFqFwUF 1FINFSGFq 1gMN.fSINgw :d

�� pr4 lw-NlNMNF -RSIg-lMS yfqU. elq-U.Fuu M-Nqlf

��  :nap1y n tglwN UgwkFqFwUF gk  :nay n fwv p1y n MuM-N

FqTlw cFqSfwR

��  A rn -U.ggT DgVFSGFq qwg KFU. nFIMGTlU

�� 1yDyn UgwkFqFwUF yfR Dfwzlwu .lwf



bl-N gk nFkFqFwUF

w T mk ckcscg c

nNwF kNcmNMFN2 D n eFJJWNG  i32cm a rf) ef0m-h -v efN23MFGb
r3cJfNM eNbGf0Fc e-WfG0 iA a ��
a3McfJJ e z-MMf8 a-3Gh n E nf2-GNGcf w2-MU0F-G w8 r3cJfNM
eNbGf0Fc e-WfG02 FG N  -JFh iA a ��
J-cm r3cJfNM Gh3c0F-G iA a 	�
mFfG a MFvvF0m i D sF3 NG k 3 d d nfcfG0 h(NGcf2 FG

 -JFh  0N0f r3cJfNM eNbGf0Fc nf2-GNGcf zfcmGFä3f2 v-M eN0fMFNJ2 nf2fNMcm
yyu P a l s n v PA A v ��

 mFWNhN ufhN z i-v343 d hh8 e z l70mMFcm i a n hM3b
hF2c-(fM8 FG0fbMN0FGb 2-J30F-G ren hN0N )F0m cM820NJ NGh cM8- e 20M3c03Mf2

nuv a lA vu A sa vi �

eNMF-G G G0M-h3c0F-G 0- F-J-bFcNJ ren  Ufc0M-2c-U8 sP uP v

PPuP v vsn sh A ��
W)N2 n-8 n eciN8 n z zfG-MF s  NccfG0F -)hN r

nNv0fM8 JNmWNMF DNMfW4- s DNMfW4- e lF2mNM0  ren
 Ufc0M-2c-U8 v-M ef0Nw-J-WFc2 nf2fNMcm n sP n A �
MhfG41NfM sNM2fG D -fwFGbfM  -WWfG0 3c4f00  hF2-G

 GbfJ4f MFf2FGbfM MFvvFG n FJ08 eNfhN aNMFbF
aMF2GfM z nN(fMN (NG fG03W D EfbN  lfww s3cmFGN0  cm)NJwf

M8hWNG s NcFGb NGh -(fMc-WFGb 2fG2F0F(F08 cmNJJfGbf2 FG wF-W-Jfc3JNM
ren 2Ufc0M-2c-U8 y l h yn ��
t(fMmN32fM l a-JNMFKN0F-G -v G3cJfF FG Wf0NJ2 iA a ��
iNU0fFG n F1420MN i rFc-JN8 i sN2fM Um-0- ra N2 N 23MvNcf UM-wf v-M
UM-0fFG2 FG 2-J30F-G nuv �	�
-)fM2 n lfF0f4NWU a zMNG2v-MWN0F-G -v  8WWf0MFKN0F-G tMhfM 0-

r3cJfNM  UFG eNbGf0FKN0F-G w8 mfWFcNJ nfNc0F-G NGh r3cJfNM eNbGf0Fc
nf2-GNGcf iA P a l nn vA �	
F2fG2cmWFh z iFM22 n u f302cm a a -WWfJ0-v0  F2fGwfMb n
NMb-G D sN)JfM n NJcm s aNMN m8hM-bfG FGh3cfh U-JNMFKN0F-G FG

m8hM-bfGN0F-G MfNc0F-G2 h h s ���
nFcmNMh2-G a e aNMM-00 D  fWfG-(N t r-Mh-G 3c4f00  NJ2f
e  n m8UfMU-JNMFKN0F-G fGNwJf2 mFbm 2fG2F0F(F08 NGh wfGcm0-U
ren 2Ufc0M-2c-U8 y PiAn ���
lNJ4fM z NUUfM l  UFG f9cmNGbf -U0FcNJ U3WUFGb -v G-wJf bN2 G3cJfF

a lA s s vy iA A ��
NM(fM z n  JFcm0fM a a-JNMFKN0F-G -v r3cJfNM  UFG2 FG ef0NJ2 iA a

��
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DfvvMFf2 a-JNMFKN0F-G -v r3cJfF w8 nf2-GNGcf  N03MN0F-G FG aNMNWNbGf0Fc
M820NJ2 iA a ���
wMNbNW aM-c0-M l uGf r-3(fJJf ef0m-hf hf a-JNMFKN0F-G 8GNWFä3f

hf2 r-8N39 0-WFä3f2 hNG2 Jf2  -JFhf2 shRn A y uA sh v A A
y A M h A y A ���

if22fGF4m E s32mcmF4-( E eNGfG4-( zNMNG d E antztr
ats n k z tr r nn z atsd z ds r  �����
)NGb FJJ amfG-WfG-J-bFcNJ e-hfJ v-M 0mf rf) vvfc0 FG
8GNWFc a-JNMFKN0F-G iA P a l nn vA ��
wMNbNW -JhWNG e aMFGcFUJf2 -v h8GNWFc G3cJfNM U-JNMF2N0F-G R vs
iA ��

lFGh n 3F1(f20F1G e D (NG hfM s3b0 eNGfG2cmF1G EMFfGh D
UUJFcN0F-G2 -v h8GNWFc G3cJfNM U-JNMFKN0F-G FG ren FG 2-JFh2 vs u P

A R �	
-JhWNG e R y hR v nuv y u P v y n Asy y y sP A
JNMfGh-G aMf22
N322fM i  0fmJF4 8GNWFc G3cJfNM U-JNMFKN0F-G FG JFä3Fh2 a y
Asy �

e7JJfM lNMW30m l efF2f Mf2cm i e-Jfc3JNM e-0F-G2 NGh G0fMNc0F-G2 N2
 03hFfh w8 8GNWFc r3cJfNM a-JNMFKN0F-G ra FG Mff nNhFcNJ  -J30F-G2 a

y Asy ��
fcfMMN s n fMvfG D zfW4FG n D  FGbfJ D MFvvFG n 8GNWFc

G3cJfNM U-JNMFKN0F-G )F0m N c8cJ-0M-G Mf2-GNGcf WN2fM N0 z iA a nn 	�

rF o k N(F2- NG z E eNM4mN2FG DN)JN  i  )NbfM z e
zfW4FG n D fMKvfJh D MFvvFG n Fbm vMfä3fGc8 h8GNWFc G3cJfNM
U-JNMFKN0F-G h A ��
-MKFJF32 Fbm vFfJh h8GNWFc G3cJfNM U-JNMFKN0F-G yyu a iA h 	�

MhfG41NfM sNM2fG D tG 0mf UMf2fG0 NGh v303Mf -v hF22-J30F-G ra y
Asy ���
MhfG41NfM sNM2fG D MFhJ3Gh MNW NG22-G NG22-G s sfMcmf

e  fM(FG n zmNGFGb e -JWNG i GcMfN2f FG 2FbGNJ 0- G-F2f MN0F- -v
0FWf2 FG JFä3Fh 20N0f ren vs nP ���

ENG fG f3(fJ fG20MN sFG z   cmWFh0 D lfGc4fwNcm l z
zMNG2FfG0 -2cFJJN0F-G2 FG U3J2fh h8GNWFc G3cJfNM U-JNMFKN0F-G h iA nn �



NG z E lNJF2m D D  )NbfM z e MFvvFG n zFWf h-WNFG ra )F0m
0mf rtE s 2fä3fGcf h iA ���
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NMMNM z NJJ fMvfG D n-2N8 e MhfG41pM sNM2fG D
MFvvFG n Fbm Mfä3fGc8 8GNWFc r3cJfNM a-JNMFKN0F-G FG 0mf r3cJfNM

n-0N0FGb MNWf y Asy ���
zNG i t dNGb lfwfM n z eN0mFf2 MFvvFG n zFWf -U0FWFKfh
U3J2fh h8GNWFc G3cJfNM U-JNMFKN0F-G y a y A � fNN(
fG82fG4-( E a aMF2GfM z sFä3Fh 20N0f t(fMmN32fM ra N0 mFbm WNbGf0Fc

vFfJh2 h v A 

fG82fG4-( E a aMNGh-JFGF e D iMNmG Nv3M-( e Ghf)NMh

aMF2GfM z Fbm vFfJh ra 2Ufc0M-Wf0fM v-M JFä3Fh2 RRP y Asy ��

fG82fG4-( E NF aMF2GfM z 0MFUJf Mf2-GNGcf f UM-wfmfNh
v-M JFä3Fh 20N0f ra f9UfMFWfG02 N0 zf2JN yuA v Rn Au h nn sv Ru P n sy

 -J-W-G nfJN9N0F-G UM-cf22f2 FG N 2820fW -v 0)- 2UFG2 iA a ��
)NGb s a Mffh D 8GNWFc fvvfc02 -v UNFM c-MMfJN0F-G v3Gc0F-G2 -G 2UFG

MfJN9N0F-G w8 0MNG2JN0F-GNJ hFvv32F-G FG JFä3Fh2 h iA ��
J-fWwfMbfG r aM-0-G MfJN9N0F-G 0FWf2 FG UNMNWNbGf0Fc 2-J30F-G2 suvy P s

h P iA A �	
8NG0 d fJ-MFK48 J3K-G D NJJFcf D NJc3J hf2 hfG2F0#2 2Ufc0MNJf2

M#23J0NG0 h 3G W-3(fWfG0 NJ#N0-FMf hf 0MNG2JN0F-G fG MfJN9N0F-G UNM FG0fMNc0F-G
hFU-JNFMf WNbG#0Fä3f hNG2 Jf2 JFä3Fhf2 suvy P iA eu ��
s-fGFGb r e n-2N8 e lfF2 E MFvvFG n  -J30F-G  0N0f 8GNWFc
r3cJfNM a-JNMFKN0F-G N0 Fbm eNbGf0Fc FfJh h h s ���

.vfM a aNMFbF s3cmFGN0 NMJ a 30mN32fG nff2f e NMJ-WNbG-
z MFf2FGbfM fGGN0F e FfJh fUfGhfG0 8GNWFc r3cJfNM a-JNMFKN0F-G
)F0m nNhFcNJ2 FG ä3f-32  -J30F-G h h s ���
aMNGh-JFGF e D fG82fG4-( E a Nv3M-( e Ghf)NMh aMF2GfM z
Fbm vFfJh h8GNWFc G3cJfNM U-JNMFKN0F-G FG Nä3f-32 2-J30F-G2 h h s
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h8GNWFc2 2FW3JN0F-G2 y Asy ���
DN4hf0cmNF t fG82fG4-8 E fc4fM NJh32 D 30NbNcF aMF2GfM z
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n-0N0F-G -v sFUFh2 FG efWwMNGf2 e-Jfc3JNM 8GNWFc2  FW3JN0F-G a  UFG
sN00Fcf nfJN9N0F-G NGh nFbFh -h8 8GNWFc2 sR iA ��
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tMJNGh- z fM(F2-bJ3 n sf(FfG e z4Ncm aMF2GfM z GhMfN2 s
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iffJfM D y vAn y y AR nvsA sRi D-mG lFJf8  -G2
NMMFGb0-G ecsNcmJNG ynvs u n sy ns h y n v Asy y l n
RRP n syA ns h Anvi y h P R iA A NMUfM n-) rf)d-M4
F n-cc- M3KNh- zmf (-Fb0 UM-vFJf N2 N 23W -v N bN322FNG NGh N

J-MfG0KFNG v3Gc0F-G2 )mfG 0mf )fFbm0 c-fvvFcFfG0 hfUfGh2 -GJ8 -G 0mf )Fh0m2 MN0F-
n iA sPsy ���
fMWF /wfM hFf WNbGf0F2cmfG e-WfG0f hfM 0-W4fMGf nA v n ov iA  
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 0-JJ   cm)fFbfM N28 UFG N c-WUMfmfG2F(f 2-v0)NMf UNc4Nbf v-M 2Ufc0MNJ
2FW3JN0F-G NGh NGNJ82F2 FG an y Asy �	
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rf3bfwN3fM a iM3WWfGNc4fM D fG82fG4-( E a aNMFbF s3cmFGN0

aMF2GfM z sFä3Fh 20N0f ra -v )N0fM N0 z NG f9UfMFWfG0NJ Nccf22 0-
2N03MN0F-G iA h h iA ��
nfhvFfJh zmf zmf-M8 -v nfJN9N0F-G aM-cf22f2 zmF2 )-M4 )N2 20NM0fh )mFJf
0mf N30m-M )N2 N0 NM(NMh uGF(fM2F08 NGh )N2 0mfG UNM0FNJJ8 23UU-M0fh w8 D-FG0
 fM(Fcf2 -G0MNc0 r -MF aM-1fc0 tMhfM FG a y A y y n y Rn P

Asy y cNhfWFc aMf22
-JhWNG e -MWNJ zmf-M8 -v  UFGRsN00Fcf nfJN9N0F-G y Asy ���

3U0N  0NF0 NMhGfM z e-bmNhhNW e D aMFcf l  FU-JNM MfJN9N0F-G
Mf(F2F0fh c-WUJf0f hfMF(N0F-G v-M 0mf 0)- 2UFG cN2f sy RnA y y n

Asy y vn ��
fGGN0F e aNMFbF s3cmFGN0 z7M4f e z lN0fM MfJN9N0F-G hF2UfM2F-G

NGNJ82F2 -G N GF0M-9Fhf MNhFcNJ UM-(Fhf2 FGv-MWN0F-G -G 0mf WN9FWNJ 2FbGNJ
fGmNGcfWfG0 FG t(fMmN32fM h8GNWFc G3cJfNM U-JNMFKN0F-G f9UfMFWfG02 iA h

h iA ��
sFUNMF  KNw- e-hfJ vMff NUUM-Ncm 0- 0mf FG0fMUMf0N0F-G -v G3cJfNM
WNbGf0Fc Mf2-GNGcf MfJN9N0F-G FG WNcM-W-Jfc3Jf2 zmf-M8 NGh MNGbf -v (NJFhF08

h h s ���
aNJWfM ren mNMNc0fMFKN0F-G -v 0mf 8GNWFc2 -v F-WNcM-W-Jfc3Jf2
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aNMFbF aMF2GfM z Fbm vFfJh JFä3Fh 20N0f ren m8UfMU-JNMFKN0F-G N
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c-WwFGfh ra ren NUUM-Ncm iA h h iA ��
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U-JNMFKN0F-G iA h h iA ��
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8NG0 d fJ-MFK48 MFf2 a n-22f0 D vvf0 hf2 FG0fMNc0F-G2 hFU-JNFMf2

WNbG#0Fä3f2 FG0fMW-J#c3JNFMf2 23M JN MfJN9N0F-G G3cJ#NFMf hf W-J#c3Jf2
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 cm)fFbfM Df2cm4f v y RP A s RuPA P nvsy R v h y n v Asy y
t9v-Mh 3GF(fM2F08 UMf22
-(N( d fFG03cm EfbN  zmf-Mf0FcNJ N2Ufc02 -v h8GNWFc G3cJfNM

U-JNMFKN0F-G FG 0mf 2-JFh 20N0fR0mf 2-JFh fvvfc0 y Asy ��	
lfGc4fwNcm l z AA yn PA s iy h yu P v RsP v w n sy  UFGhMFv0
a3wJFcN0F-G2
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NwM8 afM-0 Mf2-GN0-M N0 z y Asy ��	
fG82fG4-( E NF aMF2GfM z 0MFUJf Mf2-GNGcf f

UM-wfmfNh v-M JFä3Fh 20N0f ra f9UfMFWfG02 N0 zf2JN y Asy ��	

lNGb g 2Jf8 l  NJFh-   3G k  -Gb s z2NF i MNWfM D
-MG tU0FWFKN0F-G NGh UMfhFc0F-G -v 0mf fJfc0M-G G3cJfNM hFU-JNM NGh

2cNJNM FG0fMNc0F-G FG NGh JFä3Fh 20N0f h8GNWFc G3cJfNM U-JNMFKN0F-G h
�

oF3 k l MNG0 e a3bWFMf n D aNMNWNbGf0Fc 2mFv02 FGh3cfh w8 0mf
vMff MNhFcNJ zfWU- GF0M-bfG mf0fM-c8cJf2 h h s ���

sfwJ-Gh D ufwfM2vfJh D i-MMFGbN D  03h8 -v 0mf sFä3Fh  0N0f 8GNWFc2 w8
efNG2 -v eNbGf0Fc nf2-GNGcf NGh 8GNWFc a-JNMFKN0F-G iA P a l �

iNM8NbFG E -(b-U-J  Mfä3fGc8 hfUfGhfGcf -v h8GNWFc G3cJfNM
U-JNMFKN0F-G FG (F2c-32 2-J30F-G2 sa n iA A suvy P ��
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rf3hfM0 t nfm e  UFf22 l e7GGfWNGG i gA NGh ra
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 fKfM aMNGh-JFGF e D aMF2GfM z 8GNWFc G3cJfNM U-JNMFKN0F-G c-3UJFGb
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 fKfM r-G UfM03MwN0F(f 0MfN0WfG0 -v 0mf 2-JFh fvvfc0 -v h8GNWFc G3cJfNM
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 fKfM zmf 2-JFh fvvfc0 -v h8GNWFc G3cJfNM U-JNMFKN0F-G FG JFä3Fh2 y Asy
�
iM834-( E aF4f i D zNW z i d rf)0-G e  WF0m e 3UMff
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U-JNMF2N0F-G fGmNGcfWfG0 -v )N0fM UM-0-G2 N0 zf2JN iA h h iA ��

t43G- d  cm)Ff0fM2 dNGb k J-Mf e zmf-M8 NGh UUJFcN0F-G2 -v
rF0M-9Fhf wN2fh aNMNWNbGf0Fc -2-J30f2 v-M aM-wFGb G0fMW-Jfc3JNM NGh
Jfc0M-20N0Fc G0fMNc0F-G2 -G aM-0fFG  3MvNcf2 h h s ���

 fKfM nN0F-GNJFKFGb t(fMmN32fM ra -v GF0M-9Fhf MNhFcNJ2 FG )N0fM 0mM-3bm e
2FW3JN0F-G2 iA h h iA ��
Nv3M-( e z eats N2 N U-JNMFKFGb NbfG0 v-M h8GNWFc G3cJfNM U-JNMFKN0F-G -v

Nä3f-32 2-J30F-G2 y n Asy y y sP A P nvsy suvy P ��
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sFä3Fh t t NGh z t suvy P s iA P h Anvi ���

i3KmfJf( NF fG82fG4-( E iFMFJ834 NbM8NG24N8N
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r3cJfNM a-JNMFKN0F-G  820fWN0Fc  03h8 N0 Fbm eNbGf0Fc FfJh2 suvy P s

iA P h Anvi ���
i7,74  rf3bfwN3fM a aMF2GfM z  fKfM e-Jfc3JNM 2FW3JN0F-G2 v-M
h8GNWFc G3cJfNM U-JNMFKN0F-G FG JFä3Fh2 N cN2f 203h8 -v z eats FG Ncf0-Gf NGh
e t iA h h iA �	

sf(FfG e nfFGmNMh e FJJfM e z4Ncm fGGN0F e tMJNGh- z  UFG
hfG2F08 J-cNJFKN0F-G NGh Nccf22FwFJF08 -v -MbNGFc MNhFcNJ2 Nvvfc0 JFä3Fh 20N0f ra
fvvFcFfGc8 iA h h iA ��
i3KmfJf( fG82fG4-( E mWNh e n-b-KmGF4-(N t d zM34mFG

E NbM8NG24N8N z-MW82mf( E e  Fb3Mh22-G  z aMF2GfM z
 -JFh vvfc0 8GNWFc r3cJfNM a-JNMFKN0F-G FG EF2c-32 sFä3Fh2 N0 z u2FGb
rNMM-) sFGf a-JNMFKFGb bfG02 h h s ���



bl-N gk nFkFqFwUF
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a-JNMFKN0F-G FG EF2c-32 sFä3Fh2 )F0m GF2-0M-UFc Jfc0M-G  UFG nfJN9N0F-G

iA P a l �
iN32F4 n NG  8GNWFc2 NGh 20N0f -v JFUFh wFJN8fM FG0fMGNJ )N0fM 3GMN(fJfh
)F0m 2-J30F-G 20N0f h8GNWFc G3cJfNM U-JNMFKN0F-G iA h h iA ��
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