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ÁqÂSÃ[Ä�Å~Æ�Ç+È�É/ÊÌËvÍ�Î²ÏeÐ�Ð�Ñ�Ò
Ó Ä�Ã[Ä�ÅDÔfÕ[ÖFÔtÄ�×/ÅDÔ}ÃÙØcÄ�Å	ÚoÛ.Å	Ø�Ü�Ý)ÅDÞ�Ä�ß3Ã[Þ²ÆáàHÃeÊâàHÉ/Ê�ÃÙÄ�Ü�ÕeÞ/ß�Ã[Ø�Å�É/ßcÅ~Æ�Ä�ÕYØ�ÅHàHÕ[Ø�Æ]ÃeÞ²ÆmÃeßcßcÜâã�Þ]Ä�×oÅ�Æ/Ã[Ä�Ã¶Õ�äoÄ�Ã[ÜâÞ/Å~ÆvÜâÞ

Ä�×/ÅSå>ÅHÃeæ�ÊÌË4ÃeäoßcÕeØ�ä/ÜâÞoã�äoÊâÉ/Å�ÅHÞ/Å	Ø�ãeËáØ�ÅDã�ÜâÕ�Þ4ÕeÖ:Ä�×oÅ
H2O

ßcÛ.ÅHàDÄcØ�É/Ývç3è¸Õ�Þ�Ä�ÜâÞ�ÉoÕ�Éoß�å>ÃÙé�Å�àHÃÙé�ÜÌÄêËmØ�ÜâÞ/ã¯ÆoÕ~å3Þ
Ãeä/ßcÕ[Ø�ÛoÄ�ÜâÕ�Þ�ßcÛ.ÅHà	ÄcØ�Õ�ßcàHÕeÛ�Ë�å3ÜÌÄ�×�Â�Õ�Û/ÛoÊâÅDØPØ�ÅDßcÕ�ÊâÉoÄ�ÜâÕ�Þ�Üâß,ÉoßcÅ~Æ�Ä�Õ8ÛoØ�Õeä.Å+Ä�×oÅ:Ø�Ã[Þ/ãeÅ+ÖTØ�Õ�Ý;Ï�Ñ�ëHìkÑ>Ä�Õ

25470 cm−1å3ÜâÄ�×�Ã[ÞmÃ[ä/ßcÕ[Ø�ÛoÄ�ÜâÕ�Þ�ßcÅHÞ/ßcÜÌÄ�Üâé�ÜÌÄêË)Õ[Ö
∼ 1 ppb/cm

ç:í�Ï�ÊâÜâÞ/ÅHß¸ÕeÖ=Ä�×/Å�Û.Õ�ÊÌË�Ã�Æ
νOH = 8

Ã[Ø�Å�Ø�ÅDÛ.ÕeØcÄ�Å~Æ�Î�ÕeÖ=å3×/Üâà	×
îkï Ã[Ø�Å�ÃeßcßcÜâã�ÞoÅ~Æ)É/ßcÜâÞ/ã�éeÃ[Ø�Ü�Ã[Ä�ÜâÕeÞ²ÃeÊ.Þ�ÉoàHÊâÅ~Ã[Ø$à~ÃeÊâàHÉoÊ�Ã[Ä�ÜâÕ�ÞoßHç¸ð>×oÅ�ß£Ä�É/Æ�Ë¶ÜâÞ/àHÊâÉ²Æ�ÅHß>Ã[ä/ßcÕ[Ø�ÛoÄ�ÜâÕ�Þ¯ÊâÜâÞ/Å�Ü�Þ�Ä�ÅHÞoßcÜÌÄ�Ü�ÅDß
ÁqÜ�Þ�Ä�×/ÅSØ�Ã[Þ/ã�Å

10−28 ñ 10−26 cm/molecule
Ò>Ö�Õ[ØSÃ[Ê�ÊPÊâÜ�ÞoÅHß�ÃeÞ/ÆmßcÅHÊÌÖFÔfä�Ø�ÕkÃ�Æ�ÅHÞ/ÜâÞoã)ÛoØ�ÅHßcßcÉ�Ø�ÅòàHÕ�ÅDó)àHÜâÅHÞ�Ä�Ö�Õ[Ø�Ã

Ö�ÅDåôÊâÜâÞ/ÅHßHç+õ�Å	å3ÊâËmÕ�ä�Ä�ÃeÜâÞ/ÅHÆáÅHÞ/Å	Ø�ãeË�ÊâÅHékÅHÊâß�Ã[Ø�Å�ÃeÊâßcÕ¿Ø�ÅHÛ.Õ[ØcÄ�Å~Æ=ç
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BDCEBGF6HJILKNMPO ö HJB&KNF
Q @�A	Z[B�CFU)¥*R�L=B	Z�O.¥�\vCFN=@�N/A)CT\vL,¥�B	AD@�N=EÙZ6Rt¥oB)A	ZeB	BDZeU�A	BDCF@�¦>¦TCSRtZ�@�NPO�CTADU�U�L,ZeEÙA	BDK�\'X=@oU¿A	X=Z[BDZTRt¥�BDZvªPZeZ[N�U	K�ªVU�Z�E~A¯¥WRSN²K�\vZ[BD¥�K=U

U�A	K=O.CFZeUe¬>ªP¥�A	X ZDX²L,Z[BDCF\áZeN/AD@�¦�@�N=O ADX�Z[¥oB	Z[A	C�E[@�¦ê¨�Y£AmC�U¯@�G�Ze±W\v¥�¦FZeE[K�¦FZ4CTN�ADX�Z�Z�@�B	A	X�Z U¯E[¦TCF\]@�A	ZjU�±.U�A	Z[\ @�N=O�CTADUmU�L,ZeEÙA	BDK�\ CFU
N�¥�[ O.Z[A	Z[BD\vCTN=ZeO ¥�«oZ[B¯@ ¦�@�B]\�Z6RtBDZ�^/K�ZeN=EÙ± BH@�N \oZ�¨`_�¥�[�Z[«oZ[B�¬$U	CTNPEÙZa[S@�ADZ[B�«�@�LP¥oB�C�U¯ª,¥�A	X�A	X�Zj\á¥/U�Av@�ª�K=N=O�@�N/A0\oB	ZeZ[N�X=¥�K=U	Z
\o@oUS@�N=O�A	X�Z¿\]@�U�¥oBò@�ª=U	¥�BDªPZeBS¥WR$CFN=E[¥�\vCTN�\áU	K�N�¦FCS\oX/Ae¬²A	X=Z)L�B	Z�EÙC�U�Z¿O.Z[A	Z[BD\vCTNP@�A	CF¥�N�¥WR¸C�AHUò@�ª=U	¥�BDL.ADCT¥oN�L�BD¥�L,Z[B	A	CFZeU�C�UòEÙBDK=EÙC�@�¦ê¨bYcN
O.Z[A	Z[BD\vCTN=CTN \�A	X�Z�Z[N�ZeBG\o±¶ªP@�¦�@�N=E[Z3ªPZ[Ac[�ZeZ[N�U	¥�¦�@�B+CTBDBD@oO.C�@�N=E[Z3@�N=O¿ADX�Z�Z�@�B	A	X�Z U:CFNVRtBH@�BDZeO¿Ze\áC�UDU�CF¥�N�@�ª=U	¥�BDªPZ�O¶ª²±YA	X=Z�@�AD\v¥oU	L�X�Z[BDZ�¬
\vCFUDU	CTN \]@�ª=U�¥oB	L�A	CF¥�N�¦FCFN�ZeUSCFN�@�A	\v¥/U�L�X=Z[BDCFEY\v¥.O.Z[¦�US\]@k±�E[@�K=U�Z¿U	Z[BDCT¥oK=USO.CFUDEÙBDZ[LP@�N=E[CTZ�Ud[òC�ADXjADX�Z¿¥�ª=U	Z[BD«�Z�O�O�@�AD@�eS
&f£¨hg�¦TA	X=¥�K \oX
A	X=CFU)U�AD@�A	Z[\vZeNoA)X=@oUYªPZeZ[N�EÙ¥�N/ADBD@oO.CFEÙA	Z�O�e ��f£¬�ADX�Z[BDZmC�U)U�A	CF¦T¦3@�EÙ¦FZe@�BYN=Z[ZeOiRt¥�B)U�A	K=O�CTZ�U¶¥*Rj[�Ze@�G.[�@�A	Z[BY«�@�L,¥�BYA	BH@�NPU�CTA	CF¥�N=Ue¨�QSX�Z
\]@�X.CF\�K�\ U	¥�¦�@�BvZe\áC�UDU�CF¥�N%CFU]CFN%A	X�Z�ª�¦FK�Z L=@�B�A]¥WRYA	X=Z U	L,ZeE~ADB	K=\k[òX�C�EHX%\]@�G�ZeUmADX�Z @�ª=U	¥�BDL.ADCT¥oNôª²±�[S@�A	ZeBv«k@�LP¥oBvCTN;A	X=CFU
[S@k«�Z[¦FZ[N�\�A	X�B	Z�\�CF¥�N @ G�Z[±WCFUDU�K=Z�¨4QSX�Z4E[¥�\vL�¦FZTX.C�A�±W¥WRò@�A	\v¥/U�L�X=Z[BDCFEm\v¥²O�Z[¦�U[¬�[òX�CFEHX�CFN=EÙ¦FK=O.Z]X²K \oZ:^oKP@�N/A	CTA	CFZeU)¥*R�O�@�AD@�RtBD¥�\

∗ l	m�n#oqp&rJnsp)t�o�p&uwvcp&r�r#xcyszWp&{q|�x}{�v}x)ysoqp&m�~�|��WxNysxc{TnG�0�T�2�&�T�T�&�D�}�D�c�,�]�G�&�&� ���G���G�����G�T�&�T�V���&�2���J��r�xcysxc{TnN�2|q|�r#xcysy}�0�V�2ysxcr-��zWx}v�n#r#p&y#vcp&zD���W�2v}��~�� n��T�  xcz��2r�nsu�xc{Tn	p2¡�¢£oqxcu���y�nsr��T�q¤�oqx�¥	oq��pJ�Tn@�]n#x�¦�{q� §Txcr�ys� n��T�*¢£p&~�mqu¨��mqyG�q¥	oq��pd©Tª&«�¬}­
† ��r#xcy#x}{Tn��2|q|qr�xcysyG���V�2�Wp&r#�]nsp&��r�xh|qxh®	¯c{q��x±°�~�x}v�n#r#��²Dmqx±|qx	¤Vp&mq~�p&mqysx&�W¦³{q� §Txcr#y#� ns¯b���2m�~V���2���]n#��xcr±¬&¬}´¨µ�p&m�nsx±|�x±¶	�2r��Wp&{q{qx&�Wª�¬}­&·&«¨¤Vp&mq~�p&m�ysxh¢£xc|qx�¸,���r#�2{qvcx
‡ �Vxcr�uJ�2{qxc{Dn��2|q|qr�xcysy}�£¹�{qy�ns� n#m�n#x�p2¡ l�zqzq~���xc|N��oD��ys��vcy}��µ�mqysy#�º�2{�l�v}�2|qxcuj�(p2¡���vc��xc{qvcx&�*¦�~ »#�2{qpG§��Dn#r�x}x�n	©T·��W¶���¼coq{q����¶�p}§�½&p&r�p�|,�*µ³mqy#ys�º�j·&­&ª&¾&¿&­
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¦�@�ª,¥�BH@�A	¥oB	CFZeUe¬.BDZ�^/K�CFB	Z�UòB	Ze¦TC�@�ª=¦TZ�O=@�AD@vªP@�U	ZeUe¨¨Yc\vL�BD¥�«²CTN�\vA	X�ZP^oKP@�¦FC�A�±�¥WR>A	X=ZeU	Z¯ª=@�U	ZeU0ÀfU	K=EHXW@�U(_JY�Q ­ g¶¤Le ÁWf�ÂSC�U�@]\]@�U�¥oB�@�CF\¥WR¸A	X=CFUSL=@�LPZeBe¨
§�¥�K=B	CFZ[B�Q$BH@�N=U}Rt¥�BD\wÃ²L,ZeEÙA	BD¥oUDEÙ¥�L²±ÄÀ}§>QJÃ Â>X=@oU8ªPZeZ[NvADX�ZòA	BH@�O�C�ADCT¥oN=@�¦�ZDX.LPZeB	CF\vZ[N/AD@�¦=U�¥oK�BHEÙZS¥WR�[S@�A	ZeB3O�@�AH@�¨	Y£A�C�Uh[�Z[¦F¦�G²N�¥�[òN

A	XP@�ASA	X�Z¿BD¥�AH@�A	CF¥�N Åê«²CFª�BD@�A	CF¥�N4U	LPZ�E~ADB	K�\ ¥*R�[S@�ADZ[B�¬�[òCTA	X�CTADUSEHX=@�BH@�EÙA	ZeB	C�U�ADCFEeU3L,¥�¦F±o@oO�U�A	BDK=E~ADK�B	Z,e Æ�Ç94qf:ZDX/ADZ[N=O=U�@oEÙBD¥oUDU3ADX�Z¿Z[N/A	CFBDZ
«²CFU	CFª�¦TZ�BDZD\�CF¥�N+¨�_�¥�[�Z[«oZ[B�¬e¦�@�U	Z[B>ª=@oU�Z�O¿A	Z�EHX�N�CÈ^/K�ZeU>E[@�NmN=¥�[�U�K=EeEÙZ�U	U}RtK�¦F¦T±¯E[¥�\vLPZ[A	Zd[òCTA	Xv§¸QJÃ¯CTNPU�ADB	K�\vZeNoAHU8@�U+A	X�ZòEHX=@�¦T¦FZ[N�\�Z�¥*R
¥�ªPU�ZeB	«²CFN \�[�Z�@�G¶A	BH@�N=U	CTA	CF¥�N=U$B	Z�U�C�O.Z�U:CFN¯¦T¥oN \�@�ª=U�¥oB	L�A	CF¥�N)Z�^/K�CF«�@�¦FZ[N/A$LP@�A	X�¦TZeN \�ADX=U+¥oB+\mK�¦�ADCTLP@�UDU$@�ª=U�¥oB	L�A	CF¥�N)EÙZe¦T¦ê¨	g�\v¥�N \�¦�@�U	Z[B
A	Z�EHX�N�CÈ^/K�ZeUe¬/A	X�Z0É�@k«²C�A�± ­ CFN \vI�¥�[òNÊÃ²L,ZeE~ADB	¥/U	E[¥�L²±ÊÀsÉ ­ INÃ Â�¥WË0Z[BHUSU�Ze«�Z[BH@�¦,@�O.«�@�NoAH@W\oZeU�@�N=O4CTADUSL,¥�ADZ[N/A	C�@�¦0C�U�\v@�CTN=¦T±]¦FCT\vCTA	Z�Oª²±]A	X=ZL^oKP@�¦FC�A�±4¥*R$ADX�Z)\vCTBDBD¥�BHU�E[¥�N=U�A	CTA	K�A	CFN \áA	X�Z)¥oL.A	C�E[@�¦:E[@k«²C�A�±o¨±Ì�¥�BDZ[¥�«oZ[B�¬o¦FCTN=Z)CTN/A	ZeN=U	C�A�±�Ee@�N�ªPZ¯O�ZÙA	ZeB	\vCFN�ZeO�[òCTA	X�¥oK.A�@�N²±
@�O=O.C�ADCT¥oN=@�¦>E[@�¦TCFª�BH@�ADCT¥oN�L�B	¥.E[ZeO.K�BDZ�¨¿QSX�ZáK=U	Z�¥WR�@�EÙ¥oN/A	CFN/K=¥�K=U�[�@k«oZÄÀsÉjQÍÂ¶U	¥�K�BHEÙZ�@�¦T¦F¥�[�U�A	¥�CFN²«�Z�U�ADCS\/@�A	Z�¦TCFN�ZáL�B	¥*Î=¦FZeU¶Z[«�ZeN
@�AY@]\v¥²O�Z[BH@�A	Z)L=B	Z�U	U	K�BDZaÀ

∼ 10 Torr
Â~¨�§=¥�B�ZDX.@�\vL�¦TZo¬=¥oK�B�U�A	K=O.±�U	X�¥�[�USADX=@�A�ADX�ZL[S@�ADZ[B�«�@�L,¥�B¶¦TCFN�Z¯L=B	¥*Î=¦TZ�UòZTX.X�CFª�CTAY@6\oB	Z�@�A

«�@�BDCF@�A	CF¥�NjCTN�L�BDZeUDU�K�BDZ¶O�Z[L,Z[N=O.ZeN=EÙZ)@oUò@LRtK�NPE~A	CF¥�N�¥WR$A	X�Z)U�A	K=O�CTZ�O4ADBD@�N=U�CTA	CF¥�N+¨	Q�@�ADZ[BSADBD@�N=U�CTA	CF¥�NPU�@oU¨[�Z�@�G]@�U
10−29 cm/mol.X=@k«oZ�ª,Z[Z[N%¥�ª=U	Z[BD«�Z�O�CTNôA	X�Z�N�Z�@�BPY ­ BDZD\�CF¥�N ¥*R�A	X=Z�U	LPZ�E~ADB	K�\

(1.48 − 1.63 µm)
ª²±ÏÉjQÐÅcÉ ­ INÃ1ÀfZ�^/K�CF«�@�¦FZ[N/Av@�ª=U	¥�BDL.A	CF¥�N

¦FZ[N \�A	X�Ñ
∼ 27 km

Â&e <�f£¨¯¤�¥�ADZ�ADX=@�A)@�N�Z�^/K�CF«�@�¦FZ[N/AY@�ª=U�¥oB	L�A	CF¥�N ¦FZ[N \�A	X�¥WR
∼ 120 km

X=@�U¶ª,Z[Z[N�¥�ª.AH@�CFN�ZeOWª²±�CTN/A	BH@�Ee@k«²C�A�±j¦F@oU�ZeB
@�ªPU�¥oB	L.ADCT¥oNjU	LPZ�E~ADB	¥/U	E[¥�L²±`À�YGÉ¨Ò�g�Ã ÂS@�B	¥oK�N=O

9600 cm−1
eS
�Aqfê¨

QSX�Z]U�CF\vL�¦TC�EÙCTA�±W@�N=OWU	Z[N=U	CTA	CF«/CTA�± ¥*R�A	X=ZaÉ ­ I-Ã A	Z�EHX�N�CÈ^oK=ZP[S@�U¿O.Ze\v¥�N=U�A	BH@�ADZeO KPU�CFN \Ê[�@�A	ZeB¶«�@�L,¥�B�¬£Rt¥�B)ZDX�@�\vL�¦FZ�¬:@�BD¥�K=N=O
1.1 µm,

ª²± ­ @�\vL,¥�N�C�@�N=OáEÙ¥o@�K.A	X=¥�BHU�[òX=¥Y¥oª.AD@�CTN=ZeOá@YU	Z[NPU�CTA	CF«²C�A�±¯¥*R 5×10−8 /cm
eÓ
*
Tfê¬/@�N=Oá@�BD¥�K�NPO)4,Á*Á¶N�\ ª²±á©0@�B	Z,Z U	\�BD¥�K=L

[òX�¥�O.Ze\á¥oN=U�A	BH@�A	Z�O�@ U	Z[N=U	CTA	CF«/CTA�± ¥*R
1.7 × 10−9 /cm

K=U	CTN \ X�Z[A	ZeB	¥.O.±²N�Z]O.Z[A	ZeEÙA	CF¥�N�eÓ
��.¬�
�Á�fê¨]QSX�Z]L�K=¦FU	ZeO9Å}É ­ INÃ�ADZeEHX�N=CÓ^/K�ZX=@oU)ªPZeZ[N�KPU�Z�O�ª/±�Ac[�¥.\�BD¥�K�L=U-Rt¥oB0[S@�ADZ[B�U	LPZ�E~ADB	¥/U	E[¥�L²± L�K�BDL,¥oU	ZeUe¬¸@�A
∼ 810 nm

CTN�ÔP@�\vZ4Z[N²«²CTBD¥�N=\áZeN/AaeS
�Æ�fê¬8@�N=O�CTN�ADX�Z
Õ*Õ,Õ ÇV$*A*$¯N�\�BH@�N \oZ¿CTN ª�K�¦FG�E[Z[¦F¦#eÓ
 Õ ¬³
�$qf£¨±YcN�EÙ¥�NWU�K�N=E~ADCT¥oNÊ[òC�ADX @vU	¦TCTA�U	K�LPZeBDU	¥�N=CFEjU�ZÙA�ZDX.L=@�N=U	CF¥�N:¬�Ã.@k±²G�@�¦F¦F±;Z U¨\�BD¥�K�L�¥�ªPU�ZeB	«oZeO
\�K=¦�ADCTL�¦FZÖ[S@�A	ZeB�EÙ¦FK=U�A	Z[BHU�CTN�ADX�ZÖY ­ O.¥�\]@�CFN:¨ÓeS
�3DÇV� 
2f
QSX�ZôL�BDZeU	Z[N/Ai[�¥�BDGRZTX²A	ZeN=O�U�L�B	Ze«²CT¥oK=UW§>QJÃ U�A	K=O�CTZ�Ui[òX�C�EHX BDZ[L,¥�B	A	Z�O×3®¦FCTN�Z�U (

S0 > 0.46−26 cm/mol.
) CFN A	X�Z%N�Ze@�B}Å

K�¦TA	BH@k«²CT¥o¦TZ[A�e��*�DÇV� Õ fê¨ÐY£A]L�BD¥�«²CFO.Z�UvEÙ¥�\vL�¦FZ[\vZeNoAH@�BD±�O�@�AH@ AD¥ A	X�Z I¶¥�K�ª=¦TZ L�X�¥�A	¥oN%ZDX.E[C�AH@�ADCT¥oN:¬dØ¶K=@�N/A	K�\ÚÙ�Ze@�A4O.ZÙADZeE~ADCT¥oN%¥*R
?3X�¥�A	¥*RtBD@*\�\vZ[N/AjÒ$@�U	Z[BGÅsYcN=O�K=EÙZ�O]§$¦FK�¥oB	Z�U	E[Z[N=E[Z�U�L,ZeEÙA	BDK�\Êe �*$qf£[òX�CFEHX�L�B	¥oªPZ�OvA	X=Z

J = 1
@�N=OÄ�)¦FZ[«oZ[¦�U3¥*R�A	X�Z

8ν
L,¥�¦F±o@oO�¨¸QSXP@�A
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U	¥�\vZmN=¥�NW¦FCFN�Ze@�BYBDZeU	L,¥�N=U	Zm¥*R3A	X=Zv@oED^/K�C�U�CTA	CF¥�N O.Z[«²C�EÙZvEHX=@�CFN:¨0ð�N=O.ZeB¯U�K=EHX EÙ¥oN=O.CTA	CF¥�N=Ue¬0A	X�Z]U	Z[N=U	CTA	CF«/CTA�±�¥WR�A	X�ZáADZeEHX�N�CÈ^/K�ZáCFU
¦FCT\vCTA	ZeO�ª²±4ADX�Z)L�BDZeE[CFU	CT¥oN�¥*R$ADX�Z)\vZe@�U	K�BDZ[\vZ[N/AS¥WR¸A	X�Z ­ I A	CF\vZ*Ñ

∆τRD/τRD

À�RtB	¥o\�Z�^oKP@�A	CF¥�Nî
�ÂTÑ

∆α0(ω)

α0(ω)
= −2

∆τRD(ω)

τRD(ω)

À#�*Â

Y£A�E[@�N�ª,Z¯O.Z[\v¥�NPU�ADBD@�A	ZeO�A	XP@�AòA	X=Z)\áCFN�CF\�K�\<¥WR>U�ZeN=U�CTA	CF«²C�A�±îÀtL,Z[B�O.Z�E[@k± Â�CFUJ\�CF«�Z[Njª²±;Ñ

α0min
=

1

c τe

∆τRD

τRD

=
1

leq

∆τRD

τRD

À�Á,Â

Y�O.Z�@�¦F¦T±o¬$@�¦F@oU�ZeB¯U�¥oK�BHEÙZvE[@�N�ª,Z4EHX=@�BH@�EÙA	ZeB	CÓí[Z�O�¬�ª²± C�AHU¯U	LPZ�E~A	BH@�¦8ªP@�N=OV[òC�O²ADX:¬$¥oB)ª²± C�AHU¯EÙ¥oX�Z[BDZ[NPEÙZáA	CF\vZ4@�UDU�K�\vCFN \�A	X=@�A)A	X�Z
U	¥�K�BHEÙZ8C�U+§=¥�K�BDCTZeB�A	BH@�NPUcRt¥oB	\J¦TCF\vC�ADZeO�¨¸QSX�Z�K=U	Z8¥WR=@òU	CFN \�¦FZ3\v¥.O.Z¨ÉjQ U�¥oK�BHEÙZJÀt¦�@�U	Z[B+¥�B$O�CT¥.O.ZqÂ0ZTX.X�CFª�CTA	CFN \�@òN=@�B	BD¥�[WªP@�N=OV[òC�O²ADX
(∆νlas ∼ 1 MHz)

L�BDZ[«oZ[N/ADU>ADX�Z�U	CT\mK�¦�AH@�N�Ze¥�K=U3ZTX�EÙCTAD@�A	CF¥�Nv¥WR�U�Ze«�ZeBD@�¦.¦T¥oN \�CTA	K=O�CTN=@�¦.\v¥²O�ZeU�U	CFN=EÙZSADX�Z�§±Ã ­ ¥WR:@�N²±¯KPU�K=@�¦=E[@k«²CTA�±C�Uò@v¦T¥�AS¦�@�B]\�ZeB�A	X=@�N
∆νlas

¨
QSX�Zj¥oª=U	Z[BD«k@�A	CF¥�N�¥*R�L�K�BDZ�ZDX.LP¥oN�Z[N/A	C�@�¦òO.Z�E[@k±.UmK=U�CFN \ @�ÉjQ U	¥�K=BDE[Z�X=@oUm@�L�BDCFE[ZjCFN�ADZ[BD\vUá¥*R¶EÙ¥o\áL=¦TZDX²CTA�±�¨�Y£A]BDZ�^/K�CFB	Z�U

A	X=Z4\]@�ADEHX=CTN \ ¥*R�ADX�Z4¦�@�U	Z[B¯U	¥�K�BHEÙZá\v¥²O�Z]A	¥�¥oN�Z]E[@k«²C�A�±W\á¥.O.Zo¬¸@�N=O�@�N�ZTê4E[CTZeNoA¯¥oL.A	C�E[@�¦�UG[òC�AHEHX�AD¥`^/K�CFEHG²¦F± CFNoADZ[BDB	K=L.A)A	X�Z
CFN=EÙ¥o\áCFN \)æ�ÌóÎ=Ze¦FO�¬.@�N=O4U�AD@�B	A3ADX�Z�ADCT\vZYO.ZeEe@k±á@oED^/K�C�U�CTA	CF¥�N:¨±Ò+ZeUDU�U	¥�L�X�C�U�A	C�E[@�ADZeO]U	ZÙAGÅêK�LPU�X=@k«oZ�ª,Z[Z[N�L�B	¥oLP¥/U�Z�OáA	¥á@k«�¥�C�O]U	K=EHX
@]EÙ¥o\vL�¦TZDX.C�A�±o¬Se $ 
2Ç�39
2f�Rt¥�B�ZDX�@�\vL�¦FZ�¬=ª²±jLPZeB	CF¥.O.CFEe@�¦F¦T±�U}[�Z[ZeL�CFN \vA	X�ZmU�¥oK�BDE[ZNRtB	Z�^/K�Z[N=E[±4ADX�B	¥oK \�X�@4Ee@k«²C�A�±j\á¥.O.Z¯@�¦T¦F¥�[òCFN \vA	X�Z
UG[�ZeZ[L�CFN \]AD¥j@�EÙA¶@�UY@4UG[òC�AHEHX:¨-Ã.K=EHXWU	ZÙA}Å£K�L=U¶O.¥�N=¥�AY@�¦T¦F¥�[ôRt¥�B�A	X�ZáEÙ¥�N/ADB	¥o¦+¥WR8ADX�Z0æjÌ ª,Ze@�\ CFN/A	Z[NPU�CTA�±jCFN�U�Z�E~A	Z�O CFN=U	CFO.Z�A	X�Z
E[@k«²CTA�±�¬,@�N=O�ADX�Z�CFN/A	Z[BGRtZ[BDZ[NPEÙZ¯¥*R8A	X�ZáU�¥oK�BDE[Z)\v¥²O�ZeUJ[òCTA	X A	X�ZmCTN/A	BH@�Ee@k«²C�A�±j\á¥.O.Zm@�AY@�U�¦FCS\oX/A	¦F±�O.CSË0Z[BDZ[N/A(RtBDZ�^/K�ZeN=EÙ±o¬=¦FZe@�O=UòA	¥
EHX�CFB	L�ª,Ze@�ADCTN�\�e $*4²¬;3*�²¬�3�Áqf£¨hÙ�ZeEe@�K=U	Z�ADX�Z)\]@�AHEHX�CTN�\m¥*R$ADX�Z)U�¥oK�BDE[ZY@�N=O�E[@k«²C�A�±]\v¥.O.Z�USCFUòE[B	K=E[CF@�¦}¬�U	Z[«oZ[BH@�¦,G²CTN=O=US¥WR¸U	Z[BD«�¥á¦F¥/¥oL
X=@k«oZ�ª,Z[ZeNvL�B	¥oLP¥/U�Z�O�¨Óe�3�Æ�Ç 3�<�fP§�K�B	A	X=Z[BD\á¥oB	Zo¬�X�Z[A	Z[BD¥.O.±²N�Z�O.Z[A	ZeEÙA	CF¥�N=U3X=@k«�ZSª,Z[Z[NvBDZeE[Z[N/A	¦F±¯L�BD¥�L,¥oU	ZeO�eÓ
��/¬�
�Á.¬94*AqÇ94 Õ f£¬o@�N=OmA	X�Z�U�Z
\vZÙADX�¥.O�UòX=@k«oZYO.Ze\v¥�N=U�A	BH@�ADZeO�A	X�Z)ª,ZeU�A�U�ZeN=U	C�ADCT«²CTA	CFZeUe¬V[òX�CFEHX�@�B	Z¿EÙ¦F¥oU	ZYA	¥áA	X�Z¯U	X�¥�A�N�¥�C�U�Zo¨
QSX�Z�U	ZÙA}Å£K�L�KPU�Z�OîRt¥�B¯ADX�ZÄ[S@�ADZ[B�O=@�AD@W@�ED^/K�C�U	C�ADCT¥oN CFUmO.CFU	L�¦�@k±�Z�O�CFNéÎ�\oK�BDZ`
�¨�QSX�Zj¦F@oU�ZeB�EHX=@�CFN C�U¯ª=@oU�Z�O�¥�N�@ UDE[@�N=@�ª�¦FZ�¬

ZTX²ADZ[BDN=@�¦F¦T±®U�AD@�ª=CT¦FCSíeZeOJQSC#Ñ�Ã.@�L=L�X�CFB	Z�¦F@oU�ZeBjU	¥�K�BHEÙZõÀ@É�¥�X�ZeB	ZeN/Aj\v¥.O.Z[¦N4*<,<�Åc�V
�ÂvO�Z[¦FCT«oZ[BDCTN \ôK�L½AD¥å�.¨ Õ Q CTN @%U�CFN \o¦TZ�\á¥.O.Z
ÀfU�AD@�ª�CF¦TCTA�±£Ñ

∼ 0.5 MHz
B	\]U2Â�[òX�ZeN CTAYC�U�L=K�\vLPZ�OõÀ

∼ 15 W
Â�ª/± @�N

Ar+
¦�@�U	Z[BYU�¥oK�BHEÙZÄÀsÃ²LPZ�E~ADBD@�?3X²±²U	C�E[Ue¬P\v¥.O.Z[¦h�*AWÆ Õ Â~¨(Ù�±

K=U	CTN�\ ªPZ�@�\]U	L�¦TCTA�ADZ[BHUÄÀfK�N=EÙ¥/@�ADZeOéÙdö03jL�¦�@�A	Z�U]Â¯U�\]@�¦F¦hRtBH@�EÙA	CF¥�N=UÄÀ
∼ 1 ÷ Â)¥WRSADX�Z�¥oK.AG\o¥�CFN \�¦F@oU�ZeB¯ª,Ze@�\ @�BDZ�O.CFBDZeE~ADZeO AD¥�ÑáCÈÂ

@�§=@�ª�BD±,Å£?>Z[BD¥�A)ZÙAH@�¦F¥�N1À�æ3G.U�\]@�¬�Î=N�Z�U	U	Z
∼ 20

Â¿@oU	U	¥.EÙC�@�A	Z�Oî[òC�ADX�@ L�X�¥�AD¥.O.CT¥.O.ZaRt¥�B¯¦FCTN=Ze@�BDCÓíe@�ADCT¥oN�L=K�B	L,¥oU	Z�¬¸CFCÈÂ)@�
]\ ¦F¥�N \
CF¥²O�CTN�ZJ^/K=@�B�A]íòEÙZ[¦F¦³ÀtA	X=@�N�G.U¸A	¥¿A	X=ZJð�N�CF«�ZeBDU	C�A�±�¥WR:V-ø�A�ADCTN�\�Z[N;Â	[�@�B	\vZeOmK�LáA	¥)@YADZ[\vLPZeBD@�A	K�BDZS¥WR

450◦ C
Àf@�NPOmCFN=E[¦TK=O�CTN \¯@)E[¥�¦�O

Î=N \oZ[B)@�A)@�¦T¥�[�Z[B¶A	Ze\vLPZeBD@�A	K�BDZ�ÂJRt¥�B)E[@�¦TCFª�BH@�ADCT¥oN L�K�BDLP¥/U�Z�U[¬:@�N=O�CTCFCÈÂY@jX�¥�\vZv\]@�O.ZÊÀtCFN/A	ZeB}RtZeB	¥o\áZ[A	ZeB2Â�¦F@�\�ª0O�@�\vZ[A	Z[B�e 4*$�f±Rt¥�B
L�BDZTÅcU�Ze¦TZ�E~ADCT¥oN]¥WR�A	X=Z�[S@k«�Ze¦TZeN \�ADX=U3¥*R:CTN/A	ZeB	Z�U�A�¨8§�BDZ�^/K�Z[NPEÙCFZeU3CFN4ADX�ZYª�¦TK=Z¶@�BDZ�¥oª.AD@�CTN=ZeO]ª²±]@�N4ZDX²A	Z[BDN=@�¦=CFNoADBD@oE[@k«²CTA�±0RtBDZ�^/K�ZeN=EÙ±
O.¥oK�ª�¦FCTN \¿K�N=C�A�KPU�CFN \)@ÖÒ³ÙJè�E[B	±.U�AD@�¦�À�Q�@k«�ZÙADBD@�CTN+¬WÒ+@�U	Z[Bhg�N=@�¦F±/A	C�E[@�¦�Ã²±.U�ADZ[\aÂ	\�ZeN�Z[BH@�ADCTN \¿K�LáAD¥LÁ Õ A¶\(QùÀ�_�ú�N=UDEHXVÅ}É�¥�K�CF¦F¦F@�K=O
U	Z[BD«�¥vEÙ¥�N/ADB	¥o¦ÈÂÙ¨



û£ü�ý ç+ë�Ç Ó à	×oÅHÝ¯Ã[Ä�ÜâàYÆoÜ�Ãeã[Ø�ÃeÝ ÕeÖ¸Ä�×/Å¿ÅDÚ�Û.ÅDØ�ÜâÝ)ÅHÞ�Ä�Ã[Ê�ßcÅDÄcÔfÉ/ÛPç)ð>×/Å)Ã[ä/äoØ�ÅDé�Ü�ÃÙÄ�Ü�ÕeÞ/ß�Ã[Ø�Å¯Ã[ßSÖ�ÕeÊ�ÊâÕ~å3ßHÇÖþ Ó ä.Å~Ã[Ý)ßcÛ/ÊâÜÌÄcÄ�ÅDØ~Î û�ÿÏû Ãeä�ØcË�Ô ÿ Å	Ø�ÕeÄ
ÅDÄ�Ã[Ê�ÕeÞPÎ ÿ Â Ûo×/Õ[Ä�Õ�ÆoÅDÄ�ÅHà	Ä�ÕeØ~Î�� ÿ Â Ã~é�Ã[ÊTÃ[Þ/à�×/Å ÿ ÂYÎ ÿ�� ÛoÜ�Þo×/ÕeÊ�ÅeÎ,Â Æ�Ü�ÃeÛ/×�Ø�ÃeãeÝvÎ������	�8àHÕeÉ/ß£Ä�Õ
��Û�Ä�Üâà��áÕ�ÆoÉoÊ�Ã[Ä�ÕeØ~Î ÿ
� ð®àDË�ÊâÜ�Þ/Æ�Ø�Üâà~Ã[Ê
Û/ÜâÅ��DÕeÔfÅHÊâÅHàDÄcØ�Üâà Ã[àDÄ�É²ÃÙÄ�ÕeØ~Î

L1

ÃeÞ²Æ
L2

ÁqÝ)ÜâàDØ�Õ ÄcØ�Ã[Þ/ßcÊ�Ã[Ä�Ã[ä/ÊâÅÙÒmÊâÅHÞoßcÅHßvÕeÖ�Ä�×oÅjßcÛ/Ã[Ä�Ü�ÃeÊ��/ÊÌÄ�ÅDØ~Î ����� Üâãe× � Å��/ÅHàDÄ�ÕeØ
�áÜÌØcØ�ÕeØ~Î
M1

Ã[Þ²Æ
M2àHÕeÞ/ß£Ä�ÜÌÄ�ÉoÄ�Å�ÃYÛ.Å	Ø�Ü�ßcàDÕ�Û.Å

QSX�Z�X�CÓ\�XPÎ=N�Z�U	U	Z�E[@k«²CTA�±¯C�U3EÙ¥oN=U�ADC�ADK.A	Z�Ovª²±m@)EÙZe¦T¦,U�K=L�LP¥oB�ADCTN�\¿Ac[�¥¿X�CÓ\�X]BDZTÔ=Z�E~AH@�N=E[Z
(R ∼ 0.999973

Â:U	K�L,Z[BDLP¥o¦TC�U�X=ZeOáL�¦�@�N�¥*Å
EÙ¥oN=E[@k«oZm\vCFB	BD¥�BHU

(ROC ∼ 1 m)
RtBD¥�\ ­ ZeU	Ze@�BDEHXÜæ3¦TZ�E~ADB	¥iè¶L.ADCFEeULA�¨ Á Õ \ @�L=@�B	Ae¨]QSX�Z]¥oK.A	L�K�A¯\áCFBDB	¥oB¿U	CTADU¿¥�N @ EÙ±²¦FCTNPO.B	C�E[@�¦

L�CFZDíe¥WÅ£Z[¦FZeE~ADB	C�E¿@�EÙA	K=@�A	¥�BÖÀf?hY}Â�[òX�C�EHX @�¦F¦T¥�[�U�ADX�Z¯EÙ¥oNoADB	¥o¦�¥WR¸A	X�ZmE[@k«²C�A�±]¦FZ[N�\�A	X+¨�QSX�Z)CFN=EÙ¥o\vCTN \v¦�@�U	Z[Bòª,Ze@�\�C�U¨òcE[¦TZ�@�N�Z�O�òYª²±�@
U	L=@�ADCF@�¦�ÎP¦�ADZ[BÖÀt¦FZ[N=U

L1

¬²L�CFN�X�¥o¦TZY?�_¯¬=¦TZeN=U
L2

@�N=O�O.C�@�L�X�BH@W\o\ I-ÂÙ¨�QSX�ZYE[Z[N/A	BH@�¦,¦F¥�ª,ZY¥*R:A	X=Z¿O�CÛË0BD@oE~ADCT¥oN:Î�\�K=B	ZYCFUSE[¦T¥/U�Z¶A	¥mA	X�Z
V¿@�KPU	U	CF@�N]U�X=@�LPZ�¥WR:@)L�K�BDZ

TEM00

A	BH@�N=U	«�ZeBDU	ZS\á¥.O.Zo¨8QSX�Z�@�O�U�K=U�AH@�ª�¦FZ�L,¥oU	C�ADCT¥oN]¥WR:¦FZ[N=U
L2

E[¥�\vL�¦FZ[\vZ[N/ADZeOvª²±�ADX�Z�L,Z[BDC�U	E[¥�L,Z
Àt\vCFB	BD¥�BHU

M1

@�NPO
M2

Â�L�BD¥�«²CFO.Z�US@)\o¥²¥²Oj¥�«�ZeB	¦�@�L�ªPZ[Ac[�ZeZ[NjA	X�Z)¦�@�U	Z[Bòª,Ze@�\�@�N=O @
TEM00

\v¥.O.Z)¥WR¸A	X�Z)Ee@k«/CTA�±£Ñ>B	Z}U�ZeE~ADCT¥oNj¥*R
A	X=ZYX=CS\oX�Z[B�¥�BHO.Z[B�\v¥.O.ZeUS¥*R�
�A,A ÑÓ
�X=@oU�ª,Z¿B	¥oK.A	CFN�Z[¦F±]¥�ªPU�ZeB	«oZeO]CFN=U	CFO.Z¿@�NjZ[«�@�E[K=@�ADZeOjEHX=@�\mªPZeBe¨8QSX�ZYªPZ�@�\�U	CÓí[Z¿@�A�A	X�Z)EÙZeN/A	Z[B
¥WRPA	X�Z�Ee@k«²C�A�±ÄÀ�[�@�CFU�Ah_JQ1_�ÌiÂ>X=@oU$ª,Z[ZeNvZeU�A	CF\v@�A	Z�Oá@�A

260 µm
¬o@�A¸ADX�Zò\vCTBDBD¥�BHU[¬�A	X=ZòªPZ�@�\"U	CÓí[ZSCTNPEÙBDZe@�U	Z�CFU8¦FCF\áCTA	Z�OmA	¥

∼ 10%.QSX�C�U¯ZDX.E[¦TKPO.ZeUm@�N²±�U	CS\oN�CSÎPE[@�NoA�O�CÛË0BD@oE~ADCT¥oN ¦T¥/U	U	ZeU¯O�K�Z]A	¥ A	X�Z4¦FCF\áCTA	Z�O�U	CSíeZ4¥WRSA	X=Z4\vCTBDB	¥oBDUÄÀfO.C�@�\vZÙADZ[B�Ñ
∼ 7.75 mm

ÂÙ¨ QSX�Z
ª,Ze@�\ ADBD@�N=U	\áCTA�ADZeO A	X�BD¥�K \oX�A	X=ZáEe@k«/CTA�± CFUYEÙ¥o¦T¦FZeEÙA	Z�O ¥�N�@4ADX�Z[BD\]@�¦F¦T±�EÙ¥oN/A	BD¥�¦F¦TZ�OÊRf@�U�A¿U	CF¦TC�EÙ¥oNW@k«�@�¦�@�N=EHX�Z�L�X�¥�AD¥.O.CT¥.O.ZÊÀ�g�?�I
_�@�\]@�\]@�AHU�K�\v¥²O�Z[¦�ÃV$,AWÆ Õ Å�AWÆ�ÂbRtZ[ZeO�CTN \4@áX�¥o\vZTÅ£\v@oO.Z¿¦F@�BG\oZ¶ªP@�N=OV[òC�O²ADXjADBD@�N=U	CT\vL,ZeO�@�N=EÙZ)@�\vL�¦FCSÎ=Z[B

(RF = 50 kΩ)
¨

QSX�Z�g�?�I O.Z[A	ZeEÙA	¥oBmC�U�KPU�Z�OéRt¥�BmAc[�¥WL�K�BDL,¥oU	ZeU�ÑvA	¥�U	Z[BD«�¥*Å£E[¥�N/A	BD¥�¦>ADX�Z E[@k«²C�A�± ¦FZ[N \�A	X ÀtA	X�Z�\]@�X.CF\�K�\ ¥*RòA	BH@�N=U	\vCFUDU�CF¥�N;Â
@�NPO A	¥ @�E�^/K�CTBDZvA	X=Z ­ I�A	CF\áZo¨�QSX�CFU�CFU�LP¥/U	U	CFª�¦TZ]ª²±�U�Z[A�ADCTN \ Ac[�¥WO.CSË0Z[BDZ[N/A¯«�¥o¦�AH@W\�ZvADX�BDZeU	X�¥�¦�O�UaÀtA	X�Z�@oED^/K�C�U�CTA	CF¥�N Ee@�N ¥�N=¦T±
X=@�L�LPZeNô@�RqADZ[Bá@�N ZTê4E[CTZeNoA�A	BH@�EHG²CTN�\�¥WRòA	X=Z�E[@k«²CTA�±�¦FZ[N \�A	X�Rt¥oBm@�\]@�X.CF\�K�\ ¥WRSADBD@�N=U�\vC�U	U	CF¥�N�ÂÙ¨ QSX�Z�EÙ¥oN/A	BD¥�¦3¥*RòA	X�Z�Ee@k«²C�A�±
¦FZ[N \�A	X U�A	Ze\vUaRtB	¥o\ @ X�¥�\vZDÅê\]@�O�Z EÙ¥�N/ADB	¥o¦�ª,¥qX;ª=@oU�Z�O®¥�N½@ô\á¥.O.K=¦F@�A	CF¥�N Àc
�A*AîÇ Õ A*Aé_(í�Â4¥WR)A	X=Z�E[@k«²CTA�±ô¦FZ[N \�A	X1[òX=¥oU	Z
@�\vL�¦FCTA	K=O.Z]CFN=O.KPEÙZeU)@�\v¥.O.K�¦�@�ADCT¥oN ¥*R�@>RtZD[ L,Z[BHEÙZ[N/A)¥WR�A	X=Z4E[@k«²C�A�±�ªP@�N=OV[òC�O²ADX�e �*<.¬b3�Æ�f£¨4I�K�ZvAD¥�A	X�Z6Î=N=ZeUDU�Zv¥WR�A	X=ZvEe@k«²C�A�±
(∼ 140000)

¬3ADX�ZWª=@�N=OV[òC�O²A	X�¥*R¿A	X�Z ¦F¥�N�\�CTA	K=O.CFN=@�¦�\v¥.O.Z C�U]«�ZeB	±%N=@�BDB	¥�[
(∼ 3.1 kHz

_JQ1_�ÌiÂ4E[¥�\vL=@�BDZeO%AD¥ A	X�Z�U�X�¥oB�A
A	CF\vZTÅc@k«�ZeBD@*\�ZeO4¦F@oU�ZeBSU	L,ZeE~ADBD@�¦�¦TCFN�Z�[òCFO²ADX

(∼ 0.5 MHz)
¨3QSX=ZYBDZ�^/K�CFBDZeOj\á¥.O.Z¿\]@�AHEHX�CFN \vCFUS¥oª.AD@�CTN�Z�O�ª/±jU�¦FCS\oX/A	¦F±]\á¥.O.K=¦F@�A	CFN \

A	X=Z4X�CÓ\�X «�¥o¦�AH@W\oZv@�L�L�¦FCTZ�O A	¥�ADX�Z4?�©�Q E[B	±.U�AD@�¦�@�EÙA	K=@�A	¥�B¯A	X�BD¥�K \oX @�U�ZeB	«o¥ EÙ¥�N/ADB	¥o¦T¦FZeO INÉ"X=CS\oX «o¥�¦TAD@*\�Z]¥�ª�AD@�CFN�Z�O�ª²±�A	X�Z
@�\vL�¦FCTA	K=O.Z¶U�±²\v\vZÙA	BDCÓíe@�ADCT¥oNv¥WR0A	X�Z¶\v¥²O�K�¦F@�A	CF¥�N4@�B	¥oK�N=O�A	X�Z¶\v@WX.CT\]@¿¥WR0ADBD@�N=U�\vC�U	U	CF¥�N:¨¸QSX�CFU±òcE[B	KPO.Z&ò�EÙ¥oNoADB	¥o¦=O.¥²ZeU3N�¥�A�@�¦T¦F¥�[
@áEÙ¥�N/ADCTN²K�¥oK=U3CFN�U�ZeEÙA	CF¥�N�¥WR:ADX�Z-æ�Ì ÎPZ[¦�O4CFN=U�C�O.Z¶A	X�Z¿E[@k«²CTA�±.ÀfU	CTN=E[Z�ADX�ZY\á¥.O.K=¦F@�A	CF¥�N�C�U�¦F@�BG\oZ[B�A	X=@�N4A	X=Z¶¦�@�U	Z[B�ª=@�NPOV[òCFO.A	Xj@�N=O�¬
¥WRòEÙ¥oK�BHU�Zo¬+¥WRSADX�Z4E[@k«²CTA�±W\v¥.O.Z]ª=@�NPOV[òCFO.A	X�ÂÙ¬¸X=¥�[�Ze«�Z[B�¬:CTAmO.¥²ZeU¯L�B	¥�«²C�O.ZáA	X�Z�B	Z�^oK=CTBDZeOWA	BH@�EHG²CFN \ ¥WR�A	X�Z�Ee@k«²C�A�±o¬+Z[«oZ[N�[òX�ZeN
A	X=Z¯¦F@oU�ZeB�C�U�RtBDZ�^/K�Z[NPEÙ± U	Ee@�N�N�Z�O�¨¨Q�X�Z[NW@v\v¥.O.Z¯\]@�ADEHX�Z�UòA	X=Z¯CTNPEÙ¥�\vCFN \aæ�Ì ÎPZ[¦�O�¬=ADX�Z¯CFN/A	Z[NPU�CTA�±j¥*R>A	X�Z)ADBD@�L�L,ZeOÊæ�Ì ÎPZ[¦�O
CFN=EÙBDZe@oU�Z�U)Àfª�K�CF¦FO.K=L�Â¿K�N/A	CF¦8CTA¯B	Z�@�EHX�Z�U¶@�L�BDZTÅcO.ZÙADZ[BD\vCTN�Z�O�ADX�B	Z�U�X=¥�¦�O`[òX�C�EHX O�Z[¦FCT«oZ[BHUY@jADB	CÓ\*\oZ[B¿U�CÓ\�N=@�¦	Rt¥�B�ÑYC�Â(Î=BHU�A¯UG[òC�AHEHX�CTN�\
¥WË�ADX�Z)¦�@�U	Z[BSªPZ�@�\ ADX�BD¥�K \oX�ADX�ZÖgòEÙ¥�KPU�AD¥WÅ}è¶L.A	C�E�Ì ¥²O�K�¦F@�A	¥oBNÀ#g(è-ÌëRtB	¥o\ g(g×è¶L.AD¥WÅ@æ3¦TZ�E~ADB	¥oN�CÓ^/K�ZqÂ�@�N=OjC�AHUòO.BDCT«oZ[B�¬/CFC�Â�A	X�ZeN
A	BDCÓ\*\�ZeB	CFN \�A	X�Z ­ I�O.ZeEe@k±4@�ED^/K�C�U	C�ADCT¥oN:¬.@�N=O�¬.CFCFCÈÂSU�A	¥oL�L�CFN \áA	X�Z)E[@k«²CTA�±]\v¥²O�K�¦F@�A	CF¥�N O.K�BDCTN�\mADX�Z¯@�E�^/K�CFU	CTA	CF¥�N4ADCT\vZo¨3QSX�ZLg(è-Ì
C�Um@oE~A	CF«�@�ADZeO ª²±�@ ­ §RU	CÓ\�N=@�¦�@�A>
*
�A`Ì`_(í�@�N=O�O.CSË,BH@�EÙADUmCTNôA	X�Zj¥�BHO.Z[B0Å]
îÀqADX�Z>íeZ[BD¥WO.CSË,BH@�EÙA	CF¥�N�¥oBDO�Z[B�C�Umª�¦T¥.EHGoZeO�ÂÙ¨ QSX�Z
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û£ü�ý çkÏ�Ç��:ÚoÃeÝ)ÛoÊâÅ>ÕeÖ=Æ�ÅHà~ÃHË�ß:å3×oÜâà	×¿ßc×oÕ~å3ß+Ä�×oÅ¸Ä�ÜâÝ)Å>ÅHékÕeÊ�É�Ä�ÜâÕ�Þ¿Ö�Õ[Ø+ÜFÒ,Ä�×oÅ8ÅHÝ)ÛoÄ}Ë�à~Ã~é�ÜÌÄ}ËYÃ[Þ²ÆYÜâÜTÒ,Ä�×/Å8à~Ã~é�ÜÌÄêË��²ÊâÊâÅ~Æ¿ä�Ë)ë�ç ï Ïòæ ÿ ÃYÁtì�ç ìòð,ÕeØcØ	Ò
ÕeÖ�å>Ã[Ä�ÅDØ¸Ã[Ä+Ø�Õ�Õ�Ý�Ä�ÅHÝ)Û.ÅDØ�ÃÙÄ�ÉoØ�Å�ç�ð>×/Å3Ê�ÃeßcÅDØ$ßcÕ�É�Ø�àHÅ�å>Ãeß��/Ú�Å~Æ¿ÃÙÄ$Ä�×oÅ8àHÅHÞ�Ä�ÅDØ$ÕeÖ.Ä�×oÅ3ÄcØ�Ã[Þ/ßcÜÌÄ�ÜâÕ�Þ

431 ← 312

Î
(8, 0)−0

`

25259.3524 cm−1
´ ç

τe = 25.36 (8) µs
Î
τ0 = 23.56 (8) µs

Îoå3ÜÌÄ�× ë~ÐkÏ î ÃÙé�ÅDØ�ÃeãeÅHßHç ü Þ�ÄcØ�Ã[à~Ã~é�ÜÌÄ}ËáÛ.Õ~å>Å	Ø�å>Ãeß�ÅHß£Ä�ÜâÝ¯Ã[Ä�Å~ÆáÖTØ�Õ�Ý Ä�×/ÅSÄcØ�Ã[Þ/ßcÝ)ÜâßcßcÜâÕ�Þ]ÕeÖ:Ä�×oÅòÝ)ÜâØcØ�Õ[Ø�ß
ÃeÞ/Æ�ÖTØ�Õ�Ý Ä�×/Å�Ä�×oÅ�Ø�ÅHßcÛ.ÕeÞ/ßcÜâé�ÜâÄ}ËáÕ[Ö0Ä�×/Å�Æ�ÅDÄ�ÅHàDÄ�Õ[Ø~ç

UG[òC�AHEHX�CTN�\¯A	CF\vZ¶C�U�ZeU�A	CF\]@�A	Z�O]AD¥�ª,Z¶¦FZeUDU�A	X=@�N>�WA,A¯N=Ue¬.@�N=OvADX�ZYB	Z}U�ZeE~ADCT¥oN�BH@�ADZ�C�U�X�CÓ\�X=Z[B�A	X=@�NÊ3�AmO Ù À�Ì CTN�CSÅ}É�CTBHEÙK�CTADU�O.Ze«/C�EÙZqÂ~¨
QSX�Z¿ADX�B	Z�U�X=¥�¦�O�CFN/A	Z[NPU�CTA�±:Rt¥�BSADX�Z ­ I @oED^/K�C�U�CTA	CF¥�N�C�USZeU�A	CF\v@�A	Z�O

∼ 3 W
¨

QSX�Z]Z[N/A	CFBDZ4U�Z[A}Å£K�L�CFU¯O�B	CF«�ZeN ª²± @ LPZeBDU	¥�N=@�¦3EÙ¥o\áL=K.A	ZeBe¬+A	X�Z]CFN/A	Z[BGRf@�E[Z4U�¥*RqAc[�@�B	ZP[S@�U)ª�K=CT¦TA0[òCTA	XéÒ+@�ª/«²CFZD[óÀf¤¶@�A	CF¥�NP@�¦±YcNVÅ
U�A	BDK�\vZ[N/ADU2Â)CFN=EÙ¦FK=O.CFN \.ñ�E&ò4¥�L.ADCT\vCÓí[ZeO%@�O�O�C�ADCT¥oN=@�¦�B	¥oK.A	CFN�ZeUe¨�QSX�Z ­ I U	CS\oN=@�¦�CFUv@oED^/K�CFB	Z�O�¥�Nô@W?¨ÉjY~¬ Õ Ì`_(í�¬�
���Åêª=C�AvO�@�AH@
@�E�^/K�CFU	CTA	CF¥�N E[@�BDOéÀ}¤�@�A	CF¥�N=@�¦³YcN=U�A	BDK�\vZ[N/ADU2Â~¨¶QSX�Z ­ I O.Z�E[@k±.U�E[@�N ª,Zm@�EeEÙK�\mK�¦�@�A	Z�O ªPZDRt¥�BDZ�@�NP@�¦F±²U	C�U[¬,@�N=O�ADX�Z[N L,¥oUDU	CTª�¦F± @k«,Å
Z[BH@W\oZeO�¨�g�A¶Ze@oEHX U	Ee@�NWU�A	ZeL:¬,A	X�Z ­ I"A	CF\vZ�C�U¶O.Z[A	ZeB	\vCFN�ZeOÊRtBD¥�\1ADX�Zá@oED^/K�CFB	Z�O�O�@�AH@4@�RqADZ[B¿EÙ¥oB	BDZeEÙA	CF¥�N ¥WR8ADX�ZmN=¥�NVÅ£¦TCFN�Z�@�BDC�ADCTZ�U
¥WR�A	X�Z6g�IÖÉ E[¥�N²«�ZeB�ADZ[B�¬,@�N=O ª²±�BDK�N�N�CFN \j@j¦FCTN�Z�@�BYB	Z�\�BDZeUDU�CF¥�N�¥oN�A	X=ZÊÀfL�BDZTÅêAD@�ª=K�¦F@�A	Z�O�Â�¦F¥*\/@�BDC�ADX�\1¥WR3ADX�Zv¥WË�U�Z[A�RtBDZ[Z�OWO�@�AD@�¨
QSX�C�U�BDZD\oB	Z�U	U	CT¥oNjC�UYE[@�BDZTRtK=¦T¦F±Ä[�Z[CÓ\�X/A	Z�O�A	¥]AH@�GoZ¯CTN/AD¥�@�EeEÙ¥�K=NoAY@4EÙ¥oN=U�AH@�N/AòA	Z�EHX�N�C�E[@�¦+N�¥oCFU	ZÄÀc
TÇV�v\�Ý-ÂÙ¬,U	CTNPEÙZ)ADX�Z�CFN/A	Z[NPU�CTA�±j¥*R
A	X=ZvE[¥�¦F¦TZ�E~ADZeO U�CÓ\�N=@�¦�Àf@ÄRtZD["A	Z[NPU¶¥*R

µW
Â¶L�BD¥�«²CFO�ZeUY@jN=ZD\�¦FCÓ\�CFª�¦TZáL�X�¥�A	¥oN�N�¥oCFU	ZáCTN�EÙ¥o\áLP@�BDCFU	¥�N�AD¥�@�¦F¦¸¥�A	X�ZeB¿N�¥�C�U�Z]U	¥�K�BHEÙZ�U[¨

YcNW@oO�O.CTA	CF¥�N:¬,A	X=Zá@�¦S\o¥�BDC�ADX�\<XP@�U�A	X�ZáE[@�LP@�ª�CF¦TCTA�± ¥WR�U	Z[¦SR�BDZcU�ZeEÙA	CFN \j@�O.ZeEe@k±�¬£[òX�C�EHX`[�¥oK�¦�O�X=@k«�Zm@�N K�N=ZTX.LPZ�E~ADZeO O.Z�E[@k±�A	CF\vZ�¬
K=U	K=@�¦F¦F±a[òX�Z[N�@áN�¥oNVÅ

TEM00

\v¥.O.Z)C�UòZTX�E[C�ADZeOîÀfU	K=EHX�@m\v¥.O.Z)ZDX²X=CTª�CTA�@]U	X�¥�B	A	ZeBSO�ZeE[@k±4A	CF\áZqÂ~¨�gRA�±²L�C�E[@�¦:@k«�ZeBD@*\�ZeO�O.ZeEe@k±]CFU
\�CF«�ZeN�CFN�Î�\�K�BDZÖ�LRt¥oBSªP¥�A	X:¬=@�NjZe\vL.A�±�¬�@�N=Oj@áN�¥oNVÅ£Z[\vL.A�±4E[@k«²CTA�±4@�ASA	X=Z¯EÙZ[N/ADZ[BS¥WR>@�N @�ª=U	¥�BDL.A	CF¥�Nj¦TCFN�Zo¨>QSX=Z)¦TCFN�Ze@�B	CTA�±]¥WR$A	X�Z
@�ªPU�¥oB	L.ADCT¥oN ¥WR>A	X�Z)[�@�A	ZeB�¦TCFN�Z�U�«�ZeBDU	K=USADX�Z�CFN/A	ZeN=U�CTA�±�¥WR>A	X�Z¯A	BH@�L�L,ZeO.æjÌ Î=Z[¦�O X=@oU�ª,Z[Z[N EHX=ZeEHG�Z�O CTNPU�C�O.Z)ADX�Z¯Z[N=Z[B]\�±�B	Z�\�CF¥�N
K�N=O�Z[BSU�ADK=O.±4@�NPO]K�L4AD¥m@�NÄæ�Ì Î=Z[¦�O]¥WR Õ Q ¨.QSX�C�U�EHX�Z�EHG]U�X�¥�[�U3A	X=@�A�ADX�ZY«k@�¦TK=Z�¥WR+A	X�ZY@�ED^/K�C�U	C�ADCT¥oN]A	BDCS\,\�ZeB3A	X=B	Z�U�X�¥o¦FO4CFU�N�¥�A
CF\áL,¥�B	AD@�N/ANç=X�¥�[�Ze«�ZeBe¬.@�RqADZ[B�[�Z¿X=@k«�Z¿O.ZÙADZ[BD\vCTN�Z�OjA	X�Z)\vCFB	BD¥�B�A	BH@�NPU�\vC�U	U	CT¥oNj@�N=OjA	X�Z)BDZeU	LP¥oN=U	CT«²CTA�±]¥WR¸A	X�Z¯O.Z[A	Z�E~A	¥oBe¬�@á¦FCTN=Ze@�B
BDZ[¦�@�A	CF¥�N�X=@oUSªPZeZ[N ZeU�AD@�ª�¦TC�U	X�ZeOjªPZ[Ac[�ZeZ[NjA	X�Z)BDZeE[¥�BHO.ZeO�«�¥o¦�AH@W\�Zo¬.@�N=OjA	X=Z)CTN/A	ZeN=U	C�A�±4¥*R+ADX�Z¿A	BH@�L�L,ZeO�CFN/A	BH@�E[@k«²CTA�±6æ�Ì Î=Z[¦�O�¨
QSX�Z4O.ZeEe@k±.U)@�BDZm«oZ[BD±WEÙ¦F¥oU	ZáA	¥ @�L�K�BDZ]ZTX.L,¥�N�ZeNoADCF@�¦3U�XP@�L,Z]¥�«�Z[B¿\v¥�BDZáA	X=@�NéÁj¥oBDO�Z[BHU¶¥*R�\]@*\�N�CTA	K=O�Z�¨Ä_�¥�[�Ze«�Z[B�¬:@�\�BDZe@�A

N²K�\�ª,Z[BS¥*R¸@k«�ZeBD@*\�Z�O]O.ZeEe@k±²U�BDZ[«oZe@�¦0U	\v@�¦T¦�O.C�U�A	¥�B	A	CF¥�NPU�O�K�ZYA	¥vB	Z�U�C�O.K=@�¦0K�N�C�O.Z[N/A	CSÎ=Z�O�N�¥oNj¦FCFN�Ze@�B	CTA	CFZeUSU	X�¥�[òCTN�\�BDZeU	CFO.KP@�¦0¥oUDEÙCF¦ÛÅ
¦�@�A	CF¥�NPU�¥*R¸@�ªP¥oK.AJA�¨Ó
 ÷ ¨8QSX�ZeU	Z¶¥/U	E[CT¦F¦�@�A	CF¥�NPU�Ee@�N�ªPZ¿Z[¦FCF\áCFN=@�A	ZeOjª²±:Î�A	A	CFN \6[òC�ADX�@mA	BDCSÅêZDX²L,¥�N=Z[N/A	C�@�¦0O.ZeEe@k±`ÀtN�¥�A�U�X�¥�[òNj¥�NjA	X�Z
L�C�E~ADK�B	Z�U�@�N=O N�¥�AYLPZeB}Rt¥oB	\vZ�O CTN ¥oK�B�@�N=@�¦F±.U�C�U]ÂÙ¬�ADX�Z�BDZeU	CFO�K=@�¦¸U�CÓ\�N=@�¦�A	X=Z[N ZDX²X=CTª�CTADUY@a^/K=@oU�CSÅs\/@�K=UDU	CF@�NjN�¥oCFU	Z¯CFN/A	Z[NPU�CTA�±>[òX=¥oU	Z
BDZ[¦�@�A	CF«�ZòU�AD@�N=O�@�BHO¯ZeB	BD¥�B>C�U

∼ 0.25×10−3.
§¸CTNP@�¦F¦T±o¬*[�Z�N=¥�A	ZSADX=@�A8ADX�Z�O.Z�E[@k±.U[¬�¥oª.AD@�CTN=ZeOv@�A>A	X=ZòZ[N=Oá¥WR�@YB	K=N�N�CFN \¯O�@k±�¬�ZTX.X�CFª�C�A

@]U	¦TCÓ\�X/A	¦F±jU	X�¥oB�ADZ[B ­ I A	CF\áZ�ªPZ�E[@�KPU�Z¿ADX�Z�U	¦TCÓ\�X/A�U	K�B}Rf@oEÙZ)@�O=U�¥oB	L.ADCT¥oNj¥*R>A	X�ZÖ[S@�ADZ[B�«�@�L,¥�Bò¥oN�A	X�Z¯\vCFB	BD¥�BHUe¬�U�¦FCS\oX/A	¦F±�BDZeO.K=E[CTN�\
A	X=ZNÎ=N�ZeUDU	ZY¥*R$ADX�Z¯E[@k«²CTA�±�¨
QSX�ZmUDE[@�N�¥*R8A	X�ZáQSC#Ñ�Ã.@]¦�@�U	Z[B�CFU¶ZTX²A	ZeB	NP@�¦F¦T±�EÙ¥�N/ADB	¥o¦T¦FZeO�ª²±�ADX�Z�?dÉ A	X�BD¥�K \oX @.
�$WÅêª=C�A¶I(g(É¶¨�æ�@oEHXWU	Ee@�N C�U�K=U	K=@�¦T¦F±j¥oN A	X�Z

¥�BHO.ZeB¶¥*R
2.2 cm−1

À}@�RqA	ZeB-RtB	Z�^oK=Z[N=E[± O�¥�K�ª�¦FCFN \�Â�[òCTA	XÜ4�
�<,$�U�A	Z[L�LP¥oCTN/AHU[¨�QSX=ZmZDË,Z�E~A	CF«�Zv@k«�ZeBD@*\�Z�@oED^/K�C�U�CTA	CF¥�NWBD@�A	ZáCFUY¥�NWA	X�Z
¥�BHO.ZeBò¥WR Õ A6_JíÄÀf?>Z[N/A	CFK�\ Y}YS@�A(Á*Á,Á6Ì`_JíqÂ~¬P@�N=O�CFU�\v@�CTN=¦T±j¦TCF\vC�ADZeO ª²±4ADX�Z¯O�@�AH@áA	BH@�N=U}RtZ[BòBH@�ADZ)¥�N�A	X=Z)?¨ÉjYSª�K=U�@�N=O�ª/±�A	X�Z
Î�A	A	CFN \]L�BD¥²E[ZeUDU[¨8QSX�Z¿BDZeU	K�¦TA	CFN \vB	\]USN�¥oB	\]@�¦FCÓí[ZeO�U	Z[N=U	C�ADCT«²CTA�±4C�U

∼ 5.7× 10−9 cm−1/
√

Hz
¨

YcN A	X=CFU¿U	ZÙA}Å£K�L:¬0ADX�Zá\v@�CTNWL�B	¥oª�¦FZ[\ U�A	Z[\]U(RtB	¥o\ A	X�ZáBDZ[¦�@�A	CF«�Ze¦T±�L,¥/¥oBYU�AD@�ª�CF¦TCTA�±�¥WR8ADX�Z6[�@�A	Z[B¶L�BDZeUDU�K�BDZ
(∼ 10 Torr)

CTN=U	C�O.Z
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Crude data
Smoothing (32)
Voigt Fit

û£ü�ý ç ï Ç ÿ Ã[ØcÄ¶ÕeÖ8Ä�×oÅ�è���Ôêè � Â Ó ßcÛ.ÅHàDÄcØ�ÉoÝ å3×/Üâà	×�Ý¯Ã[ÜâÞ/ÊÌË�ßc×/Õ~å3ß�Ä�×oÅ¿ÄcØ�ÃeÞoßcÜâÄ�ÜâÕeÞ
(8, 0)+0

Î
423 ← 312

ÃÙÄ¿ÃmÛoØ�ÅHßcßcÉ�Ø�Å�Õ[Ö
∼ 10 TorrÁ

∼ 1.3 kPa
Ò	ç û ÕeØ¶é�ÜâßcÉ²ÃeÊ¸Ü�ÞoßcÛ.ÅHàDÄ�ÜâÕ�Þ ÛoÉoØ�Û.Õ�ßcÅDßHÎ�Ä�×/Å¯àDØ�É²Æ�Å�Æ/Ã[Ä�Ã]×/Ãeß�ä.ÅHÅHÞ�ßcÝ)Õ�ÕeÄ�×oÅ~Æ=ç���ßcÜ�Þoã4Ã
�$ÕeÜ�ã[ÄYÛ�Ø�Õ��/Ê�Å �/ÄmÁtÃeßcßcÉoÝ)ÜâÞ/ã

γD =
0.0368 cm−1 � � � �]Ò	Î$Ä�×/Å]Ö�ÕeÊ�ÊâÕ~å3ÜâÞ/ã�Ü�Þ�Ö�Õ[Ø�Ý¯Ã[Ä�ÜâÕ�Þ å8Ã[ßvÆ�Å~ÆoÉoàHÅ~Æ=Ç σ0 = 25196.0280 (20) cm−1

Î
S0 = 1.45 (12) 10−26 cm/mol.

Î
γcol = 0.0043 (12) cm−1

Á � � � �]Ò	ç

A	X=Z¯EHX=@�\mªPZeB�\v¥oN�C�AD¥�BDZeOjª²±j@6ÙS@�BH@�A	BD¥�NÄ\o@�K�\�Z-[òX�¥oU	Z)@�E~ADK=@�¦�«�@�¦TK�Z�Ud[�ZeB	Z¿K=U	ZeOjCFNjADX�Z¯O�@�AD@v@�N=@�¦T±.U	CFUe¨

B&B&BDC MLã�Hbã ã0F6ã)ä"!$#�B%#
QSX�Z ¦FCTN�Z�@�B�EÙ¥�BDBDZeE~ADCT¥oN=UvBDZ�^/K�CFB	Z�O%ª²±%A	X�Z�U	Ee@�N½@�BDZ�¥�ª�AD@�CFN�Z�O®ª/±®O.Z[A	Z[BD\vCTN=CTN \P¬ò@�RqA	ZeBjU	\v¥/¥�A	X�CFN \ÍÀfK=U	K=@�¦F¦T±ô
�$�L,¥�CFN/ADU2Â~¬

A	X=Z�\]@�X.CF\v@ ¥WRòA	X=Z4A	BH@�NPU�\vC�U	U	CT¥oN�¥WRòA	X=Z Õ E[\ ¦T¥oN \W§=@�ª�BD±,Å£?>Z[BD¥�A�U	¥�¦FCFO�Z[AD@�¦T¥oN:¬8@�N=O ª²±ÜÎ�A�ADCTN�\ A	X=ZeU	Z�\]@�X.CF\v@�A	¥�@
5th

Å
¥�BHO.ZeBe¬8L,¥�¦F±²N�¥�\vC�@�¦ê¨ ­ ZDRtZ[BDZ[N=E[ZjCF¥.O.CFN�Zj¦FCFN�ZeUá@�BDZ�K=U	ZeO�Rt¥�BvE[@�¦TCFª�BH@�A	CF¥�NôL�K�BDLP¥/U�Z�U[¨�QSX�Z�ZTX.LPZeB	CF\vZ[N/AD@�¦�CF¥.O.CFN�Zj¦FCFN�Z�E[Z[N/A	ZeBDU
@�BDZjO�ZÙA	ZeB	\vCFN�ZeOôª²±�Î�A�ADCTN \�@�V¿@�K=UDU�C�@�NôL�B	¥*Î=¦FZj@�NPO�K=U	ZeO%@�UmCTN�L=K.ADU6[òCTA	X;@�¤�ZD[SA	¥oNôL,¥�¦F±²N�¥�\vC�@�¦SU�X=@�LPZo¨�QSX�Z�B	ZDRtZ[BDZ[N=E[Z
¦FCTN�Z]L,¥oU	CTA	CF¥�N=U¯@�B	Zv¥oª.AD@�CTN�Z�O�¬¸Z[CTA	X�ZeBÖRtB	¥o\ A	X=Z4¦TCFN�Z4E[Z[N/A	ZeBDU)L=K�ª�¦FCFU	X�ZeO CFN�A	X�Z

I2
@�A	¦�@�U�e 4�3Df£¬$¥oBe¬$ª/±`Î�A�ADCTN \�@ V¿@�K=UDU�C�@�N ¦FCTN�Z

L�BD¥WÎ=¦FZ�E[@�¦FE[K�¦�@�A	Z�O)RtB	¥o\×Yc¥.O.CFN�Z�Ã²L,ZeE*e 4,4qfPª²±mCTN=E[¦TKPO.CTN�\)A	X�Z�X/±²L,Z[BGÎ=N�Z�U�A	BDK=E~ADK�BDZ�@�N=Ov@�UDU	K�\vCTN \¯@YADZ[\vL,Z[BH@�A	K=B	Zò¥*R Õ A*ANöv¨�QSX�Z
O.CSË,ZeB	ZeN/AYUDE[@�NPU�¥�«�ZeB	¦�@�L Z�@�EHX�¥�ADX�Z[BYU�¥4A	X=@�Ae¬�@�AY¦TZ�@�U�Ae¬��]E[@�¦TCFª�BH@�A	CF¥�N�¦FCFN�ZeUYE[@�N�ªPZáK=U	ZeO�Rt¥�B¿@�¦F¦+¥*R8A	X�Ze\ ¨-gJRqA	Z[B¿@4E[¥�\vL�¦FZÙA	Z
E[@�¦TCFª�BH@�ADCT¥oN�¥WR8A	X=ZmU�A	Z[L9[òC�U�ZáU�L,ZeEÙA	BDK�\ ¬,A	X�ZáU�ADZ[L=UY@�BDZ¯L�K.A)U	CFO.Z�A	¥�U�C�O.Z�ª²± @k«�ZeBD@*\�CFN \áA	X�Zá\�K�¦TA	C�UDE[@�N=N�ZeO @�B	Z�@�Ue¨�QSX�Z�¥*Ë0U	ZÙA
RtBDZ�^/K�Z[NPEÙ±�¬.CFN/A	BD¥.O.K=EÙZ�O�ª²±�A	X�ZLg(è-Ì ¬.C�Uò@�¦�U	¥áBDZ[\v¥�«oZeO:RtBD¥�\ A	X�Z¯O�@�AD@=¨
g�N�@�ª=U�¥oB	L�A	CF¥�N]U�L,ZeEÙA	BDK�\ B	Z�U�K=¦�AHU±RtBD¥�\"A	X�ZYEÙ¥�N²«oZ[BHU�CF¥�Ná¥WR�ADX�Z¶O�@�AD@)ªP@�U	ZeOv¥�N6Rt¥oB	\mK�¦�@aÀc
qÂ~¨8§�¥oB�Ze@oEHXv¦TCFN�Z�¬/ADX�Z¶@�ª=U�¥oB	L�A	CF¥�N

EÙBD¥oUDUòU	ZeE~ADCT¥oNjC�U�O.Z�O.K=E[ZeO ª²±jEe@�¦�EÙK�¦�@�ADCTN \áADX�Z)¦TCFN�Z¯CFN/A	Z�\�BH@�¦hÀt¥oª.AD@�CTN=ZeO�ª²±aÎ�A	A	CFN \�ÂS@�N=O>RtB	¥o\ A	X=Z¯L�BDZeUDU�K�BDZ¿\vZe@�U	K�BDZeO�O.K�BDCTN�\
A	X=Z¯U	Ee@�N=Ue¨±Q�X�Z[N ADX�Z¯U	CS\oN=@�¦SÅ}AD¥WÅ£N�¥�C�U	Z�C�Uò¦F@�BG\oZ¿Z[N�¥oK \�X:¬�@PÝ8¥oCS\�A�L�B	¥*Î=¦FZYC�UòK=U	ZeO�ª²±jE[¥�N=U�A	BH@�CFN�CFN \mA	X�Z¯I¶¥�L�L=¦TZeB�EÙ¥oNoADB	CFª�K.ADCT¥oN
(γD)

A	¥jA	X�Zv«�@�¦FK�ZvO.ZÙADZ[BD\vCTN�Z�O ª²± A	X=ZmADZ[\vL,Z[BH@�A	K=B	Zá¥WR3ADX�ZvZTX.L,Z[BDCT\vZ[N/A�¬:U�ZeZ�ZTX�@�\áL=¦TZ)Î�\�K=B	Z6Á�¨ÖYcN ¥�ADX�Z[B¿E[@oU�Z�U[¬�@�U�CF\vL�¦TZ
I¶¥�L�L�¦FZ[BòL=B	¥*Î=¦TZYC�U�@�UDU�K=\áZ�O�¨8Q³[�¥v@�¦Ó\�¥�BDCTA	X�\]US@�BDZ¶KPU�Z�O�Ñ8Z[CTA	X�ZeBò\�K�¦TA	CF¦FCTN�Z,e 4,<qf+ª=@oU�Z�O4¥oN�ADX�Z(ñ�BD¥²¥�A}ò¶L=@�EHG�@*\�Z)ÀfB	¥²¥�Ae¨ EÙZ[BDN:¨ EHX�Â~¬
¥�B]@ L=@oEHGk@*\�Z O.Z[«oZ[¦F¥�L,ZeO%ª²±�¥�N�Z ¥*R�A	X=Z @�K.ADX�¥�BHUDe <*A�f£¨½§¸CS\oK�B	ZÊÁ�U�X=¥�[�Uá@ \vCFN�CT\mK�\�O�ZÙA	Z�E~ADCT«²CTA�±�¥WRYA	X�Z�E[B	¥/U	U}Å£U	ZeEÙA	CF¥�N�¥*R
∼ 5× 10−27 cm2/mol.

¨±YcN�A	X�C�U�@�N=@�¦F±.U�C�U�A	X�Z)L,¥oUDU�CFª�CF¦TCTA�±4¥*R¸\v¥�BDZ¿EÙ¥�\vL�¦FZTX�¦TCFN�Z¿L�BD¥WÎ=¦FZeUSC�USZTX�E[¦TK=O�ZeO�¨
QS¥¯E[@�¦FCFª�BD@�A	ZSADX�Z�O�@�AD@N\�CF«�ZeNvCTN4Q¸@�ª�¦FZJY~¬/@�N4@�ªPU�¥o¦TK.ADZòCTN/ADZ[N=U	C�A�±mCFU�¥�ª.AH@�CFN�ZeO)RtBD¥�\"A	X�Z¶U�ADB	¥oN \�Z�U�A8¦FCTN�Z

42 3 ← 31 2, (8, 0)
+

0@�A
25196.028 cm−1

¬:U�ZeZm§¸CÓ\=¨�Á�¬0¥WR
1.41× 10−26 cm/mol.

¬�CTN�ZTX�EÙZe¦T¦FZ[N/A)@W\oB	ZeZ[\vZ[N/A([òCTA	XWA	X�Z]§>QJÃ�«�@�¦FK�Zá¥WR¨É�¥oX�Z[K�BYZÙA¯@�¦}¨
e���Æ�f£¨3QSX�Z¿@�ª=U	¥�¦FK.A	ZYCFNoADZ[N=U	CTA�±]¥WR:ADX�Z¿¥�A	X=Z[BS¦TCFN�ZYCFUòO�ZÙA	ZeB	\vCFN�ZeOj@�US@mBD@�A	CF¥LRtBD¥�\ A	X=CFUS«�@�¦FK�Zo¨>QSX=CFUSL�BD¥.EÙZ�O.K�BDZ([S@�U�EHX�ZeEHGoZeO4ª²±
BDZTÎ�A	A	CFN \ÖÁ�¥�A	X�ZeB8¦TCFN�ZeU¸AD¥¿¥�ª.AH@�CFNmO.CFB	Z�E~A8CFNoADZ[N=U	CTA	CFZeU8@�NPOLRt¥oK�N=O�A	¥¿B	ZeL�BD¥²O�K=EÙZ�A	X�ZSBDZeU	K�¦TAb[òCTA	X=CTN�
�A ÷ ¨hè¶«�ZeBD@�¦T¦ê¬k¥�K�B>CFN/A	Z[NPU�CTA	CFZeU@�BDZ)@�EeEÙK�BH@�ADZ�AD¥áª,ZÙA	A	ZeBòA	X=@�N`�WA ÷ ¬.ZDX.E[Z[L.AdRt¥oBSA	X�ZÖ[�Ze@�G�ZeU�AS¦TCFN�ZeUJ[òX�Z[BDZ)@m¦�@�B]\�ZeBSZ[BDB	¥oB�C�USA	¥vª,Z)ZTX.L,ZeE~ADZeO�¨
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Band: (8,0)+ 0
Band: (8,0)− 0
Band: Undetermined

FTS

CRDS

Calculated

û£ü�ý ç î Ç¿è¸Õ�Ý)Û/Ã[Ø�ÜâßcÕ�Þ�Õ[Ö>Ä�×/Å)ßcÜâÝ¶É/Ê�Ã[Ä�Å~ÆjßcÛ.ÅHàDÄcØ�Ãáä.ÅDÄ}å>ÅHÅDÞ Ï�Ñ�ë~ìkÑ]Ã[Þ²Æ
25337 cm−1

Ã[Ä ï ÐeÐ$& ÁqßcÅHÅ�ð0ÃeäoÊâÅvë)Ö�ÕeØ¶Ý)ÕeØ�Å¿ÆoÅDÄ�Ã[Ü�Êâß�Ò	çvð>×/Å
ßcÛ.ÅHàDÄcØ�ÉoÝ;Üâß�Æ�Õ�Ý)ÜâÞ²ÃÙÄ�Å~Æòä�Ë�Ä�×/Å

R
ä�Ø�ÃeÞ/à�×�ÜTÒPÕeÖoÄ�×/Å+ä²ÃeÞ/Æ

(8, 0)+0 (∆Ka = 2)
Ã[Ä�ÊâÕ~å�ÅHÞoÅDØ�ãeË�ÎeÃ[Þ²Æ=Î[ÜâÜTÒ,ä�Ë�Ä�×/Å$ä²Ã[Þ²Æ

(8, 0)−0 (∆Ka = 1)Ã[Ä�×oÜ�ãe×áÅHÞoÅDØ�ãeË�ç

B('aC ö ã0ä ö O)ä	ã�HJB&KNF)#�*�ä	BGF6Þôã+#�#�B�,)F6âÐÞjF6Hwã0F6M B]F6HJÞjF)#�B]H�!
I�Z�U�L�CTA	Z¶B	Z�EÙZeNoASU�CÓ\�N=CÛÎPEe@�N/A�@oO.«�@�N=E[ZeU8CFN]A	X=Z.-0/.13241657198vEe@�¦�EÙK�¦�@�ADCT¥oN]¥WR�[S@�A	ZeB�BD¥�AH@�A	CF¥�N Åê«²CFª�BD@�A	CF¥�NvU�L,ZeEÙA	BH@ e < 
2f£¬.U�K=EHX4Ee@�¦�EÙK�¦�@�Å

A	CF¥�NPUò@�BDZ¶N�¥�A�@�E[E[K�BH@�A	ZYZ[N=¥�K \oX4A	¥v\]@�AHEHX�U	L,ZeE~ADBD@á@�ASADX�Z)X�CÓ\�X�ZTX�EÙCTAD@�A	CF¥�N�ZeN�Z[B]\�CFZeU�L�BD¥�ª,ZeOjX�ZeB	Zo¨±Ã.CT\vCF¦F@�B	¦F±�¬.¦FCTN=Z[¦FCFU�ADUSª=@oU�Z�O
¥�NáU�L,ZeEÙA	BD¥oUDEÙ¥oL�CFEe@�¦F¦T±)O.Z[A	ZeB	\vCFN�ZeO�LP¥�A	Z[N/ADCF@�¦FU8O.¥YN�¥�A¸N�Z�EÙZ�U	UD@�BDCT¦F±¿LPZeB}Rt¥oB	\ [�Z[¦F¦.@�A>A	X=ZeU	Z�RtBDZ�^/K�ZeN=EÙCFZeUe¨¸§=¥�B>ZTX�@�\áL=¦TZ�?8@�B	A	BDCFOV\oZ
@�NPO�Ã.EHX9[�Z[N�GoZ*Z U�¦FCFN�Z[¦FCFU�A�e ÆWf£¬ [òX�C�EHX�XP@�USª,Z[Z[N�[òC�O.Z[¦F±4K=U	ZeO�A	¥]@�NP@�¦F±�íeZYU	L,ZeE~ADBD@v@�ASN=Ze@�BGÅ£CTNVRtBH@�BDZeO]@�N=Oj«/C�U	CTª�¦FZN[�@k«oZ[¦FZ[N \�A	X=Ue¬/CFU
¥WR>N�¥]X�Ze¦TL @�AòA	X�Z�U�ZNRtBDZ�^/K�ZeN=EÙCFZeUe¨�QSX=CFUòC�UòK�NPU�K�BDL�BDCFU	CFN \]@�UòCTA�CFU([�Ze¦T¦+ZeU�AD@�ª=¦TC�U�X=ZeOjA	X=@�A�E[@�¦FE[K�¦F@�A	CF¥�N=USªP@�U	ZeO�¥�N�U	LPZ�E~A	BD¥oUDEÙ¥oL�CSÅ
E[@�¦T¦F± O.ZÙADZ[BD\áCFN�Z�O LP¥�A	Z[N/ADCF@�¦FU¶O.¥]N�¥�A¶ZTX²A	BH@�L,¥�¦�@�ADZ)B	Ze¦TC�@�ª�¦F±jA	¥4BDZD\oCT¥oN=U¨Rt¥�B�[òX�CFEHX ADX�Z[BDZL[S@�UòN=¥�O�@�AH@vCTN A	X�Z¯¥oB	CÓ\�CFN=@�¦�Î�Ae¨Óe <,��f
­ Z�EÙZ[N/AD¦T±o¬�Ã²X�CFB	CFN;:<5�->=6?Se <*Áqf¸X=@k«�Z¿¥�ª�AD@�CFN�Z�O�@vN=ZD[ U�L,ZeEÙA	BD¥oUDEÙ¥�L=CFEe@�¦F¦T±4O.Z[A	ZeB	\vCFN�ZeO L,¥�ADZ[N/A	C�@�¦�Rt¥oB

H2
16O.

QSX�C�UòL,¥�ADZ[N/A	C�@�¦�[S@�U
EÙ¥oN=U�A	BDK=E~ADZeOáª²±mU�AD@�B	A	CFN \NRtBD¥�\"X�CS\oXa^/K=@�¦FC�A�±$-4/@1A241B5B1C8mZe¦TZ�E~ADB	¥oN�CFEòU�A	BDK=EÙA	K�BDZ�E[@�¦FE[K�¦F@�A	CF¥�N=U8@�K \�\vZeNoADZeOáª²±�ZDX²L=¦TC�EÙCTA�CFN=EÙ¦FK=U	CT¥oNá¥*R
EÙ¥oB	BDZeEÙA	CF¥�N=U�O.K�ZYAD¥mZe¦TZ�E~A	BD¥�N=CFE¶B	Ze¦F@�A	CF«²CFU�A	C�E�ZDË,Z�E~A�¬.A	X�ZÖÒ$@�\�ª�U�X=CÛRqA�¬=@�N=O�A	X=ZYCFN=E[¦TK=U	CF¥�N�¥*R$ª,¥�ADX�@oO.CF@�ª=@�ADCFEY@�NPO�N�¥oNVÅc@�O.C�@�ª=@�A	C�E
N�¥oNVÅ@Ù�¥oB	NVÅ}è¶L�L,Z[N�X=Z[CF\áZeB�E[¥�BDB	Z�E~A	CF¥�NPU[¨±Ã²L,ZeE~ADB	¥/U	E[¥�L�C�E�O=@�AD@áEÙ¥�«oZ[BDCTN�\¯A	X=ZYZeN/A	CFB	ZYBD@�N \�Z¶¥WR+¥oª=U	Z[BD«�ZeOa[�@�A	Z[BòU	LPZ�E~ADBD@)[�@oU�KPU�Z�O
A	¥áBDZTÎ=N�Z¶A	X=ZYL,¥�ADZ[N/A	C�@�¦£[òX�C�EHXÄ[S@�U�Rt¥�K=N=O�¬.L=@�B�ADCFE[K�¦F@�B	¦F±�¬oA	¥6\oCT«oZ¶U	CS\oN�CÛÎ,E[@�N/AD¦T±v\v¥�BDZ¶BDZ[¦FC�@�ª�¦FZ�BDZeU	K�¦TADUjRt¥�B�A	X=Z¶X�CÓ\�X=Z[B¨RtB	Z�^/K�Z[NVÅ
EÙCFZeU�K=U	ZeOmA	X=@�N]L�BDZ[«²CT¥oK=U3U�A	K=O�CTZ�U[¨bQ Z�K=U	Z�@�NvZTX²ADZ[N=O.Z�Ov«�ZeBDU	CT¥oNm¥*R0A	X�Z¶«k@�B	C�@�ADCT¥oN=@�¦.¦FCFN�Z[¦FCFU�A�ª=@oU�Z�OáK�LP¥oNvA	X�C�U�LP¥�A	Z[N/ADCF@�¦ [òX�C�EHX
[S@�UòEÙ¥o\vL�K.A	Z�O�L=B	Ze«/CF¥�KPU�¦F±:Rt¥�BSADBD@�N=U	C�ADCT¥oNÄ[òCTA	X «²CFU	CTª=¦TZNRtBDZ�^/K�ZeN=EÙCFZeUe¨Se��W4�f
QSX�Z�CFN/A	Z[NPU�CTA	CFZeUj[�ZeB	ZYE[@�¦FE[K�¦F@�A	Z�OvK=U�CFN \�A	X�Z¿E[@�B	ZDRtK�¦T¦F±)Î�ASO�CTL,¥�¦FZ�\v¥�\vZeNoASU�K=B}Rf@oEÙZ�¥*R	Ã.EHX9[�ZeN�G�Z�@�N=O]?8@�B	A	BDC�OV\�Zo¨Se <WÆqf�g�USE[@�N

ª,Z¯U�ZeZ[N>RtB	¥o\�Q$@�ª�¦FZÖY~¬²A	X�Z¯Ee@�¦�EÙK�¦�@�ADZeO�@�N=O�\vZe@oU�K�BDZeO�CTN/ADZ[N=U	C�ADCTZ�U�@�BDZ-\�Z[N=Z[BH@�¦F¦T±]CFNÊ\�¥²¥.Oj@*\�BDZ[Z[\vZeNoA�¨
Ì @�G²CFN \m@oU	U	CS\oN�\vZ[N/ADU�[òC�ADX�¥�K�A�ADX�Z)@�C�O]¥WR$E[¥�\mª�CTNP@�A	CF¥�NjO.CÛË0Z[BDZ[NPEÙZeU�C�U�O�CÛê4EÙK=¦�Aò@�N=O�¥WRqADZ[N�K=N�B	Ze¦TC�@�ª=¦TZo¨b_�¥�[�Ze«�ZeBe¬�A	X�ZeB	ZY@�BDZ

@�U	L,ZeE~AHUh[òX�C�EHX4@�C�O.Z�O�ADX�Z�L=B	¥.EÙZ�O.K�BDZòCTNvADX�C�U�E[@oU�Zo¨¸§¸CFBDU�A3ADX�Z[BDZ�@�BDZdRtZD[�Z[B�U�ADB	¥oN \)¦TCFN�Z�U3CFNvA	X�C�UhRtBDZ�^/K�ZeN=EÙ±mBD@�N \�ZSADX=@�N4@�A�¦F¥�[�ZeB
RtBDZ�^/K�Z[NPEÙCFZeUe¨>Ã²ZeE[¥�N=O:¬$@�U�E[@�N�ª,Z4U�ZeZ[NîRtBD¥�\ §¸CÓ\�K�BDZ:Y�Ý @�NPO Q¸@�ª=¦TZ�UÖY}Y¿@�N=OîYGY}Y~¬¸A	X�ZeB	Z]C�U¯@ U	±²U�A	Ze\]@�A	C�E]U	X�CÛRqAmªPZ[Ac[�ZeZ[N�¥�K�B
L�BDZeO.C�E~ADZeO�¦FCTN�Z¿L,¥oU	C�ADCT¥oN=Uò@�NPOj¥oª=U	Z[BD«k@�A	CF¥�N=Ue¨
QSX�Z(\o¥/¥.O]@*\�BDZ[Z[\vZeNoA3ª,ZÙAc[�Z[ZeNvA	X�Z¶L�BDZeO.C�E~ADZeO4@�N=Ov¥�ª=U	Z[BD«�Z�OáCTN/A	ZeN=U	C�ADCTZ�U�¥*R�A	X�Z¶CTN=O�CT«²C�O.K=@�¦P¦TCFN�Z�U�C�U�@¯A	BDCTª�K�A	Z�AD¥)A	X=Z¶O.CFLP¥o¦TZ

\v¥�\vZ[N/A8U�K=B}Rf@oEÙZ�¥WR;Ã.EHX9[�Z[N�GoZ�@�N=O¯?8@�B	A	BDC�OV\�Zj[òX�CFEHXáC�U³Rf@�B8U�K�L,Z[BDCF¥�B$A	¥Y¥�A	X=Z[B8@k«�@�CF¦F@�ª�¦TZj[�@�A	ZeB¸O.CFL,¥�¦FZSU	K�BGRf@�E[ZeU³Rt¥�B¸A	X�C�U¸B	Z�\�CF¥�N:¨
YcN�Rf@�EÙA¯A	X=Z>Ã/AD@�B	G�Å£CTNPO.K=EÙZ�O�^oKP@�N/A	K�\ ª,Ze@�AmZTX.LPZeB	CF\vZ[N/ADU¯¥WR�É�@�¦F¦TZ�\o@�B	C�:D5E-D=F?Ûe��,3Df�L�BD¥�«/C�O.Z�U¯@�N�ZTX²ADB	Ze\áZe¦T± U�ADB	CFN \oZ[N/A)A	Z�U�A�¥*R
E[@�¦FE[K�¦�@�A	Z�O O.CFLP¥o¦TZ�U[¨YQSX�ZeU	Z�ZDX.LPZeB	CF\vZ[N/ADU¶U�X�¥�[ ADX=@�A�¬�@�A¶¦FZe@oU�A(Rt¥�BYX�CS\oX�¦F±�ZDX�EÙCTA	ZeOWU�AH@�A	Z�U[¬PA	XP@�A¿«k@�B	C�@�ADCT¥oN=@�¦$E[@�¦�EÙK=¦F@�A	CF¥�N=U¶@�BDZ
@�ª=¦TZYA	¥]BDZ[L=B	¥.O.K=E[Z�ADX�Z)¥�ªPU�ZeB	«oZeO�O�CTL,¥�¦FZ)\v¥�\vZ[N/ADU�AD¥6[òC�ADX�CTN @)RtZ�[JL,Z[BHEÙZeNoA�¨



QSX�Z[BDZ8CFU+¥�N�ZbRtK=B�ADX�Z[B¸O.CÛê4E[K�¦�A�±-[òCTA	X)CFNoADZ[BDL�BDZÙA	CFN \SADX�Z�U	LPZ�E~A	BH@d[òX�C�EHX)EÙ¥�NPEÙZ[BDN=U0ADX�Z3K=U	Z3¥*R²@�L�L�BD¥qX²CF\]@�ADZb^/K=@�N/A	K�\RN²K�\�ª,Z[BHU[¨
Ý3@�BDC�@�A	CF¥�NP@�¦:E[@�¦FE[K�¦�@�A	CF¥�NPUS¥�N�¦F±�K=U	Z¯BDCS\o¥�BD¥�K=Ud^/K=@�NoADK�\�N²K�\mªPZeBDUJ[òX�CFEHX+¬�CTN ADX�Z�Ee@�U	Z)¥WR

H2O
¬,EÙ¥oB	BDZeU	LP¥oN=O�A	¥vA	X=Z¯B	¥�AD@�A	CF¥�N=@�¦

@�N�\�K�¦�@�B]\v¥�\vZeNoADK�\ ¬
N
¬SADX�Z L=@�B	CTA�±�¬

p
¬�@�N=O;A	X=Z ¥�B	A	X�¥VïkL=@�BD@�U	±²\á\vZ[A	BD±�¨ QSX�Z�U�AD@�N=O�@�BHO;«²CTª�BH@�ADCT¥oN=@�¦ò¦�@�ª,Z[¦�U[¬òCFN�Z[CTA	X=Z[B

N�¥oB	\]@�¦P\v¥²O�Z�¥�B�¦T¥.E[@�¦P\v¥.O.Z�Rt¥oB	\ @�N=OáA	X�Z¿@�U	±²\v\áZ[A	BDCFEòA	¥�La^/K=@�N/A	K�\ N²K�\�ª,Z[BHU
Ka

@�N=O
Kc

@�B	Zò¥oN�¦T±]@�L�L�BD¥qX²CF\]@�ADZ�¨$QSX=Z[BDZ
@�BDZ4U	Z[«�ZeBD@�¦3U	EHX=Z[\vZeULRt¥�B¯\]@�AHEHX�CFN \WE[@�¦FE[K�¦�@�A	Z�O�U�AH@�A	Z�U�@�N=O @�L�L=B	¥qX.CF\v@�A	Z:^/K=@�N/ADK�\ N²K�\mªPZeBDUÖRt¥�B�X=CS\oX�¦T± ZTX�E[C�ADZeO U�AD@�ADZeU)¥*R
[S@�A	ZeB�e Æ.¬h< Õ ¬b<,$qf£¨ ?3BDZ[«²CT¥oK=U�@oU	U	CÓ\�N�\vZ[N/AHU)CTN�A	X�ZjL�B	Z�U�ZeN/A�B	Z�\�CF¥�N�X=@k«oZ4¥�N�¦F± CTN²«�¥o¦T«oZeO�A	BH@�NPU�CTA	CF¥�N=U¯A	¥�ADX�Z

(8, 0)± 0
U�AH@�A	Z�U[¨

g�UDU	CS\oN�CTN�\�«²CFª�BH@�A	CF¥�NP@�¦>¦F@�ªPZe¦FU)A	¥ A	X=Z6RtK�B�ADX�Z[B¯A	BH@�N=U	C�ADCT¥oN=UYCTN²«o¥�¦F«/CFN \�A	X=ZeU	Z4U�AH@�A	Z�UN[�@oU)U�ADBD@�CS\oX/A}Rt¥�B][S@�BHO�ª�K.A¯¦FZTRqA�KPUN[òC�ADX�@
N²K�\�ª,Z[BS¥*R$E[@�N=O.C�O�@�ADZ�ADBD@�N=U�CTA	CF¥�NPU3AD¥mL�BDZ[«²CF¥�K=U	¦F±áK=N�¥�ª=U	Z[BD«�Z�Ov«²CTª�BH@�ADCT¥oN=@�¦0U�AD@�ADZeUe¨bÝ�CFª�BD@�A	CF¥�N=@�¦P¦�@�ª,Z[¦�UjRt¥�B�A	X=ZeU	ZYU�AD@�A	ZeU�EÙ¥oK�¦�O
ª,Z�@�L�L=B	¥qX.CF\v@�A	Ze¦T±4O.Z[A	ZeB	\vCFN�ZeO�K=U	CTN�\4@vL�B	¥.E[ZeO.K�BDZ¿ª=@�U	ZeO�¥oN @�N=@�¦F±.U�C�US¥WR>Z[N=Z[B]\�±4¦FZ[«oZ[¦�UDe < Õ f>@�N=O EÙ¥oNVÎ=BD\vZeO�ª²±�L�¦F¥�A	A	CFN \vA	X�Z
«²CTª=BD@�A	CF¥�N=@�¦*[S@k«�ZTRtK=N=E~ADCT¥oN=U[¨�YcN�L�BD@oE~ADCFE[Z�¬kN�¥�\v¥oB	Z8ADX=@�Nm@�U	CTN \o¦TZ3A	BH@�N=U	C�ADCT¥oN¿A	¥Y@�N²±¶«²CFª�BH@�A	CF¥�NP@�¦oU�AD@�A	Z�¥�A	X=Z[B:ADX=@�N¯A	X�Z

(8, 0)
±

0U�AD@�ADZeUòE[¥�K�¦�O�ª,Z)\]@�O.Zo¬=U	¥áCTAJ[S@�U�N�¥�A�L,¥oUDU	CTª�¦FZYA	¥]@�UDU	CS\oN�ADBD@�N=U�CTA	CF¥�NPU�AD¥]¥�ADX�Z[Bò«²CFª�BD@�A	CF¥�N=@�¦�U�AH@�A	Z�Ud[òC�ADX�@�N²±�EÙ¥oNVÎPO.ZeN=EÙZo¨

'aC MPB%# ö O
#�#�B&KNF
QSX�Zm¦FCFN�ZTÅ£ª²±,Å£¦FCTN�Zv@�NP@�¦F±²U	C�U�¥WR�A	X�Z]U	LPZ�E~A	BDK�\óRtBD¥�\ � Õ 
�< Õ A	¥

25395 cm−1
C�UYL�BDZeU	Z[N/A	Z�O CFN�Q¸@�ª�¦FZ)Y¶@�N=O�§$CÓ\�K=B	ZPY�Ý�¨Pè¶N=¦T±

A	X=Z�¦FCTN�Z�U�[òCTA	X�@�N4CFN/A	ZeN=U�CTA�±vX�CÓ\�X�ZeB3A	XP@�N]ADX�Z¶N=¥�C�U�Z�¦FZ[«oZ[¦ê¬oKPU�K=@�¦T¦F±]@�ª,¥�K.A
2× 10−28 cm−1,

@�BDZ�BDZ[L,¥�B	A	Z�O6[òC�ADX]A	X�Z¿@�O=O.C�ADCT¥oN=@�¦
EÙ¥oN=U�A	BH@�CFNoAjRt¥�Bd[�Ze@�Gv¦FCTN=ZeU�A	X=@�A�ADX�Z[CFBSL�BD¥WÎ=¦FZ¶XP@�U�A	¥áªPZ)EÙ¥o\vL=@�ADCTª�¦FZ-[òC�ADXj@áI�¥oL�L�¦FZ[BSL�BD¥WÎ=¦FZ�¨bY@R:ADX�Z¿¦TCFN�ZeUS@�B	ZYU�ADB	¥oN \�ZeN�¥�K \oX
@¯L=B	Z�U	U	K�BDZ�U�Ze¦ÛR�Å£ª�BD¥o@�O�Z[N�CFN \�E[¥/ZDê4EÙCFZ[N/A�[S@�U�O.ZÙADZ[BD\áCFN�Z�O6RtB	¥o\�ADX�ZNÒ:¥�BDZ[N/A]í[C�@�N]EÙ¥oNoADB	CFª�K.ADCT¥oN]A	¥�A	X�Z¶L�BD¥WÎ=¦FZ

(γcol)
¨±g�¦TA	X=¥�K \oX

A	X=ZmU	LPZ�E~A	BDK�\ [�@oU�UDE[@�N=N�ZeO�RtBD¥�\ � Õ 
�< Õ AD¥
25470 cm−1

ª�K.A¿U�¥o\vZ¯B	Z�\�CF¥�N=UJ[�ZeB	Z)N�¥�A¶E[@�B	ZDRtK�¦F¦T± @�N=@�¦T±9íeZeO�ªPZ�E[@�K=U�Zm@]«²CFU	K=@�¦
CFN=U�L,ZeEÙA	CF¥�N4U	X�¥�[�ZeOmA	X=@�A�N�¥¯¦FCFN�ZeU�[�ZeB	Zò¥oª=U�ZeB	«�@�ª�¦TZ,ç�ADX�Z�ZDX²C�U�A	Z[NPEÙZò¥WR:@oO�O.CTA	CF¥�N=@�¦=¦FCTN�Z�U3CFNvA	X�Z¶CTN/ADZ[N=U	C�A�±áBH@�N \oZjRtBD¥�\

2×10−28

A	¥
5× 10−28 cm/mol.

E[@�N�N�¥�ASª,Z)Z[N/ADCTBDZ[¦F±4ZTX�E[¦TK=O�ZeO�¨
QSX�Z]@�N=@�¦T±.U	CFUY¥WR�A	X�Z]ZDX.LPZeB	CF\vZ[N/AD@�¦>O=@�AD@�K=U	CFN \j¥oK�B)N�Z�[�«�@�BDCF@�A	CF¥�N=@�¦¸Ee@�¦�EÙK�¦�@�ADCT¥oN=U¿@�¦F¦T¥�[�ZeOWK=UYA	¥�@oU	U	CS\oNÜÁ93]N�Z�[�ZeN�Z[B]\�±

¦FZ[«�Ze¦FU)@�N=O�Á*4�N�Z�[�ADBD@�N=U�CTA	CF¥�NPUDç¨
�<�¥�ªPU�ZeB	«oZeOWA	BH@�N=U	C�ADCT¥oN=U)U�AD@k± K�NP@�UDU�CÓ\�N�Z�O�¨4QSX�Z4@oU	U	CS\oN�\vZ[N/A)¥WR�A	X�Z]L=B	Ze«/CF¥�KPU�¦F± ¥�ªPU�ZeB	«oZeO
A	BH@�NPU�CTA	CF¥�N=U$@�BDZ�E[¥�NVÎ=BD\vZeO�¨±è¶K�B$O=@�AD@¶U�X=¥�[�@�N�@k«oZ[BH@W\�Z�O¿O.CÛË0Z[BDZ[NPEÙZ�ª,ZÙAc[�Z[ZeN)A	X=Z�¥oª=U�ZeB	«oZeO)@�N=O¯E[@�¦FE[K�¦�@�A	Z�O¿A	BH@�NPU�CTA	CF¥�N)ZeN�Z[B]\�±
¥WR
∼ 0.19 cm−1

U�¦FCÓ\�X/A	¦F±)¦TZ�U	U¸ADX=@�N�A	X�ZòU�AD@�N=O�@�BHO¯ZeB	BD¥�B (

∼ 0.27 cm−1
) Rt¥oB$ADX�Z�A	BH@�N=U	CTA	CF¥�N

(8, 0)
+

0
¬o@�N=O�¥WR

∼ 0.25 cm−1
[òC�ADX

@�U�AD@�N=O�@�BDO ZeB	BD¥�Bò¥*R
∼ 0.18 cm−1

Rt¥oB�ADX�Z�ADBD@�N=U	C�ADCT¥oN
(8, 0)

−
0
¨¶QSX�Z�U�ZmO.CÛË0Z[BDZ[NPEÙZeUY@�BDZ¯\v¥�BDZ)ADX=@�NW@�N ¥�BHO.ZeB�¥WR3\]@W\oN�CTA	K=O.Z

¦�@�B]\�Z[BYADX=@�N�ADX�Z4ZTX.L,Z[BDCT\vZeNoAH@�¦3@oE[EÙK=BD@oEÙ±�¨jQSX�Z]CTN/ADZ[N=U	C�ADCTZ�U)¥WRSADX�Z4E[@�¦FE[K�¦F@�A	Z�O @�N=O ¥�ª=U	Z[BD«�Z�OW¦FCFN�ZeU¯@�B	ZvCFNé\�¥²¥.O�@W\�BDZ[Ze\vZ[N/A
U	CTN=E[Z�ADX�Z�BDZ[¦�@�ADCT«oZ�O.CSË,ZeB	ZeN=EÙZ¶CFUe¬²¥�N4@k«�ZeBD@*\�Zo¬�Z�^/K=@�¦�A	¥6�W< ÷ ¬²@�NPO�¬.@�¦Ó[�@k±.U8¦FZeUDU8ADX=@�N�4*A ÷ ¨±Ã²¥�\vZ¶K�N=@�UDU	CS\oN�ZeOáADBD@�N=U�CTA	CF¥�NPU[¬/@�BDZBDZ[¦�@�A	CF«�Ze¦T±4U�A	BD¥�N�\�ç²A	X=Z¯U�ADB	¥oN \�Z�U�AS¥�N�Z¿C�U

0.13× 10−26 cm/mol.
ç.ADX�Z[CFB�@�UDU	CS\oN�\vZ[N/A�[òCT¦F¦�B	Z�^/K�CTBDZ)@)RtK.A	K�BDZÖ[�¥�BDG,¨

è¶K�B¯O�@�AH@ @�N=O�A	X=Z]B	Z�EÙZ[N/A¯§>QJÃ�\áZ�@�U	K�BDZ[\vZ[N/ADU�e�� Õ f�@�B	ZáCTN�BDZe@oU�¥oN=@�ª�¦FZv@W\�BDZ[Ze\vZ[N/A�Rt¥oB¿A	X�Z]CFN/A	ZeN=U�CTA	CFZeU�@�N=O�A	X=Z]L�B	Z�U	U	K�BDZ
U	Z[¦SR�Åêª�BD¥o@oO.Z[N=CTN \vEÙ¥²ZDê]E[CTZeN/ADUe¨>QSX=ZY¥oN�¦F±�O.C�U	E[B	ZeL=@�N=E[±4EÙ¥oN=EÙZeB	N=U�ADX�Z¿¦TCFN�ZNRtBDZ�^/K�ZeN=EÙCFZeUd[òX�C�EHX U�X�¥�[R@vU�\]@�¦F¦ê¬�U�±.U�A	Z[\]@�A	C�EYU	X�CSRqAe¨
¤�Z�\�¦FZeEÙA	CFN \�¥�N=Z�L=@�CTB$¥WR�ª�¦FZ[N=O�ZeO)¦FCTN=ZeUe¬�[òX=CFEHX�@�B	Z3A	X�ZeB	ZDRt¥�BDZ3L�BD¥�ª�¦FZ[\]@�ADCFE�¬[ADX�Z�B	Ze\v@�CTN=CTN \ Õ ¦TCFN�Z�U$E[¥�\v\v¥�N¿A	¥¶ªP¥�A	X�U	L,ZeE~ADBD@�@�BDZ
Rt¥�K=N=O @�A�U	¦TCÓ\�X/A	¦F±4¦F¥�[�ZeBd[�@k«oZ[N²K�\�ª,Z[BHU�CTN ¥�K=B�U�L,ZeEÙA	BDK�\ ¨3QSX�Z¯@k«�ZeBD@*\�Z¶U	X�CSRqA�CFU

0.0141 cm−1
[òCTA	X�@]U�AH@�N=O=@�BHO�O.Ze«/C�@�ADCT¥oNj¥*R

¥�N=¦T±
0.0023 cm−1.

QSX�C�U3U�X=CÛRqA�C�U8¥oK.ADU	CFO�Z�ADX�Z�Ee@�¦FCTª�BH@�ADCT¥oNmZeB	BD¥�BHU¸¥WR0ªP¥�A	XvZTX.L,Z[BDCT\vZeNoAHU[¨b_�¥�[�Z[«oZ[B¸A	X=Z�¦TCFN�Z�U±[�Z�@�B	ZòE[¥�\vL=@�BDCFN \
@�BDZ)@�ASA	X=Z)ZeOV\oZY¥*R$ADX�Z¯§>QJÃ�U�L,ZeEÙA	BDK�\<@�N=Oj@�B	Z)@�¦FU	¥v«�Z[BD±:[�Ze@�G�CTN�A	X=CFUòU	LPZ�E~ADB	K�\ ¬=U	¥vC�AJ[�¥�K=¦FO U	Z[Z[\�\á¥oB	Z¿¦FCTGoZ[¦F±]A	XP@�AòA	X=CFU
U	\v@�¦T¦>ZeB	BD¥�B¿@�BDCFU	ZeU(RtBD¥�\ ADX=@�A¿ZTX.L,Z[BDCT\vZ[N/A�¨m§�K=B�ADX�Z[BD\v¥�BDZ)[�ZmN=¥�A	ZáADX=@�A�¬�Rt¥�BYA	X=Z)RtZ�[ ADBD@�N=U�CTA	CF¥�NPUY@k«�@�CT¦�@�ª�¦FZ�¬0¥oK�B)O�@�AH@Ä\oCT«oZ
ª,ZÙA�ADZ[B�@*\�BDZ[Ze\áZeN/A¨[òCTA	X�A	X=Z)\áZ�@�U	K�BDZ[\vZ[N/ADU�¥*RhÉ�@�\�±�Åê?>Ze±/BDZÙAG:<5�->=}¨Óe��*��f:ADX=@�N�A	X=Z)\á¥oB	Z¿BDZeE[Z[N/AS§>QJÃj\vZe@oU�K�BDZ[\vZeNoAHUDe��WÁ�f£¨
QSX�Z]Z[N�ZeBG\o± ¦FZ[«�Ze¦FU¯¥�ª=U	Z[BD«�Z�OWCFN�ªP¥�A	X

(8, 0)
+

0
@�N=O

(8, 0)
−

0
ª=@�N=O�UÖ[òCTA	X A	X=Z�U	@�\vZ]B	¥�AD@�ADCT¥oN=@�¦±^/K=@�NoADK�\ N/K=\�ª,Z[BHU)@�BDZ

«�ZeB	±áEÙ¦F¥oU	Z (

< 1 cm−1
) ¬/@oU8CFU3ZTX.LPZ�E~ADZeOvCFN�U�ADB	¥oN \�¦F±¯¦F¥.E[@�¦=\á¥.O.Z¶U�AH@�A	Z�U[¨b_�¥�[�Z[«oZ[B�¬�A	X=Z�¦TZe«�Ze¦FU

55 0

@�N=O
55 1

O.¥)N�¥�AhRt¥�¦F¦T¥�[%A	X=CFU
@�NPO4@�BDZ�U	Z[L=@�BD@�A	ZeOvª²±]@�ª,¥�K�A

2 cm−1
@�U�A	X=Z[±vK�N=O.ZeBG\o¥�@�U�A	BD¥�N�\¯B	Z�U�¥oN=@�NPEÙZòCFNoADZ[BH@�EÙA	CF¥�N:¨hè¶K�BSE[@�¦�EÙK=¦F@�A	CF¥�N=U3U	K \,\�ZeU�A3ADX=@�A�A	X�Z

L,Z[B	A	K�BDª�CFN \áU�AD@�A	Z¶CFUS@m«/CFª�BH@�ADCT¥oN=@�¦0U�AH@�ADZPÀ#Á�¬ Õ ¬��*Â±[òX=CFEHXjX=@�U�@mEe@�¦�EÙK�¦�@�ADZeO4U	Z[LP@�BH@�A	CF¥�N�¥WR$@�ªP¥oK.A
1.7 cm−1.

QSX�ZY?hæjÃ�N�ZeZeO�U�A	¥
ª,Z)CT\vL�BD¥�«�Z�O:RtK�B	A	X�ZeBòA	¥]@oE[EÙK=BD@�A	Z[¦F±]\v¥.O.Z[¦�ADX�C�UòB	Z�U�¥oN=@�NPEÙZYCTN/A	ZeBD@oE~ADCT¥oN:¨

')BDC ö KÖF ö ä	O$#�B&KNF)#
g A	¥�AH@�¦8¥*R¨$,��N�Z�@�BGÅêK�¦TA	BH@k«²CT¥o¦TZ[A�[S@�ADZ[B¿«�@�L,¥�B¿A	BH@�NPU�CTA	CF¥�N=U¿@�B	Zá¥�ª=U	Z[BD«�Z�O�¬�CFN=EÙ¦FK=O.CFN \ Õ*Õ N�Z�[ò¦T± ¥oª=U	Z[BD«�ZeO A	BH@�N=U	CTA	CF¥�N=Ue¨)g¶UcÅ

U	CS\oN�\vZ[N/A¯¥WR�A	X�Z�ZTX.LPZeB	CF\vZ[N/AD@�¦�O�@�AD@ C�U)ª=@�U	ZeO ¥oN N=ZD[ «k@�B	C�@�ADCT¥oN=@�¦8N²K=E[¦TZ�@�B)\v¥�ADCT¥oN�E[@�¦FE[K�¦F@�A	Z�OWK=U	CFN \ @�U�L,ZeEÙA	BD¥oUDEÙ¥oL�CFEe@�¦F¦T±
O.Z[A	Z[BD\vCTN=ZeO4L,¥�ADZ[N/A	C�@�¦0ZeN�Z[B]\�±]U	K�B}Rf@oEÙZo¨�Æ�Á�¥*R:A	X�Z�U�Z¶A	BH@�NPU�CTA	CF¥�N=U�@�BDZ¶@oU	U	CÓ\�N�Z�O�¬,Æá@�U�ª�¦FZ[N=O=U[¨±g�¦F¦:@�UDU	CS\oN�ZeOvADBD@�N=U	C�ADCT¥oN=U�ª,Z[¦F¥�N�\
A	¥¿ADX�Z

8ν
LP¥o¦T±/@�O�¬�Z[CTA	X�ZeB>A	¥¿A	X=Z

(8, 0)
+

0
¥oB¸A	X�Z

(8, 0)
−

0
U�A	BDZÙADEHX=CTN \¿\v¥.O.ZeUe¨>QSX�Z[±�@�B	Zò@�¦T¦

R
ª=BD@�N=EHX¯ADBD@�N=U�CTA	CF¥�NPU[¨¸§�¥�¦F¦F¥�[òCTN \

¥�K=B�@oU	U	CS\oN�\vZ[N/ADUe¬9Æ,Á�Z[N�ZeBG\o±á¦FZ[«oZ[¦�U�¥*R+ADX�Z¶ªP@�N=O
(8, 0)

+
0
@�BDZ�N=¥�[½O.ZÙADZ[BD\áCFN�Z�O�¬�
q3NRt¥�B�A	X�Z-Î=BHU�A�ADCT\vZ�¬�@�N=OÄÁ,<¯ZeN�Z[B]\�±v¦FZ[«�Ze¦FU

¥WR¸A	X=ZYªP@�N=O
(8, 0)

−
0
@�BDZYO�ZÙA	ZeB	\vCFN�ZeO:¬�
�<)Rt¥�BSADX�Z-Î=BHU�AòADCT\vZ�¨3QSX=ZeU	ZYZeN�Z[B]\�±�¦TZe«�Z[¦�Uò@�BDZ-\�CF«�Z[N�CFN Q¸@�ª=¦TZNY}Y~¨

QSX�Z)\vZe@�U	K�BDZ[\vZ[N/Aò¥WRb[�Ze@�G4A	BH@�N=U	C�ADCT¥oN=USC�US\v@oO.Z)L,¥oUDU�CFª�¦FZ)ªPZ�E[@�KPU�ZYA	X=Z)CTN/A	BDCFN=U�C�EÖ^/K=@�¦FCTA	CFZeUò¥*R+A	X=ZPÉjQÐÅcÉ ­ I-Ã�A	Z�EHX�N�CÈ^/K�Z�¬
\]@�CFN�¦F±�ADX�Z�@�ªPU�¥o¦TK.ADZ�@�ª=U	¥�BDL.ADCT¥oNáO.Z[A	ZeB	\vCFN=@�ADCT¥oNv@�N=OáA	X=Z�¦T¥oN \)Z�^/K�CF«�@�¦FZ[N/A�@�ªPU�¥oB	L.ADCT¥oNv¦TZeN \�ADX:¨	_�¥�[�Ze«�ZeBe¬�ADX�C�U8A	Z�EHX�N�CÈ^/K�Z�E[@�N
ª,Z�L�K=U	X�Z�O�RtK�B�ADX�Z[B�A	¥a\/@�CFN�@�N�¥�A	X�ZeB�¥�BHO.Z[B�¥WR8\]@W\�N=C�ADK=O.Z¯CFN A	X�Zm¦TCFN�Z¯CFN/A	ZeN=U�CTA�±�¦TCF\vC�A�¬P\]@�CFN�¦F±jª²± O.ZeE[B	Z�@�U	CTN�\vA	X�Z�O�ZÙA	Z�E~ADCT¥oN
N�¥oCFU	Z¿¦TZe«�Z[¦ê¨



QSX�Z¶BDZ[L,¥�B	A	Z�Ov¦TCFN�Z�U�@�B	Z�[�Z�@�Gáª�K.ASN�¥�ASN�Z�EÙZeUDUD@�BDCT¦F±mCFN=U	CS\oN�CSÎPE[@�NoAjRt¥�BS@�AD\á¥/U�L=X�Z[BDCFE�L�K�BDLP¥/U�Z�U�\oCT«oZ[N]ADX�Z¶¦F¥�N�\�L=@�A	X�¦FZ[N \�A	X4¥*R
A	X=Z¶U	K�N�¦FCS\oXoA�A	X�BD¥�K�\�XvA	X=Z�Ze@�B�ADX�Z U�@�AD\v¥oU	L�X�Z[BDZ�@�N=OáA	X�Z¶X�CÓ\�X�ZeB�ZeN�Z[B]\�±áE[@�BDBDCTZ�Ovª/±áL�X�¥�A	¥oN=U3CFN4ADX�Z�N�Z�@�BGÅ@ð(Ý�A	XP@�N4CFN4BDZD\�CF¥�NPU
[òX�ZeB	ZN[S@�A	ZeBò@�ª=U	¥�BDL.A	CF¥�NPU�@�B	Z)U�A	BD¥�N \oZ[B�¨

'PB&BTCßã öEH FaK�Iwä�Þ¨M$,)âÐÞ¨FPH@#
?�IÍ[�¥�K=¦FOá¦FCTGoZSA	¥¿A	XP@�N�GmA	X�ZYVYB	ZeN�¥�ª�¦FZ�_�CÓ\�XaÌ @*\�N�Z[A	C�Eò§¸CTZe¦FO:Ò$@�ª,¥�BH@�A	¥oB	±aÀêVN_(Ì §bÒ	Â±[òX�C�EHXvL�B	¥�«²C�O.ZeOá@)«oZ[BD±�U�K=ª=U�AH@�N/A	C�@�¦
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Lâë(M���çN��Ø�æ�ÜâÞ/ãoÎ Ó àDÜ�ÅDÞ/àHÅ�OQPSR=Î�ÍeÍeìvÁ£ëHì�ì�í�Ò	ç
L Ï%M��8ç��áÊ�Ã~å¸ÅDØ~Î ÿ ç�þ$Ø�Õ~å3ÞPÎ Ó ç,è¸ÊâÕ�Éoã�×PÎ�T+ç � ÃÙØcØ�ÜâßcÕ�ÞPÎ0Èoç��áÜâà	×/ÃeÊâßcæ�Ë�Î ÿ ç0&òÜâÅ~Æ�Ø�ÕeÞPÎ,ÃeÞ²Æjð�ç Ó ×/ÜâÛoÛ.ÅDØcÄ~Î ý ÅHÕ�Ûo×�Ë�ßHç � ÅHßHçUTPÅDÄcÄ~ç�O"P�Î�Ïeí�Ñ ï

ÁfÏ[Ð�ÐeÐkÒ	ç
L ï M�T:ç � Õ[Ä�×/Ý¯Ã[ÞPÎkÂ¶ç�ÈkÃeà%V�ÉoÅHÝ¯Ã[ØcÄ~ÎW��çWþ>Ã[Ø�ä.ÅeÎ/ÂYç�è�ç�þ$ÅHÞ/ÞoÅDØ~ÎN�jç*þ¸ÜÌØ�æ.ÎST:ç*þ�çN�jç/è>Ã[Ø�ÊâÅHÅDØ~Î=Îoè�çoè¸×²Ã[à	æ�ÅDØ�Ü�ÃeÞPÎW&¿çoè¸×/ÃeÞ/àDÅ�ÎNT+çoè¸Õ�É/ÆoÅDØcÄ~Î
Å	Ä�ÃeÊqçâÎ.Èoç"X�É²ÃeÞ�Ä~ç Ó Û.ÅDàDÄcØ�Õ�ßcà�ç � Ã�Æ=çoðPØ~çPÁfÏeÐeÐkÑeÒ	Î.ÜâÞáÛoØ�ÅDßcßHç

L î M � ç ÿ Ã[ØcÄcØ�Ü�ÆoãeÅ¶Ã[Þ²Æ�ÂYç Ó à	×�å¸ÅHÞ/ækÅeÎ�Èoç�è¸×oÅHÝvç ÿ ×�Ë�ßHç4Y>Z"[=Î î í�ë�\vÁ£ë~ìeìkÍ�Ò	ç
L Ñ%M]�jç0è>Ã[Ø�ÊâÅHÅ	Ø~Î^��çPÈ�ÅHÞoÕ�É/é�Ø�ÜâÅDØ~Î���ç Ô£è�ç0�$ÃeÞ/Æ/ÃeÅDÊ�ÅeÎ ÿ ç£þ$ÅDØ�Þ²ÃÙÄ�×PÎ^�jç��+_DØ�ÜâÅHÞ/ÞoÅ�Î � ç0è�ç,õ�ç � Õ�ä.ÕÙé.Î��¶ç ÿ Õ�ÊÌË�Ã[Þ/ßcæ�Ë�Î�È�ç0ð,ÅDÞ/Þ�Ë�ßcÕ�ÞPÎ,ÃeÞ/Æ
��ç Ó Ã~é�Ü�Þ=ÎoÈoç�è¸×oÅHÝvç ÿ ×�Ë�ßHç4YQYQY²Î.Ï î�îeî Á£ë~ìeì�ìkÒ	ç

L í`M � ç Ó à	×oÅDØ�Ý¯ÃeÉoÊtÎ � çWTPÅHÃ[Ø�Þ/Å	Ø~ÎoÂ¶ç�õ�ÅDå3Þo×²ÃeÝvÎ�Èoç,þ>ÃeÊâÊ�Ã[Ø�Æ�Î/õ�ç � Õeä.Õ[é.Î�ÂYç*þ$ÅHÊâÝ)Ü�ÊâÕeÉ²Æ=ÎoÃ[Þ²Æ�Èoç�ð,ÅHÞoÞ�Ë�ßcÕeÞPÎ�ÈoçS�áÕ�Êqç Ó Û.ÅDàDÄcØ�Õ�ßcà�çSOSZQa=Î ï Ï
ÁfÏ[Ð�Ð�ëÙÒ	ç

L Í%M�È�ç²ð,ÅDÞ/Þ�Ë�ßcÕ�ÞPÎ�õ�ç � Õ�ä.ÕÙé.Î � çW� ÜâÊâÊ�Ü�Ã[Ý)ßcÕ�ÞPÎ"�¶ç ÿ Õ�ÊÌË�ÃeÞoßcæ�Ë�Î/Ã[Þ²Æ ÿ ç,þ¸ÅDØ�Þ/Ã[Ä�×=Î.Èoç ÿ ×�Ë�ßHç/è¸×/ÅHÝvç � ÅDÖêçoÂòÃ[Ä�Ã@RSZPÎ.Í ï Ñ�ÁfÏeÐ�Ð�ëÙÒ	ç
L \`M ÿ ç,þ¸ÅDØ�Þ/Ã[Ä�×=Î ÿ ×�ËoßHç²è¸×/ÅDÝvç²è¸×oÅHÝvç ÿ ×�Ë�ßHçNb,ÎPë~ÑeÐ�ë¯ÁfÏeÐ�Ð�Ï�Ò	ç
L ì`M ÿ çQ�vÃeà�ækÕoÎ²ÂYç � Õ�Ý¯Ã[Þ/ÜâÞ/ÜqÎ Ó ç4�áÜâæ�×²Ã[ÜâÊ�ÅDÞ/ækÕ�Î4�¶ç²õ�ÃeÉoÝ)ÅHÞ/ækÕ�Î Ó çQ&�Ã[ßcßcÜqÎ4��ç²È�ÅHÞ/ÕeÉ/é�ÜâÅDØ~ÎQ��ç.ð:ËoÉ�Ä�ÅDØ�ÅHé.Î/ÃeÞ²Æ
��ç.è>Ã[Ý)Û²ÃÙØ�ã�É/ÅeÎ.Èoç0�áÕeÊqç
Ó Û.ÅHàDÄcØ�Õeßcà�ç"OSO"P�Î/ì�ÐvÁfÏeÐeÐ î Ò	ç

Lâë~Ð`M�È�ç Ô9c¶çQ�vÃ[Þ²Æ�Ü�Þ=ÎS��ç/ÂSÃeÞ²Ã�Î/Â¶ç²ÈkÃ[à%V�É/ÅHÝ¯ÃÙØcÄ~Î�õ¶ç ÿ Üâà%V�ÉN_�Î²Ã[Þ²Æ ý ç ý É/ÅDÊTÃ[à	×�é�ÜâÊâÜtÎ²ÈoçQX�É²ÃeÞ�Ä~ç Ó Û.ÅDàDÄcØ�Õ�ßcà�ç � Ã�Æ=ç/ðPØ~ç"PSa=Î ï Ñ ï ÁfÏeÐ�Ð ï Ò	ç
Lâë�ë(M���ç � Ã[Ý)Û.Õ�Þ/ÜqÎ û çQ�áÜ�Ê�Ã[Þ/ÕÙé�Ü�à�×PÎ²ð�çS&�Ã[ÞPÎ/ÃeÞ/ÆmÂYçoÂSÅ~Ã[àHÕ�Þ=ÎQ��Û/Û/ÊqçS��ÛoÄ~çSO"P.Î î íeÐ�ívÁ£ëHìd\d\�Ò	ç
LâëÙÏ%M]�jçSTPÅDékÅHÞ/ßcÕeÞPÎ,þ�ç ÿ ÃeÊ�ÆoÉoßHÎ²ð�ç Ó Û.ÅHÞoàHÅ�Î²è�ç � Ã[Ø�ä=Î²Èoç � ç/ÈeØ~çâÎ/ÃeÞ²Æ � ç � Ã[Ø�Å�Î.è¸×/ÅHÝvç ÿ ×�Ë�ßHçNTPÅ	ÄcÄ~ç"OQeNZPÎ ïeï ÑmÁ£ëHì�ìd\�Ò	ç
Lâë ï M¨þ�ç ÿ Ã[ÊTÆ�É/ßHÎ²è�ç � Ã[Ø�äPÎoð�ç Ó Û.ÅHÞoàHÅ�Î,þ�çW� ÜâÊ�æ�Å�Î²È�çQf�ÜâÅ�Î/Èoç � ÃÙØcØ�Ü�ßHÎ²ÃeÞ/Æ � ç � Ã[Ø�ÅeÎ.ÈoçS��ÛoÛ/Êqç ÿ ×�Ë�ßHç"aSR=Î ï ì�ì�ë¯Á£ë~ì�ì�\kÒ	ç
Lâë î M�È�çSf�Ü�ÅeÎ9þ�ç ÿ ÃeÊ�Æ�É/ßHÎ"�8çW��Ãe×oÊqÎ²ÈoçQ�vÃ[ØcÄ�ÜâÞ=Î²ð�ç"��å8ÃeÞoÕoÎ²è�çQ&SØ�Éoã�ÅDØ~ÎoÈoç � Ã[ØcØ�ÜâßHÎ/ÃeÞ/Æ � ç � Ã[Ø�Å�Î.è¸×/ÅHÝvç ÿ ×�ËoßHçNT=ÅDÄcÄ~ç"OSaNb,Î ï \kÍáÁ£ëHì�ì�\kÒ	ç
LâëÙÑ%M � ç�õSÃeÉoßHÎN�;çS��ä²Ãeà�×/ßHÎ ÿ çSTPÅHékÅDÊâÄ~ÎQ�¶ç ÿ Õ�ÊÌË�Ã[Þ/ßcæ�Ë�Î�õ¶ç � Õeä.Õ[é.Î/ÃeÞ/ÆáÈoç/ð,ÅHÞoÞ�Ë�ßcÕeÞPÎ/Èoç"�áÕeÊqç Ó Û.ÅDàDÄcØ�Õ�ßcà�çQOSZ"g�Î,ë�ë~ÍáÁfÏeÐeÐ�ëÙÒ	ç
Lâë~í`M]�jç/ð0Ã[Þ²ÃeæeÃ�ÎQ�jç Ó Þ/ÅDÅHÛPÎ>�®çN��ä/Ãeà�×/ßHÎ/ÃeÞ²ÆmÈoç/ð,ÅHÞ/Þ�Ë�ßcÕ�Þ=Î²È�ç"�áÕeÊtç Ó Û.ÅHà	ÄcØ�Õ�ßcà�çQOQOQ[=ÎPë)ÁfÏeÐeÐ î Ò	ç
LâëÙÍ%M�È�ç ÿ Ã[É/ÊqÎ.è�ç.è¸Õ�ÊâÊâÜâÅDØ~Î � ç Ó ÃHËoæeÃeÊâÊÌË�ÎoÈoç Ó à�×/ÅDØ�ÅDØ~Î/ÃeÞ/Æ+��ç"�Eh &òÅHÅDÖFÅ�Î/Èoç ÿ ×�ËoßHç/è¸×oÅHÝvçN�iY>ZUY/Î�Ñ�Ï�ë�ë¯Á£ëHì�ìkÍeÒ	ç
Lâë%\`M�È�ç ÿ Ã[É/ÊqÎ � ç ÿ Ø�ÕÙékÅHÞNj~ÃeÊqÎ/ÃeÞ/Æ � ç Ó Ã~Ë�æeÃeÊâÊÌË�ÎoÈoç ÿ ×�Ë�ßHç.è¸×oÅHÝvçN�iY>Z"O�Î ï Ï�Íeì]Á£ëHì�ìd\�Ò	ç
Lâë~ì`M�È�ç ÿ Ã[É/ÊqÎ � ç ÿ Ø�ÕÙékÅHÞNj~ÃeÊqÎ²è�ç�è¸×/ÃeÛ.ÕoÎS��ç ÿ ÅDÄcÄ�ÅDØ�ßcÕeÞPÎ/ÃeÞ/Æ � ç Ó Ã~Ë�æeÃeÊâÊÌË�ÎoÈoç.è¸×oÅHÝvç ÿ ×�Ë�ßHç0Y>Z"e=Î=ë~Ð�ÏeÐ�ë�Á£ëHì�ìd\�Ò	ç
L ÏeÐ`M�È�ç ÿ Ã[É/ÊqÎ � ç ÿ Ø�ÕÙékÅHÞNj~ÃeÊqÎ²è�ç�è¸×/ÃeÛ.ÕoÎN&¿ç � Õ[Ä�×PÎ � ç²è>Ãeß�Ã[ÅHßHÎ�Ã[Þ²Æ � ç Ó ÃHË�æ�Ã[ÊâÊâË�ÎoÈoç ÿ ×�Ë�ßHç²è¸×/ÅHÝvçN�kY>Z"R=Î.ÏeìkÍeÏáÁ£ë~ìeì�ìkÒ	ç
L Ï�ë(M û çN&òÅHÉ�Ä�ßcà	×áÃeÞ²Æ � ç Ó Ã~Ë�æeÃeÊâÊÌË�Î ÿ çoõSÃÙÄ�ÊqçQ�8à~ÃeÆ=ç Ó àHÜqçN� Ó �leQa=Î=ë~Ð�Ñ ïeï ÁfÏ[Ð�Ð�ëÙÒ	ç
L Ï�Ï%MSè�ç�è>ÃeÝ�Ë�Ô ÿ ÅDË�Ø�ÅDÄ~Î�Èoç Ô6�jç û Ê�ÃeÉ/Æ=Î�È�ç Ô9c¶ç>�vÃeÞ/ÆoÜâÞPÎkÈoç Ô ÿ ç�è¸×/ÅHé�ÜâÊâÊ�Ã[Ø�Æ=Î�Èoç�þ$Ø�Ã[É/ÊÌÄ~Î�ÂYç � Ã[Ý)ß�ÃHË�ÎD�jçd�$ÅDØ�é�ÊâÕ�ÅDÄ~ÎkÃeÞ²ÆYÈoç�è¸×/ÃeÉ/é�ÜâÊâÊâÅ�Î�Èoç>�áÕeÊqç

Ó Û.ÅHàDÄcØ�Õeßcà�çUYSYWR=Î²ÏeÐd\vÁ£ëHìd\�Ñ�Ò	ç
L Ï ï M�õ�ç � Õeä.Õ[é.Î�Â¶ç;þ$ÅHÊâÝ)Ü�ÊâÕeÉ²Æ=Î��¶ç ÿ ÕeÊâË�ÃeÞ/ßcæ�Ë�Î,Èoç�ðPÅHÞ/Þ�Ë�ßcÕ�Þ=Î Ó ç Ó ×/ÜÌØ�ÜâÞPÎ��jç�è>Ã[Ø�ÊâÅHÅDØ~Î^��ç0ÈeÅHÞ/ÕeÉ/é�Ø�ÜâÅDØ~Î���ç Ôêè�çU�¸Ã[Þ²ÆoÃeÅHÊâÅ�Î ÿ ç;þ¸ÅDØ�Þ/Ã[Ä�×PÎ

�jçQ�+_DØ�ÜâÅHÞoÞ/Å�ÎoÅDÄ�ÃeÊqçâÎ.Èoç²è¸×/ÅDÝvç ÿ ×�Ë�ßHçUYQY>R=ÎPë~Ñ î í4ÁfÏ[Ð�ÐeÐkÒ	ç
L Ï î M ÿ ç Ô û ç�è¸Õe×/ÅHÉ�Ø~Î Ó ç û Ã[Ê�ÊÌË�ÎD�jç�è>Ã[Ø�ÊâÅHÅ	Ø~Îoè�ç�è�ç � çkè¸Õ�ÊâÜâÞPÎW��ç�È�ÅHÞoÕ�Éoé�Ø�ÜâÅDØ~Î>�jç Ô û çD�+_DØ�ÜâÅHÞ/ÞoÅ�Î�è�ç � ÅDØ�Ý¯ÃeÞoßHÎkÃ[Þ²Æ.��çd�$ÃeÞ/Æ/Ã[ÅHÊâÅ�Î�ÈoçDX�É²ÃeÞ�Ä~ç

Ó Û.ÅHàDÄcØ�Õeßcà�ç � Ã�Æ�çoðPØ~ç4P>b,Î î ì ï ÁfÏeÐeÐkÏeÒ	ç
L Ï�Ñ%M¶Á7m`m`m`mÙÒ	Î/ä�Ú�ÊÌÔ � ÅHÜâÝ)ß

H2O
Æ/Ã[Ä�Ã[ä²Ã[ßcÅ�Ç+×�ÄcÄ�Û=Ç ndnÙå8å8åòç ÉoÊ�ä=ç Ãeà�ç ä.Å`nÙàHÛ/Ýon[Æ/Ã[Ä�Ã`�²ÊâÅHßHç ×�Ä�Ý)ÊqÎ Ó ç û Ã[Ê�ÊÌËmÛoØ�ÜâéeÃ[Ä�ÅSàHÕeÝ)ÝYÉoÞ/Üâà~ÃÙÄ�Ü�ÕeÞPç

L Ïeí`M ÿ çoð>×/ÅDÉ/Êp_�Î ÿ ×Pç ÂYç�Ä�×oÅHßcÜâßHÎ"q:àHÕ�ÊâÅ ÿ Õ�ÊÌË�Ä�ÅHà�×/Þ/ÜrV�É/Å û _~ÆN_DØ�Ã[ÊâÅ�ÆoÅ�T,Ã[É/ß�Ã[Þ/Þ/ÅeÎQTPÃeÉ/ß�Ã[Þ/ÞoÅ¿ÁfÏeÐeÐ ï Ò	ç
L Ï�Í%M���ç=è>ÃeÊâÊâÅHã�Ã[Ø�ÜqÎ ÿ ç=ð>×/ÅHÉoÊp_�ÎPÈoç Ó ç0�áÉoÅHÞ�Ä�ÅDØ~Î � ç�ðPÕ�Êâà	×oÅHÞ/ÕÙé.Î=õ¶ç � Õ�ä.ÕÙé.Î��¶ç ÿ Õ�ÊÌË�Ã[Þ/ßcæ�Ë�Î=ÈoçPð,ÅHÞoÞ�Ë�ßcÕeÞPÎ=ÃeÞ/Æ4ð�ç � Üp���HÕ�Î Ó àHÜâÅHÞ/àDÅ�OQe"P.Î

ìeì ï ÁfÏ[Ð�Ð�Ï�Ò	ç
L Ï�\`M � çoð,Õ�Êâà�×/ÅHÞoÕÙé�Î/Èoç/ð,ÅHÞoÞ�Ë�ßcÕeÞPÎ Ó ç Ó ×oÜâØ�ÜâÞ=Î/õ�ç � Õ�ä.ÕÙé.ÎQ�¶ç ÿ ÕeÊâË�ÃeÞ/ßcæ�Ë�ÎoÃeÞ/Æ+��çQ�vÃ[ÉoØ�ÅHÊâÊâÜâßHÎ�Èoç"�áÕ�Êqç Ó Û.ÅHàDÄcØ�Õ�ßcàeç"OQO4Y²Î²ìeìvÁfÏeÐeÐ ï Ò	ç
L Ïeì`M ÿ ç�ÂSÉoÛoØs_�Î/è � çQ�8à~ÃeÆ=ç Ó àHÜqç ÿ Ã[Ø�ÜâßHÎ Ó _DØ�ÜâÅ ü �kOPÁfÍeÒ	Î²ì�ÏeìvÁfÏ[Ð�Ð�ë~Ò	ç
L ï Ð`M��;ç*þ¸É/ßcà�×áÃ[Þ²Æo�jç,þ¸É/ßcà�×PÎ�Å~Æ�ßHçâÎ �+_[�~g�dqx��3gF��·kikae�:�]lenoh�pDdqb£aey	p�a	n²x<t�µ�� �,� dqb£_edqbc_kp�hD��µ�`Dy	aeb}n/dqgtae�j��hc_ey�{�b�h	r)h	�/d�¾�hcp�w��/gtzD{/h ÎoékÕ�ÊqçoÍeÏeÐ

Õ[Ö µ���l4l/x[r�n�aey�g�{�r l.h	b	gfh	y Á£ë~ì�ìeìkÒ	ç
L ï ë(M�È�ç Ó à	×oÅDØ�ÅDØ~Î ÿ ç ÿ Ã[É/ÊqÎ"��çQ�Eh &òÅHÅ	Ö�Å�Î²ÃeÞ²Æ � ç Ó ÃHË�æeÃeÊâÊÌË�Îoè¸×/ÅHÝvç � ÅHé.ç"e"P.Î.ÏeÑmÁ£ë~ìeìkÍ�Ò	ç
L ï Ï%M]�jçW� ×oÅHÅHÊâÅDØ~Î Ó çoõ�ÅDå3Ý¯Ã[ÞPÎN��çS��ØcØcÔB�:å3ÜâÞoãoÎ.Ã[Þ²Æ+�jçQ��ßc×/Õ�Ê�Æ�Î²Èoç²è¸×/ÅDÝvç Ó Õ�à�ç û Ã[Ø�Ã�ÆoÃHËáð�ç"eNb,Î ï�ï ÍáÁ£ë~ì�ì�\kÒ	ç
L ï�ï M Ó ç/è¸×/ÅHßcæ�ÜâßHÎ ÿ Ø�Õ�ã�ç"�:Þ/ÅDØ�ã[Ëvè¸ÕeÝYä=ç Ó àHÜUOQg=Î�Ï ï�ï Á£ëHì�ìeìkÒ	ç
L ïeî M���çD�Eh &òÅHÅ	Ö�Å�Î�Èoç Ó à�×/ÅDØ�Å	Ø~Î�Èoç ÿ Ã[É/ÊqÎ�ÃeÞ/Æ � ç Ó ÃHË�æeÃeÊâÊÌË�ÎkÜâÞ �+_e�~g�dqxò�3g���·kikae�:��l�nohcpDdqbcaey	p�a	n²x<t�µ����P� dqbc_[dqbc_kp�hD��µ�`DyDa[b}n²dqgqae�v��hc_ey�{�bch	r¯h	�od

¾.h�p�w��/gtzD{/h Î²ÅHÆoÜÌÄ�Å~Æmä�Ëo&¿ç,þ¸É/ßcà�×]Ã[Þ²Æ$�jç�þ¸Éoßcà	× Á£ëHì�ìeìkÒ	Î²é�Õ�Êqç.ÍeÏeÐ¿Õ[Ö µ���l4l/x[r�n�aey�g�{�r l�h	b�gfh	y Î/ÛoÛPç²Í�ë ñ ìkÏ�çL ï Ñ%M ý ç�þ¸ÅDØ�Æ�ÅHÞPÎ � ç ÿ ÅDÅDÄ�ÅDØ�ßHÎ.Ã[Þ²Æ ý ç"�áÅHÜ uêÅDØ~Î ü Þ�Ä~ç � ÅHé.ç ÿ ×�Ë�ßHç²è¸×oÅHÝvç4YWe=Î.ÑeíkÑáÁfÏ[Ð�ÐeÐkÒ	ç
L ï í`M � ç ÿ ÅHÅDÄ�ÅDØ�ßHÎ ý ç9þ$ÅDØ�ÆoÅHÞ=Î²Ã[Þ²Æ ý ç"�áÅHÜ uêÅDØ~Î4��ÝvçWTPÃeä=ç"RQR�Î²íeÐvÁfÏeÐ�Ð�ëÙÒ	ç
L ï Í%M�Â¶çS�>Ä�æ�ÜâÞ/ßcÕeÞPÎN��Þ/ÃeÊÌË�ß£Ä�YWOQa=ÎPë�ëÙÍáÁfÏ[Ð�Ð ï Ò	ç
L ï \`M � çN�+Þoã�ÅHÊâÞ]Ã[Þ²Æ ý ç4�áÅHÜ u£Å	Ø~Î � ÅHé.ç Ó àHÜqç ü Þ/ß£ÄcØ�ÉoÝvçN["P�Î²Ï�ÍeÐ�\]Á£ë~ì�ìeíkÒ	ç
L ï ì`M���çS�Eh &òÅDÅDÖ�Å�Î.è¸×/ÅHÝvç ÿ ×�ËoßHçNT=ÅDÄcÄ~ç"OSeQR=Î ïeï ë)Á£ëHì�ì�\kÒ	ç
L î Ð`M�c¶ç � ÅòÃ[Þ²Æ6þ�çQ��ØcØ~Î²è¸×/ÅHÝvç ÿ ×�Ë�ßHçNTPÅ	ÄcÄ~ç"R0Y>e=Î,ë ï ë)ÁfÏ[Ð�Ð�Ð�Ò	ç
L î ë(M � ç ÿ ÅHÅDÄ�ÅDØ�ßHÎ ý ç9þ$ÅDØ�ÆoÅHÞ=Î²Ã[Þ²Æ ý ç"�áÅHÜ uêÅDØ~Î4��ÛoÛ/Êqç ÿ ×�Ë�ßHç,þvPSR=Î²íkÑmÁfÏ[Ð�Ð�ë~Ò	ç
L î Ï%M�È�ç Ó à	×oÅDØ�ÅDØ~Î/Èoç ÿ Ã[É/ÊqÎ � ç/È�Ü�ÃeÕoÎ²ÃeÞ/Æ$��çS�Eh &òÅHÅDÖFÅ�Î"��Û/Û/ÊqçS��ÛoÄ~çWb"Z=Î²í�Í�Ï�ÑáÁfÏ[Ð�Ð�ëÙÒ	ç
L îkï M���ç�è
�DËWwHÅ	å3ßcæ�ÜqÎ Ó ç=è¸×�É²ÆN�	ËNxoßcæ�ÜtÎS&¿ç4��Ø�Þ/ß£Ä~Î ý ç"&�ÃÙØ�ÃeßcÜpx/ßcæ�ÜqÎUT+çS&òÜ�ÊâÜ�ÃeÞoÅHæ.Î0��ç ÿ ÜâÅDÄcØ�É/à��HÉ/æ.ÎQ�®ç Ó æ�É/äoÜ�ßy�HÃeæ.Î.ð�ç Ó Ä�ÃeàHÅ	å3Ü�à���Î0&¿ç Ó Ä�ÅHÊÌÔ

Ý¯Ã[ßy�Hà��DË�æ.Î,þ�çN&�Õ�à�×PÎoÅDÄ�ÃeÊqçâÎ4��Û�Ä~ç²è¸ÕeÝ)Ývç4YWe0Y²Î.Ï�Í�ë¿ÁfÏeÐ�Ð�ëÙÒ	ç
L î�î M���ç Ô£è�ç/è¸×oÅHÉ/ÞoãoÎ/ð�ç4�vÃ�Î/ÃeÞ/Æ � ç/è¸×oÅHÞPÎ²è¸×/ÅHÝvç ÿ ×�ËoßHçSTPÅ	ÄcÄ~çQRSgQR=Î�ÏeÍ�ÑáÁfÏ[Ð�ÐkÏeÒ	ç
L î Ñ%M�ð�ç ý ×/Å	Ø�Ý¯ÃeÞvÃ[Þ²Æ�ÂYç � Õ�Ý¯Ã[Þ/ÜâÞ/ÜqÎS��ÛoÄ~çN��Ú�ÛPç4Y>ZPÎPë~Ð ïeï ÁfÏeÐeÐkÏ�Ò	ç
L î í`M Ó ç û Ü�ÅHÆoÊâÅDØ~Î"��ç � ÅHßcÅ�Î/ÃeÞ/Æ$��ç � ÉoÄ�×=Î²è¸×oÅHÝvç ÿ ×�Ë�ßHçNTPÅDÄcÄ~çQR"P4Y/Î�Ï�\ î ÁfÏeÐeÐ ï Ò	ç
L î Í%M���çW&�Ãeß£Ä�ÊâÅDØ~Î²õ�Õ�Éoé�ç � ÅHé.çS��ÛoÄ~çSg=Î=ë ï�ï Á£ëHìkÍ î Ò	ç
L î \`M�Â¶ç � Õ�Ý¯Ã[Þ/ÜâÞ/ÜqÎN��ÞoÞPç ÿ ×�Ë�ßHç û Ø~çSOSZPÎ²í�íkÑ�Á£ë~ì�ì�Ñ�Ò	ç
L î ì`M���ç,Â¶ç � Üâé�Ã�Î ý ç � Ã~é�ÃÙÄcÄ�ÜâÞ/ÜqÎ Ó ç��vÃÙØ�Ü�ãeÕoÎ¸è�ç � Üp���HÕ�Î ý ç � É/ÕeßcÕoÎ ý ç0è>Ã[Ø�Éoã�Þ/Õ�Î � ç���Þ/Õ[ÖFØ�ÜâÕoÎ Ó ç�è>ÃÙØ�É/ßcÕ[ÄcÄ�ÕoÎ��jç ÿ ÃeÛ²Ã�Î û ç ÿ Å	ØcØ�Õ�Þ/ÅeÎ



Å	Ä�ÃeÊqçâÎ � ÅHé.ç Ó àHÜqç ü Þ/ß£ÄcØ�ÉoÝvçN["P�Î�Ï[íd\eÐvÁ£ë~ì�ìeíkÒ	ç
L ÑeÐ`M�Â¶ç � Õ�Ý¯Ã[Þ/ÜâÞ/ÜqÎN��çN&�Ãeà�×²Ã[Þ/ÕÙé.ÎoÃeÞ²Æ û ç Ó Ä�Õ�ÅHà	æ�ÅHÊqÎ.è¸×oÅHÝvç ÿ ×�Ë�ßHçNTPÅDÄcÄ~çQO"PNZPÎ.Ñ ï \áÁ£ë~ìeìkÍ�Ò	ç
L Ñ�ë(M Ó ç,þ$Ø�Õ~å3ÞPÎ"��ç � Ã~é�Üâßc×²ÃeÞoæ�ÃÙØ�Ã�Î/ÃeÞ/Æ � ç Ó Ä�ÃÙØ�æ.Î/È�ç ÿ ×�ËoßHç²è¸×/ÅDÝvçS�kY>ZSb,Î.ÍeÐ î�î ÁfÏeÐeÐ�Ð�Ò	ç
L Ñ�Ï%M Ó ç,þ$Ø�Õ~å3ÞPÎ � ç Ó Ä�Ã[Ø�æ.Î Ó ç/è¸ÜâàHÜâÕeØ�Ã�Î � çQ�áà%TPÃeÉ/ãe×/ÊâÜâÞPÎ/ÃeÞ/Æ$��ç � ÃÙé�Üâßc×²Ã[Þ/æeÃ[Ø�Ã�Î � ÅHé.ç Ó àHÜqç ü Þ/ß£ÄcØ�ÉoÝvçSPSR=Î ï Ï[ì�ë�ÁfÏeÐeÐkÏ�Ò	ç
L Ñ ï M�&¿ç�TPÅD×/Ý¯ÃeÞoÞPÎ,Ü�Þ �+_[�~g�dqxá�3g���·kikae�:� l�nohcpDdqbcaey	p�a	n²x<t]µ��½�P� dqbc_edqb£_kp�hD�qµ�`Dy	aebfn²dqgtae� �jh�_[y�{�bch	r¯h	�/d¯¾.h�p�w��/gtzD{/h Î+Å~ÆoÜÌÄ�Å~Æjä�Ëz&¿ç;þ¸É/ßcà�×

Ã[Þ²Æ+�jç9þ¸Éoßcà	×�Á£ë~ì�ìeìkÒ	Î/ékÕ�Êqç²Í�ÏeÐ¿Õ[Ö µ���l4l/x[r�n�aey�g�{�r l.h	b	gfh	y Î/Û/ÛPç�ëHÐ�í ñ ëÙÏ î ç
L Ñ î M���ç>c>Ã[Ê�ÜâÞ]Ã[Þ²Æ � ç � Ã[Ø�Å�ÎQT,ÃeßcÅ	Ø ÿ ×�Ë�ßHçUYWO�ÎPëHÐ�íkÑáÁfÏ[Ð�Ð�Ï�Ò	ç
L Ñ�Ñ%M ý çQ�áÅHÜ u£Å	Ø~Î4�jç�þ¸Õ�Õ�ã�Ã�Ã[ØcÄ�ßHÎ � çoÈ�Õ�Þoã�Ý¯Ã�Î²ÂYç ÿ Ã[Ø�æ�ÅDØ~Î²Ã[Þ²Æ$��ç>� Õ�Æ�Ä�æ�Å�Î/è¸×/ÅHÝvç ÿ ×�Ë�ßHçSTPÅDÄcÄ~çSO0YWP�Î,ëeëÙÏáÁ£ë~ìeì î Ò	ç
L Ñeí`M�&¿ç�þ¸Éoßcà	×=Î"��ç � ÅDÞ/Þ/Å�V�ÉoÜâÞPÎoÃeÞ/Æ
�jç þ¸Éoßcà	×=Î/ÜâÞ �+_e�~g�dqxY�8g���·kika[�+��l�nohcpDdqb£aey	p�a�n²xDtSµ��ô�P� dqbc_[dqbc_kp�hD��µ�`DyDa[b}n²dqgqae� ��hc_ey�{�bch	r¯h	�od�¾�hcp�w��

�ogtzD{/h Î/ÅHÆoÜÌÄ�Å~Æmä�Ëo&¿ç�þ¸É/ßcà�×vÃ[Þ²Æ$�jç9þ¸É/ßcà�×�Á£ëHì�ìeìkÒ	Î²é�Õ�Êqç.ÍeÏeÐ¿Õ[Ö µ���l]l/x[r�n�aey�g�{�r l�h	b�gfh	y Î²ÛoÛPç ï�ï ñ î \�ç
L Ñ�Í%M�È�ç ÿ Ã[É/ÊqÎQT:çQTPÃeÛoßcÕ�ÞPÎ²ÃeÞ/ÆáÈoçS��Þ/ÆoÅDØ�ßcÕeÞPÎS��Û/ÛoÊqçQ��Û�Ä~çWb"ZPÎ î ì�Ð î ÁfÏeÐeÐ�ëÙÒ	ç
L Ñ�\`M � ç�õSÃeÉoßHÎ ü ç/éeÃeÞ Ó Ä�Õeæ�æ�ÉoÝvÎD�®ç � Õ�ãeÅDØ�ékÕ[Ø�ß£Ä~Î²Ã[Þ²Æo�;çS��ä²Ãeà�×/ßHÎS��ÛoÛ/ÊqçS��ÛoÄ~çWb"ZPÎ î�î ë~ívÁfÏ[Ð�Ð�ë~Ò	ç
L Ñeì`M�Â¶çST=ÅHÅ�ÎWcYçWc¸Õ�ÕeÞPÎ�þ�çN&òÜ�ÝvÎoÈoçSTPÅDÅ�ÎNc¶çNc$Õ�ÕoÎ/ÃeÞ/ÆáÈoç � Ã[×/Þ=ÎQ��Û/Û/Êqç ÿ ×�Ë�ßHç,þvPWb,Î îkï ÑmÁfÏeÐeÐkÏ�Ò	ç
L í�Ð`M���çW&�Ãeß£Ë�ÉoÄ�Üâà�×PÎ/è�ç�è>Ã[Þ/Õ�ß�ÃÙÔ6�vÃeßHÎ=è�ç ÿ ÖTØ�ÃeÞoãoÎ Ó çS�$ÃeÉoã�×/ÃeÞPÎoÃ[Þ²Æ � çW��ÃHË�Þ/Å�ÎN��ÛoÛ/Êqç ÿ ×�Ë�ßHç,þvPSg=Î.Í�Ñ�ÑáÁfÏ[Ð�Ð�Ï�Ò	ç
L í�ë(M�Â¶çS��Þ²Æ�ÅDØ�ßcÕ�Þ=Î²Èoç û Ø�Üâßcà�×PÎ/ÃeÞ²Æáè�ç"�vÃ[ßcßcÅDØ~Î4��Û/Û/ÊqçS��ÛoÄ~çSOQR�ÎPë~Ï ï \]Á£ëHìd\ î Ò	ç
L íkÏ%M]�jçSTPÜâÞáÃeÞ²Æáð�çNc$ÉPÎ ü Þ�Ä~çoÈoç²è¸×/ÅHÝvçW&òÜâÞ/Å	Ä~ç"OQg�ÎQ\�Í�ÑáÁ£ë~ìeì ï Ò	ç
L í ï M�È�çN�vÃ[ØcÄ�ÜâÞPÎ,þ�ç ÿ Ã[ÊTÆ�É/ßHÎ ÿ ç � Ã[ÊâÜ�à�æ�ÜqÎS�8çD��Ã[×/ÊqÎ�ð�çN��å8Ã[Þ/Õ�Î/È�ç � ç�ÈeØ~çâÎ/è�ç>&SØ�É/ãeÅDØ~ÎoÃeÞ²Æ � ç � Ã[Ø�Å�Î/è¸×/ÅDÝvç ÿ ×�Ë�ßHçWTPÅ	ÄcÄ~çWOQgQa=Îoí ï Á£ë~ìeì�í�Ò	ç
L í î M�È�ç ÿ ÕeÜâØ�ßcÕeÞPÎ û ç9þ$Ø�Å	Ä�ÅHÞ²Ã[ækÅDØ~ÎQ�jçQ�$ÃeÊâÊâÅDÄ~Î²Ã[Þ²Æ{��çNT+ç û ÊâÕ�à	×=Î.ÈoçQ��ÛoÄ~ç Ó Õ�àeç"��Ývç*þ|Y<b,Î.Ï}\�ëeëmÁ£ëHì�ì�Í�Ò	ç
L íkÑ%M�c¶ç � Å�ÎQ�jç � ÜâÛ/Û/ÊâÅDØ~Î/ÃeÞ/Æ$�jçQX�É²Ã[à	æ.Î/è¸×/ÅHÝvç ÿ ×�Ë�ßHçNTPÅ	ÄcÄ~ç"OQaSe=Î.ÑeÏ�ÍáÁ£ëHì�ìd\�Ò	ç
L í�í`M]�jç � ÜâÛoÛ/ÊâÅDØ�ÃeÞ/Æ
�jçQX�É²Ãeà�æ.Î/è¸×/ÅHÝvç ÿ ×�Ë�ßHçSTPÅDÄcÄ~çSR0Y<b,Î�ÏeÍ ï Á£ë~ìeì�ì�Ò	ç
L íkÍ%M¨þ�ç ÿ ÃeÊ�Æ�É/ßHÎ�è�ç � Ã[Ø�ä=Î²ð�ç Ó Û.ÅHÞoàHÅ�Î � ç � ÃÙØ�Å�Î=è�ç ý Ý¯Ãeà�×/ÊqÎ û ç.è>ÃeÛ²Ã[ßcßcÕoÎ�ÂYç Ó ÜâékàDÕoÎ.È�çVþ>Ã[Ü�ÊâÊ�Ã[Ø�ãeÅHÕ�Þ=ÎPÃeÞ²Æ+��ç � ÉoÄ�à�×/ÜâÞ/ßcÕeÞPÎQ��ÛoÄ~çSTPÅDÄcÄ~ç

OSg=Î²íeí�ívÁfÏ[Ð�Ð�Ð�Ò	ç
L íd\`M¨þ�ç9þ>Ã[ækÕ~å3ßcæ�ÜtÎQT+ç²è¸ÕeØ�ÞoÅDØ~Î ý ç � Ã[Þ/àHÕ�à�æ.Î � çN&�ÕeÄ�à�×/ÜâÅ�Î � ç ÿ ÅDékÅDØ�ÃeÊâÊqÎ.Ã[Þ²Æ ý ç � ÜÌÄ�à	×oÜ�ÅeÎQ��Û/Û/Êqç ÿ ×�Ë�ßHç�þvPSg=Î²Í î ÑáÁfÏeÐ�Ð�Ï�Ò	ç
L í�ì`M���ç Ó à�×/Õ�à�ækÅDØ~ÎN��ç�þ$Ø�Õ�à�æ�×oÜâÞ/ækÅ�ÎW&¿ç�þ¸É/ÊÌÄ�ÜÌÄ�É²Æ�Å�Î/ÃeÞ²Æ ÿ çQ��å8ÃÙØcÄ~Î"��ÛoÛ/Êqç ÿ ×�Ë�ßHç,þvPQP�ÎPë~Ð�ë¿ÁfÏeÐ�Ð ï Ò	ç
L ÍeÐ`M ÿ ç,þ¸ÜÌØs�~Ã�Î�ð�ç"�áÕ[ÄêË�ÊâÅDå3ßcæ�ÜqÎ²ÂYçW&ò×/Õ[Ø�Õ�ßc×oÅHé.ÎQ��ç.è¸×oÜâØ�ÕeækÕ�Ê�Ã~éeÃ�Î � çSTPÜâÞ/Þ/Ã[ØcÄs��Î/ÃeÞ/ÆáÈoç"�vÃeÜâÅDØ~Î�è¸×oÅHÝvç ÿ ×�Ë�ßHçSOQaQR=ÎPë�ëHìvÁfÏeÐ�Ð�Ï�Ò	ç
L Í�ë(M���çN�:å8ÄcØcËmÃeÞ/ÆáÈoçQ�áÜâÊâÊ�Å	Ø~Î4��ÛoÛ/Êqç ÿ ×�Ë�ßHç,þvPSg=Î�ÏeÑ�ÑáÁfÏ[Ð�ÐkÏeÒ	ç
L Í�Ï%M�È�ç � Õ�Æoã�ÅDßHÎ²ÈoçQTPÕ�ÕeÞ/ÅDË�Î/ÃeÞ/Æ � çoéeÃeÞ � ÅDÅ�ÎQ��Û/ÛoÊtçS��Û�Ä~ç"RQg�Î î ë�ëÙÏáÁ£ëHì�ìeíkÒ	ç
L Í ï M�È�ç � Ãe×/Þ=Î>cYçWc¸Õ�Õ�Î²ÈoçSTPÅDÅ�Î²È�çQ&òÜâÝvÎoÃeÞ²Æ � ç Ô9�®çNTPÅHÅeÎQ��Û/Û/ÊqçS��ÛoÄ~çQRQa=Î=ë%\�ÑeìvÁ£ëHì�ì�ì�Ò	ç
L Í î M�Â¶ç � Õ�Ý¯Ã[Þ/ÜâÞ/ÜqÎN��çN&¿ç�õ¶ç Ó ÃeÆoÅHãe×/ÜqÎ²Ã[Þ²Æ û ç Ó Ä�Õ�ÅHà	æ�ÅHÊqÎ.è¸×oÅHÝvç ÿ ×�Ë�ßHçST=ÅDÄcÄ~çQOQ[Nb,Î ï ëHívÁ£ë~ì�ì�Í�Ò	ç
L Í�Ñ%M]�jçQ�+~oØcÄs�eÎ9þ�ç û Ø�ÅHà�×PÎ/ÃeÞ/Æo�®çN��Ø�ä/ÃeÞ=ÎS��Û/ÛoÊtç ÿ ×�ËoßHç�þ�[Qa=Î²Ï î�ï Á£ë~ìeì�ìkÒ	ç
L Íeí`M]�jçD�+~oØcÄs��ÎkÂYç<&òÊâÅHÜâÞ/ÅeÎ Ó ç Ó ÄcØcË�Î � çkÂòÃ[×/ÞoækÅ�Î ÿ ç � ÅDØ�ÜâÞ/ã�Î�Èoç<T,ÃeÉ�Ä�ÅDØ�ä²Ã[à	×=ÎD&¿ç<&òÊâÅHÜâÞoÅDØ�Ý¯ÃeÞoÞ/ßHÎd�;çD��Ø�ä/ÃeÞPÎ � ç<�+×oÊ�Å	Ø�ßHÎ�ÃeÞ/Æ¿ÂYç � Üâß£Ä�ÃeÉPÎ

�:Þ�é�ÜâØ�ÕeÞPç Ó àDÜtçS� ÿ Õ�ÊâÊâÉoÄ~ç � ÅDßHçSb,Î/í�ë¯ÁfÏ[Ð�Ð�Ï�Ò	ç
L Í�Í%M���ç ÿ ÕeÛ/Û=Î û ç0�+~oÊ�ÊâÅDØ~Î û çQ&�~/×oÞ/ÅHÝ¯Ã[Þ/Þ=Î Ó ç Ó à	×oÜ�ÊâÊâÅDØ~Î ý ç.ékÕ�Þ6þ>ÃeßcÉoÝvÎ � ç/ÂòÃe×oÞ/ækÅeÎ ÿ ç � ÅDØ�ÜâÞ/ã�Î.ÃeÞ/Æ)�jç4�+~�ØcÄs��Î"��Û/Û/Êqç ÿ ×�Ë�ßHç9þ�PSg�Î

ÍeÑ�ë)ÁfÏ[Ð�Ð�Ï�Ò	ç
L Í�\`M ý ç�ékÕ�Þ-þ>ÃeßcÉoÝvÎ�ÂYç � Ã[Ê�Ý)Å	Ø~Î ÿ ç � ÅDØ�ÜâÞ/ã�ÎW�jç>�+~�ØcÄs��Î Ó ç Ó à�×/ÜâÊâÊâÅDØ~Î û çD�+~/ÊâÊâÅDØ~Î>��ç ÿ Õ�ÛoÛPÎ�Ã[Þ²Æ � ç�ÂSÃe×/ÞoækÅ�ÎD��ÛoÄ~çdTPÅDÄcÄ~ç<OQe=Î�Í[ìkÍ¿ÁfÏeÐeÐ î Ò	ç
L Íeì`M��;ç Ó ÜâÝ)Û/ßcÕ�Þ=Î � ÅHé.ç Ó àDÜtç ü Þoß£ÄcØ�É/ÝvçQPWb,Î ïeîeî ÏáÁfÏ[Ð�Ð ï Ò	ç
L \�Ð`M]�jçSTPÅDékÅHÞ/ßcÕeÞPÎ,þ�ç ÿ ÃeÊ�ÆoÉoßHÎ²ð�ç Ó Û.ÅHÞoàHÅ�Î²è�ç � Ã[Ø�ä=Î � ç � ÃÙØ�Å�Î4�jçST,ÃHå8Ø�ÅHÞoàHÅ�Î.Ã[Þ²Æ � ç,þ$Ë�Å	Ø~Î"��Û�Ä~çST=ÅDÄcÄ~çQOQg=Î.ì�ÏeÐáÁfÏ[Ð�ÐeÐkÒ	ç
L \�ë(MSè�ç ü ßc×oÜâä²Ãeßc×oÜ,Ã[Þ²Æ � ç Ó Ãeß�ÃeÆ/Ã�Î²È�ÛoÞPç/ÈoçS��Û/ÛoÊqç ÿ ×�ËoßHçSRQa�Î²ì�ÏeÐvÁ£ë~ìeì�ì�Ò	ç
L \kÏ%M�È�çNc$ÅòÃeÞ/ÆáÈoç � Ã[Ê�ÊqÎ ÿ ×�Ë�ßHç � ÅHé.çN�l[4Y²Î²Ðeí�ë�\�ÐkÏ�n�ëmÁfÏeÐeÐ�ÐkÒ	ç
L \ ï M�c¶ç � ÅòÃ[Þ²Æ6þ�çQ��ØcØ~Î²è¸×/ÅHÝvç ÿ ×�Ë�ßHçNTPÅ	ÄcÄ~ç"RQRSg=Î�Ï�ëÙÑmÁfÏ[Ð�Ð�ë~Ò	ç
L \ î M�c¶ç � ÅòÃ[Þ²Æ6þ�çQ��ØcØ~Î/Èoç.è¸×oÜâÞPç²è¸×/ÅHÝvç Ó Õ�àeç Ô}ð0Ã[ÜâÛPçQb"a=Î.Ñ[ì�ë¯ÁfÏ[Ð�Ð�ë~Ò	ç
L \kÑ%M�c¶ç � ÅòÃ[Þ²Æ6þ�çQ��ØcØ~ÎS��Û/ÛoÊqç ÿ ×�Ë�ßHç�þvPNg=Î�Ï[íkÍmÁfÏ[Ð�ÐkÏeÒ	ç
L \�í`M�È�ç.è>Ã[à	×oÅHÞ²Ã[ÉoÄ~Î²è�ç"�vÃ[ÞPÎ ÿ ç²è¸ÅDØ�Å���ÎS��ç�þ$Ø�ÜâÊâÊâÅDÄ~Î û ç Ó Ä�Õ�ÅHà�ækÅHÊqÎS��ç/È�Õ�É�Ø�Æ/Ã[ÞPÎ/ÃeÞ²Æ û ç � Ã[ØcÄ�Ý¯Ã[Þ/ÞPÎ � ÅHé.ç ÿ ×�Ë�ßHçN��Û/ÛoÊqç0Y<b,Î.í�\kÑmÁ£ëHìkÍeì�Ò	ç
L \kÍ%M Ó ç ý ÅDØ�ß£Ä�ÅHÞoækÕeØ�Þ=ÎkÈoç}�+ÅDØ�ãd�DßHÎkÃ[Þ²Æ�Èoç�è¸×/ÅHé�ÜâÊâÊTÃÙØ�Æ=Î µ�dt�â_ey3ie{¶yfnohcpDdqbch�i,� _k`Dy	aebfn²dqgta[�áikh3�â_Sr)ae��¡�pD{���h3i,� gta~ikh	�=�[ae��ºcºcº��0�d�k�k�k���D�D�.�k�k�

cm−1
Î

ì�ë î ÐkÑ���Ø�ß�ÃHË�Î û Ø�ÃeÞoàHÅ)Á£ë~ì�\kÏ�Ò	ç
L \d\`M ºDa~i[g���h	lenoh�p Î²ð,Õ�Û�Ä�Üâà~Ã ÿ ×/ÕeÄ�ÕeÞ/ÜâàHßHÎ"�áÉ/Þ/Üâà�× ý ÅDØ�Ý¯Ã[Þ�Ë4Á7m}m`m`mÙÒ	Î/å8å8åòç Ä�Õ�Û�Ä�Üâà~Ã�ç àHÕeÝvç
L \�ì`M ÿ ç�ÂSÉoÛoØs_�Î u¸bca�·ebc_[r �4{�� dqgq� gF��h Á7m`m`m}mÙÒ	ç
L ì�Ð`M � çoð,Õ�à�×/ÅHÞoÕ[é.Î u>b£a�·ebc_er��]�$�$^0ºc� Á7m`m`m`m[Ò	ç
L ì�ë(M]�¶ç ÿ ÕeÊÌË�ÃeÞoßcæ�Ë�ÎW��çoè¸ßs�eßy�%�ÙØ~Î Ó ç Ó ×oÜâØ�ÜâÞ=Îoõ�ç � Õeä.ÕÙé�Î ÿ ç,þ>ÃÙØ�Ê�Å	ÄcÄ�Ã�Î/Èoçoð,ÅHÞ/Þ�Ë�ßcÕ�Þ=Î�ÂYç Ó à�×�å>ÅHÞoækÅ�Î²ÎoÃ[Þ²Æ ÿ ç>&òÞoÕ~å3Ê�ÅDßHÎ Ó àHÜâÅHÞ/àDÅ�OQeQe=Î/Ñ ï ì

ÁfÏ[Ð�Ð ï Ò	ç
L ìkÏ%M]�¶ç ÿ ÕeÊâË�ÃeÞ/ßcæ�Ë�Î�õ¶ç � Õ�ä.ÕÙé.Î Ó çN��ÜÌÄ�ÜtÎ/Èoç²ð,ÅHÞ/Þ�Ë�ßcÕ�Þ=Î ÿ ç�þ¸ÅDØ�Þ/Ã[Ä�×=Î²Ã[Þ²Æ+T:çN� ÃeÊâÊ�ÃeàHÅeÎ"��ß£ÄcØ�ÕeÛ/×�Ë�ßHçoÈoçSb"aQe=Î"T,ÏeÐ�ÑmÁ£ë~ìeìkÍ�Ò	ç
L ì ï M Ó ç Ó ×/ÜÌØ�ÜâÞPÎQ�¶ç ÿ Õ�ÊÌË�Ã[Þ/ßcæ�Ë�Î/õ�ç � Õeä.Õ[é.Î ÿ ç9þ>ÃÙØ�ÊâÅDÄcÄ�Ã�Î²ÃeÞ²ÆmÈoç.ðPÅHÞ/Þ�Ë�ßcÕ�Þ=Î/È�ç.è¸×oÅHÝvç ÿ ×�Ë�ßHçUYSYWa=Î²Ï�ëÙÏ î ÁfÏeÐeÐ ï Ò	ç
L ì î M�Â¶ç Ó à	×�å¸ÅHÞ/ækÅSÃeÞ²Æ � ç ÿ Ã[ØcÄcØ�Ü�Æ�ã�Å�Î²Èoç�è¸×oÅHÝvç ÿ ×�Ë�ßHç4YQYWR=Î²íkÑeì�ÏáÁfÏeÐeÐ�ÐkÒ	ç
L ìkÑ%M�õ�ç � Õeä.Õ[é.ÎQ�¶ç ÿ ÕeÊÌË�ÃeÞoßcæ�Ë�ÎW��ç Ó Ã~é�ÜâÞ=Î/Ã[Þ²Æ Ó ç Ó ×/ÜÌØ�ÜâÞPÎS�>Ä�Ý)Õ�ßHçS��àHÅ~Ã[Þ/ÜâàG��ÛoÄ�ÜâàHß]Y>R=Î,ëHÐkÏ î ÁfÏ[Ð�ÐeÐkÒ	ç
L ì�í`M ý çSTPÜPÃeÞ/Æ � ç ý ÉoÕoÎ²Èoç"�áÕeÊqç Ó Û.ÅDàDÄcØ�Õ�ßcà�çQO0Y>Z=Î.ì�ÐmÁfÏeÐ�Ð�ëÙÒ	ç
L ìkÍ%M���çPè>ÃeÊâÊâÅHãkÃÙØ�ÜqÎ ÿ ç=ð>×oÅHÉ/Êp_�Î,Èoç Ó çU�áÉoÅHÞ�Ä�ÅDØ~Î � ç=ð,ÕeÊ�à�×/ÅDÞ/ÕÙé.Î,õ�ç � Õeä.Õ[é.Î��¶ç ÿ Õ�ÊÌË�Ã[Þ/ßcæ�Ë�ÎPÈoç0ðPÅHÞ/Þ�Ë�ßcÕ�Þ=Î,Ã[Þ²Æ�ð�ç � Üp���HÕjÁ7m`m}m`mÙÒ	Î=Ä�Õáä.Å

ÛoÉ/äoÊ�Üâßc×oÅ~Æ=ç



TPÜâÞoÅ�è¸ÅHÞ�Ä�ÅDØ `

cm−1
´

��Ú�ÛPç è>Ã[Êqç
S0

`

10−26 cm/mol.
´

�:Ú�ÛPç è>ÃeÊqç

ÿ Ø�ÅHßcßcÉoØ�Å
Ó ÅHÊÌÖFÔ#þ$Ø�Õ�Ã�Æ�ÅHÞ/ÜâÞ/ã ∗
`

10−6 cm−1/Pa
´

N
′

K
′

a
K

′

c

N
′′

K
′′

a
K

′′

c

þ>Ã[Þ²Æ

Ï�Ñ�ë~ìeí�ç ÐkÏ}\�ëvÁfÏ[ÐkÒ ÏeÑ�ëHìkÑ�ç í�ë
1.45 (12)†

ëeç Í�ë ï ç ÏmÁtì�Ò
42 3 31 2 (8, 0)+0

25196.0385a 42 3 31 2 (8, 0)+0

25196.0363 (53)b
ëeç î ÏáÁfÏ�ÑeÒ õ��

42 3 31 2 (8, 0)+0

25196.024c
õ]� õ�� õ]�

Ï�Ñ�ë~ì�Í�ç Ð�Ð�Í�Ñ�Á ï Ñ�Ò ÏeÑ�ëHìkÍ�ç Ðeì Ð�ç Ð ïeî Á£ë î Ò Ð�ç Ð î õ��
77 0 66 1 (8, 0)+0

Ï�Ñ�ë~ì�Í�ç î í�ÍeÐjÁ ï Ñ�Ò ÏeÑ�ëHìd\�ç Ð�Ñ Ð�ç Ðeí�ë¯ÁfÏ�ÑeÒ Ð�çâë~Ð õ��
73 5 62 4 (8, 0)+0

Ï�Ñ�ë~ì�Í�ç Ñeí�ÑeíjÁ ï Ñ�Ò Ð�ç Ð�ÑeívÁfÏ î Ò õ��
Ï�ÑeÏeÐ�Ñ�ç Í î ÐkÍ�Á£ë�\kÒ ÏeÑ�Ï[ÐkÑ�ç Ï[ì Ð�çâë~ìvÁ î Ò Ð�ç Ï ï î ç î ÁfÏ�ç Ï�Ò

22 0 10 1 (8, 0)−0
Ï�ÑeÏeÐeí�ç ïeî íkÑ�ÁtíeÐkÒ ÏeÑ�Ï[í�Ð�ç \�ë Ð�ç ÐkÑáÁfÏ�Ò Ð�ç Ð�í õ��

84 5 73 4 (8, 0)+0
Ï�ÑeÏ�ë~Ï�ç ÐkÑ ï ëvÁ£ëHíkÒ ÏeÑ�Ï�ë�ë�ç Í[í Ð�ç ìkÑáÁtìkÒ Ð�ç Ñ�\ ë~ìvÁtí�Ò

63 4 52 3 (8, 0)+0
ÏeÑ�Ï�ë�ë�ç í ï Ð�ç ï \

33 1 22 0 (8, 0)+0

25212.050a 33 1 22 0 (8, 0)+0

25212.0440 (56)b
ë�ç Ñ ï Á ïeî Ò ë%\�ç Í]Átì�ç Í�Ò

33 1 22 0 (8, 0)+0
Ï�ÑeÏ�ë ï ç ÑeÐeíd\jÁ£ëHíkÒ ÏeÑ�Ï�ë ï çâë~Ï ëeç Ð�ë¯ÁtìkÒ ëeç ÐkÍ ï ç ÍmÁ£ëeçâëÙÒ

33 0 22 1 (8, 0)+0

25313.5265 (55)b
ëeç Ñ î Á ï í�Ò ì�ç ï ÁfÍ�ç Ñ�Ò õ]� õ�� õ]�

25313.498c
õ]� õ�� õ]�

Ï�ÑeÏ�ë~Ñ�ç ï \�\�ÐjÁ£ëHíkÒ ÏeÑ�Ï�ë î ç ì�Ñ Ð�ç î ívÁfÑ�Ò Ð�ç ÑeÐ Ï�ç ÏmÁtì�Ò
32 1 21 2 (8, 0)+0

25215.3992 (57)b
Ð�ç Ñ}\vÁfÏ î Ò õ�� õ]� õ�� õ]�

Ï�ÑeÏ�ë~Ñ�ç \d\�Ï�Ñ�Á£ë�\kÒ ÏeÑ�Ï�ëÙÑ�ç \eí Ð�ç Ï�\vÁfÑ�Ò Ð�çâë î ë ï ÁfÍeÒ
66 1 55 0 (8, 0)+0

ÏeÑ�Ï�ëÙÑ�ç \ î Ð�ç ÐkÑ
66 0 55 1 (8, 0)+0

Ï�ÑeÏ�ëHí�ç ì ï Ï�ëvÁ ï ÐkÒ Ð�ç Ð�ÍeívÁfÏeÐ�Ò õ��
Ï�ÑeÏ�ë�\�ç î Ð�ÍeìjÁ ï ÐkÒ Ð�ç Ð�\�ÐvÁfÏeÐ�Ò õ��
Ï�ÑeÏ�ëHì�ç Ðd\�Í�\jÁ£ë~Ñ�Ò ÏeÑ�Ï�ë%\�ç Í�ë ëeç î ÐvÁ£ëÙÏeÒ ëeçâë~Ð ë�ë¯Á ï Ò

43 2 32 1 (8, 0)+0
ÏeÑ�Ï�ë%\�ç Í}\ Ð�ç Ïeì

53 3 42 2 (8, 0)+0

25219.0955a 43 2 32 1 (8, 0)+0

25219.0926 (54)b
ëeç Í ï Á ï ë~Ò í�ç ÏmÁfÑ�ç Ï�Ò

43 2 32 1 (8, 0)+0

25219.072c
õ]� õ�� õ]�

Ï�ÑeÏ�Ï�ë�ç î ëHìd\jÁtíeÐkÒ Ð�ç ÐkÍáÁ ï Ò õ��
Ï�ÑeÏ�ÏeÏ�çâë~Ð�Ñ�Ï�ÁtíeÐkÒ Ð�ç ÐkÍáÁ ï Ò õ��
Ï�ÑeÏ�ÏeÏ�ç ÏeÐeÐ�ëvÁfÑeÑ�Ò Ð�çâë�ë¯ÁfÑ�Ò õ��
Ï�ÑeÏ�Ï î ç î \�\�ÐjÁtíeÐkÒ Ð�ç Ð�ìvÁ î Ò õ��
Ï�ÑeÏ�Ï î ç \kÍ ï íjÁfÑ[ÐkÒ ÏeÑ�ÏeÏ î ç Ñ}\ Ð�ç ì�ìvÁtìkÒ Ð�ç \�ë ë�ë¯Á ï Ò

44 1 33 0 (8, 0)+0
ÏeÑ�ÏeÏ î ç ï í Ð�çâë~í

32 1 20 2 (8, 0)−0

25224.8963a 44 1 33 0 (8, 0)+0



TPÜâÞoÅ�è¸ÅHÞ�Ä�ÅDØ `

cm−1
´

��Ú�ÛPç è>Ã[Êqç
S0

`

10−26 cm/mol.
´

�:Ú�ÛPç è>ÃeÊqç

ÿ Ø�ÅHßcßcÉoØ�Å
Ó ÅHÊÌÖFÔ#þ$Ø�Õ�Ã�Æ�ÅHÞ/ÜâÞ/ã ∗
`

10−6 cm−1/Pa
´

N
′

K
′

a
K

′

c

N
′′

K
′′

a
K

′′

c

þ>Ã[Þ²Æ

25224.9093 (62)b
Ð�ç î�ï Á ï ÏeÒ õ��

44 1 33 0 (8, 0)+0
Ï�ÑeÏ�ÏeÑ�çâë~ÐeìkÑ�ÁfÑ[ÐkÒ ÏeÑ�ÏeÏ î ç \�ë Ð�ç ÏeìvÁtíkÒ Ð�ç Ïeí íáÁ î Ò

44 0 33 1 (8, 0)+0
Ï�ÑeÏ�Ï[í�ç ÏeÐ ï ëvÁfÑ[ÐkÒ ÏeÑ�ÏeÏeí�ç Ð�Ñ Ð�ç î ë¯ÁfÍ�Ò Ð�ç Ï�Í î Á ï Ò

43 1 32 2 (8, 0)+0
Ï�ÑeÏ�Ï[í�ç î ë î íjÁfÑ[ÐkÒ ÏeÑ�ÏeÏeí�çâë ï Ð�ç ï ÐvÁtíkÒ Ð�ç ï Ð ìáÁfÑeÒ

55 0 44 1 (8, 0)+0
Ï�ÑeÏ�Ï[í�ç Ñ�Ï}\�ÐjÁtíeÐkÒ ÏeÑ�ÏeÏeí�çâëeë Ð�ç Ð�ìvÁ î Ò Ð�çâë~Ð õ��

55 1 44 0 (8, 0)+0
Ï�ÑeÏ�ÏeÍ�ç î�î Ñ�Ñ�ÁfÑ[ÐkÒ ÏeÑ�ÏeÏ�Í�ç ïeï Ð�çâëÙÍáÁfÑ�Ò Ð�ç Ï ï õ��

65 2 54 1 (8, 0)+0
Ï�ÑeÏ�Ï}\�ç ïeî ì î ÁtíeÐkÒ Ð�ç Ðd\vÁfÑ�Ò õ��
Ï�ÑeÏ�Ï[ì�ç Ï î ì�ÐjÁtíeÐkÒ Ð�ç ÐkÍáÁ î Ò õ��
Ï�ÑeÏ�Ï[ì�ç î Ñ î�î ÁtíeÐkÒ Ð�ç Ð�ìvÁfÑ�Ò õ��
Ï�ÑeÏ�Ï[ì�ç ì�Ð�ÍeìjÁfÑeÑ�Ò Ð�ç Ð�ìvÁ ï Ò õ��
Ï�ÑeÏ ï Ð�ç ï ÍeÏeìjÁfÑ[ÐkÒ ÏeÑ�Ï ï Ð�çâëHÐ Ð�çâë~ívÁfÑ�Ò Ð�ç ÏeÐ Ï�ç ÐáÁ£ëeç î Ò

54 2 43 1 (8, 0)+0
Ï�ÑeÏ ï Ð�ç ÍeÐ�ë î ÁfÑ[ÐkÒ ÏeÑ�Ï ï Ð�ç Í[Ð Ð�ç ÏeívÁtíkÒ Ð�ç Ï ï Ï�ç ÑmÁ£ëeç Ñ�Ò

64 3 53 2 (8, 0)+0
Ï�ÑeÏ ï ë�ç Ï�ÏeÑ î ÁtíeÐkÒ Ð�ç ÐkÍáÁ ï Ò õ��
Ï�ÑeÏ ï ë�ç î ë î \jÁfÑ[ÐkÒ Ð�çâë ï Á î Ò õ��
Ï�ÑeÏ ï ë�ç ìd\�\�íjÁfÑ[ÐkÒ ÏeÑ�Ï ï ë�ç Í�ë Ð�ç î ívÁ9\kÒ Ð�ç Ñeí õ��

54 1 43 2 (8, 0)+0

25232.0041 (58)b
Ð�ç í ï Á ï ë~Ò õ�� õ]� õ�� õ]�

25231.999c
õ]� õ�� õ]�

Ï�ÑeÏ ï Ï�ç ï ë~Ñ�\jÁtíeÐkÒ Ð�ç Ð�ìvÁ î Ò õ��
Ï�ÑeÏ ïeï ç Ðd\eì ï ÁtíeÐkÒ Ð�ç Ðd\vÁ î Ò õ��
Ï�ÑeÏ ï í�ç Í�\�ë~ìjÁtíeÐkÒ ÏeÑ�Ï ï í�ç í�ë Ð�çâëÙÏáÁfÑ�Ò Ð�ç Ð�ì õ��

64 2 53 3 (8, 0)+0
Ï�ÑeÏ ï Í�ç \d\�\ î ÁtíeÐkÒ Ð�ç Ð�ívÁ ï Ò õ��
Ï�ÑeÏ ï \�çâëÙÑ�ë î ÁtíeÐkÒ Ð�ç ÐkÍ�Á î Ò õ��
Ï�ÑeÏ ï ì�ç \ îeî íjÁfÑ[ÐkÒ ÏeÑ�Ï ï ì�ç î ì Ð�ç î \vÁ9\kÒ Ð�ç ï \ õ��

53 2 42 3 (8, 0)+0
Ï�ÑeÏ î ë�ç Ðd\eí ï ÁtíeÐkÒ Ð�ç Ð ï ÁfÏ�Ò õ��
Ï�ÑeÏ î ë�ç í�í�ÍeÐjÁtíeÐkÒ ÏeÑ�Ï î ë�ç Ï[í Ð�ç Ð�ívÁ ï Ò Ð�ç Ð�í õ��

42 2 31 3 (8, 0)+0
Ï�ÑeÏ î Í�çâë~ìeÐkÑ�ÁfÑ[ÐkÒ ÏeÑ�Ï î í�ç Í}\ Ð�ç ï ÑáÁfÍ�Ò Ð�ç î ì õ��

42 2 30 3 (8, 0)−0
Ï�ÑeÏ�Ñ[ì�ç ï ÑeÏ î ÁfÑ[ÐkÒ ÏeÑ�ÏeÑ�\�ç ì�\ Ð�ç î ÏáÁfÍ�Ò Ð�ç îkï õ��

43 1 31 2 (8, 0)−0
Ï�ÑeÏeí î ç Í�ëHÐkÑ�ÁfÑ[ÐkÒ ÏeÑ�Ï[í î ç ï í Ð�çâëÙÍáÁfÑ�Ò Ð�çâëÙÍ ÍmÁ ï Ò

53 2 41 3 (8, 0)−0
Ï�ÑeÏeí�\�ç í�ì ï \jÁfÑeÑ�Ò ÏeÑ�Ï[íd\�ç ï Ð Ð�çâë�ë¯Á î Ò Ð�çâë î õ��

33 1 21 2 (8, 0)−0
Ï�ÑeÏ�ÍeÏ�ç î Ï[ì î ÁfÑ[ÐkÒ ÏeÑ�ÏeÍ�Ï�çâëHÐ Ð�ç ï ÐvÁfÍ�Ò Ð�ç ï ì Ï�ç ÍmÁ£ëeç Ñ�Ò

63 3 51 4 (8, 0)−0
Ï�ÑeÏ�Í ï ç \�ì�ë~ìjÁtíeÐkÒ ÏeÑ�ÏeÍ ï ç Ñ�ë Ð�ç Ðd\vÁ î Ò Ð�çâë�ë õ��

52 3 40 4 (8, 0)−0
Ï�ÑeÏeì î çâë�ëeë�ëvÁfÑ[ÐkÒ ÏeÑ�Ï[ì ï ç ì�ë Ð�çâëÙÍáÁfÑ�Ò Ð�ç Ïeí õ��

64 2 52 3 (8, 0)−0
Ï�ÑeÏeì�\�çâë~ì ï ìjÁfÑ[ÐkÒ ÏeÑ�Ï[ìkÍ�ç \�Í Ð�çâë î ÁfÑ�Ò Ð�çâëÙÍ õ��

44 0 32 1 (8, 0)−0
Ï�ÑeÏeì�\�ç Í�ëHìd\jÁtíeÐkÒ ÏeÑ�Ï[ìd\�ç îeî Ð�ç ÐkÑáÁ ï Ò Ð�ç Ð�ì õ��

54 1 42 2 (8, 0)−0



TPÜâÞoÅ�è¸ÅHÞ�Ä�ÅDØ `

cm−1
´

��Ú�ÛPç è>Ã[Êqç
S0

`

10−26 cm/mol.
´

�:Ú�ÛPç è>ÃeÊqç

ÿ Ø�ÅHßcßcÉoØ�Å
Ó ÅHÊÌÖFÔ#þ$Ø�Õ�Ã�Æ�ÅHÞ/ÜâÞ/ã ∗
`

10−6 cm−1/Pa
´

N
′

K
′

a
K

′

c

N
′′

K
′′

a
K

′′

c

þ>Ã[Þ²Æ

Ï�Ñ ï Ð ï ç \kÑ[ì�ÐjÁfÑeÑ�Ò ÏeÑ ï Ð ï ç Ñ ï Ð�çâëÙÏáÁ î Ò Ð�çâë~í õ��
62 4 50 5 (8, 0)−0

Ï�Ñ ï Ð î ç Ð�ë~Ï�Í�ÁtíeÐkÒ ÏeÑ ï Ð ï ç Í�ë Ð�ç Ð î ÁfÏ�Ò Ð�ç Ð�í õ��
44 1 32 2 (8, 0)−0

Ï�Ñ ï Ðeì�ç ì�ì�\d\jÁfÑ[ÐkÒ ÏeÑ ï Ð�ì�ç ÍeÏ Ð�çâë%\vÁfÑ�Ò Ð�ç Ï�ë íáÁ ï Ò
53 3 41 4 (8, 0)−0

Ï�Ñ ï ë ï ç \kÑeÏ î ÁfÑ[ÐkÒ ÏeÑ ï ë ï ç Ñ}\ Ð�çâëÙÍáÁfÑ�Ò Ð�ç Ï î õ��
54 2 42 3 (8, 0)−0

Ï�Ñ ï Ï}\�ç Í�Í�ë%\jÁtíeÐkÒ Ð�ç ÐkÏáÁ£ëÙÒ õ��
Ï�Ñ ï Ï[ì�ç î�î \ î ÁfÑeÑ�Ò ÏeÑ ï Ïeì�ç Ï}\ Ð�çâë�ë¯Á î Ò Ð�çâë�ë õ��

65 1 53 2 (8, 0)−0
Ï�Ñ ï Ï[ì�ç \�í�ÏeìjÁtíeÐkÒ ÏeÑ ï Ïeì�ç Í[Ð Ð�ç Ð�Ï�ÑáÁ£ëÙÏeÒ Ð�ç Ð î õ��

55 0 43 1 (8, 0)−0
Ï�Ñ ï�ï ë�ç ÏeÐ�Í ï ÁtíeÐkÒ ÏeÑ ïeï ë�ç Ð ï Ð�ç Ðd\vÁ ï Ò Ð�çâë�ë õ��

55 1 43 2 (8, 0)−0
Ï�Ñ ï�ï ë�ç ì î Í ï ÁtíeÐkÒ ÏeÑ ïeï ë�ç í î Ð�ç Ð ï ÁfÏ�Ò Ð�ç ÐkÑ õ��

63 4 51 5 (8, 0)−0
Ï�Ñ ï�ï Ï�ç \kÍ�ë~ìjÁtíeÐkÒ ÏeÑ ïeï�ï çâëeë Ð�ç Ð�Ñ�ÑáÁfÏ�ÑeÒ Ð�ç Ðd\ õ��

74 4 62 5 (8, 0)−0
Ï�Ñ ï�ï[î çâë î�ï ìjÁtíeÐkÒ ÏeÑ ïeïeî ç Ð�Ñ Ð�ç Ð ï ÁfÏ�Ò Ð�ç ÐkÑ õ��

65 2 53 3 (8, 0)−0
Ï�Ñ ï�ï Ñ�ç ÐkÍ�ëÙÍ�ÁtíeÐkÒ ÏeÑ ïeï Ñ�çâëHì Ð�ç ÐkÍáÁ ï Ò Ð�ç Ðd\ õ��

75 3 63 4 (8, 0)+0
Ï�Ñ ï�ï í�ç Ñ�Ñ î íjÁtíeÐkÒ ÏeÑ ïeï í�ç Ñ ï Ð�ç Ð�Ï�ÑáÁ£ëÙÏeÒ Ð�ç Ð î õ��

86 2 74 3 (8, 0)−0

∗
ÃeßcßcÉoÝ)ÜâÞ/ãvÃ{�$ÕeÜ�ã[Ä�ÛoØ�Õ}�²ÊâÅYå3ÜÌÄ�× ÃáÂ�Õ�Û/ÛoÊâÅDØòÊâÜâÞ/ÅDå3Ü�Æ�Ä�×�ÕeÖ

0.0368 cm−1
Á � � � �]Ò	Î=õ]�½ÜâÞ²ÆoÜâà~ÃÙÄ�ÅHßòÄ�×²ÃÙÄ�ÃmÂSÕeÛ/Û/ÊâÅDØ�Û�Ø�Õ��/Ê:å>Ãeß

ÉoßcÅ~Æ�ÁqßcÅHÅSÄ�ÅDÚ�Ä	Ò	ç
a
ÖFØ�Õ�Ý Ø�Å	Ö�ÅDØ�ÅHÞoàHÅdL Ï ï M

b
ÖFØ�ÕeÝ Ø�ÅDÖ�ÅDØ�ÅDÞ/àHÅdL ÏeÑ�M

c
ÖFØ�ÕeÝ Ø�Å	Ö�ÅDØ�ÅHÞoàHÅdL Ï�Ï�M

† ü Þ�Ä�ÅHÞ/ßcÜÌÄ}Ë¯É/ßcÅ~ÆmÖFÕeØ3Ø�ÅDÖFÅDØ�ÅHÞ/àDÅ
ð>×oÅòÉ/Þ/àDÅDØcÄ�ÃeÜâÞ�Ä�ÜâÅHß�Ã[Ø�ÅòÅDÚ�ÛoØ�ÅDßcßcÅ~ÆáÜâÞmÄ�×oÅSÉ/ÞoÜâÄ�Õ[Ö0Ä�×/ÅSÊ�Ã[ß£ÄSÆ�Ü�ãeÜÌÄ~ç
� ×oÅHÞmÄ�×oÅDØ�Å�Ã[Ø�ÅòÞoÕ¿ÃeÆ/ÆoÜÌÄ�ÜâÕ�Þ/ÃeÊPÜ�Þ/ÆoÜâà~ÃÙÄ�Ü�ÕeÞPÎoÄ�×/Å�Ø�Õ[Ä�Ã[Ä�ÜâÕ�Þ/ÃeÊ0Ã[Þ²Æ�é�Üâä�Ø�Ã[Ä�ÜâÕ�Þ/ÃeÊ0Ã[ßcßcÜâã�Þ/ÅDÝ)ÅHÞ�Ä�ß3Ø�Å	Ö�ÅDØ3Ä�ÕYÄ�×oÅSß�ÃeÝ)Å�Ã[ÉoÄ�×/Õ[Ø�ß

ð��jþ�T�� ü Çd��Þ/ÃeÊÌË�ßcÜ�ß�Õ[Ö.Ä�×/Å
H2O

ßcÛ.ÅHàDÄcØ�ÉoÝ�ä.ÅDÄêå¸ÅHÅHÞ¿Ï�Ñ�ëHìkÑòÃeÞ/Æ
25337 cm−1ÃÙÄ ï Ð�Ð.&¿Î�ÊâÕ~å>ÅDØ�é�Ü�ä�Ø�Ã[Ä�ÜâÕ�Þ/ÃeÊPß£Ä�Ã[Ä�Å�Ç

(0, 0, 0)



NKa Kc

TPÅHé�ÅHÊ��:Þ/Å	Ø�ãeË
`

cm−1
´

TPÅDékÅHÊ
†
� ÅDÖ}ç ��ä/ßHç ñ è>Ã[Êtç

`

cm−1
´

10 1

Ï�Ñ�ë î Ð�ç Ñ[ìkÍ]ÁfÑeÐ�Ò à Ð�ç ÑeÐ

11 1

Ï�Ñ�ë~ÑeÐ�ç�ë~ÏeÐ4ÁfÑeÐ�Ò à Ð�ç î í

11 0

Ï�Ñ�ë~Ñ î ç í�ë~Ð4ÁfÑeÐ�Ò à Ð�ç î í

20 2

Ï�Ñ�ë~Íeì�ç ìeì�Ð4ÁfÑeÐ�Ò à Ð�ç î \

21 2

ÏeÑ�ë�\�Ð�ç Ð�ë�ë~ì4ÁfÏ�ÏeÒ î Ã Ð�ç î ì

21 1

Ï�Ñ�ëHì�ì�ç Í}\�Ð4ÁfÑeÐ�Ò à Ð�ç î \

22 1

Ï�Ñ�ÏeÏ�\�ç ÏeÑeÐ4ÁfÑeÐ�Ò à Ð�ç î ë

22 0

Ï�Ñ�ÏeÏeì�ç Ñ�ë~Ð4ÁfÑeÐ�Ò à Ð�ç îkï

30 3

ÏeÑ�Ï ï í�ç î Ñeìd\4ÁfÏ�ÍeÒ ï Ã Ð�ç î Ñ

31 2

ÏeÑ�Ï[í�í�ç î \�ë î ÁfÏ�ÍeÒ ï Ã Ð�ç î í

32 2

ÏeÑ�Ï}\�ì�ç Ï î ëÙÍ]Á ï ë~Ò Ï Ã Ð�ç î Ñ

32 1

ÏeÑ�Ï[ì î ç \�\ î�î Á£ë~í�Ò ë ä Ð�ç îkï

33 1

ÏeÑ ï[î \�ç Ï ï ëÙÏ]Á ï ë~Ò Ï Ã�Î ä Ð�ç îkï

33 0

ÏeÑ ï[î \�ç î Ðd\ î Á£ë~í�Ò ë ä Ð�ç ï \

41 4

ÏeÑ ï Ðd\�ç í�Ñ�Ñ�ëmÁ ï ë~Ò Ï Ã Ð�ç î í

42 3

ÏeÑ ï í�ì�ç ï ìkÑ�Ñ]ÁfÏeÐ�Ò Ñ Ã�Î ä Ð�ç î Ï

42 2

ÏeÑ ï \ ï ç ì ï�ï Í]Á ï ë~Ò Ï Ã�Î ä Ð�ç ï \

43 2

ÏeÑ î�ï ë�ç Ï î Ñ�Í]ÁfÏ�ÍeÒ ï Ã�Î ä Ð�ç ï \

43 1

ÏeÑ î�ï Ï�ç Ñ[Ð î Ñ]ÁfÑeÐ�Ò ë ä Ð�çâëÙÑ

44 1

ÏeÑ�Ñ�ë~Ð�ç ï ë î ì4ÁfÏ�ÍeÒ ï Ã�Î ä Ð�ç ï Ï

44 0

ÏeÑ�Ñ�ë~Ð�ç ï Ï�\d\4ÁfÑeÐ�Ò ë ä Ð�ç ï Ð

50 5

ÏeÑ ï ì�í�ç Í ï Ñ�Ï]Á ï ë~Ò Ï Ã Ð�ç î Ï

51 5

ÏeÑ ï ì�í�ç Í î Ñ�Ñ]Á ï ë~Ò Ï Ã Ð�ç îkï

51 4

ÏeÑ î Ñ�\�çâë~Ïeì ï Á ï ë~Ò Ï Ã Ð�ç î ë

52 4

ÏeÑ î íkÍ�ç ì�Í�\ ï Á ï ë~Ò Ï Ã Ð�ç ï í

53 3

ÏeÑ�Ñ ïeî ç \eíkÍ ï Á£ëÙÑeÒ ë ä Ð�ç ï Ï

53 2

ÏeÑ�Ñ î Ð�ç Ï[Ð�í�ì4ÁfÑeÐ�Ò ë ä Ð�ç ï Ñ

54 2

ÏeÑeí�ë î ç Ï�ëÙÑ î ÁfÑeÐ�Ò ë ä Ð�ç Ï�\

54 1

ÏeÑeí�ë î ç Ñ[ÐkÑ�Ñ]ÁfÑeÐ�Ò ë ä Ð�ç Ï�\

55 1

ÏeÑ�Í�ë î ç íeíkÏ�Ï]Átí�Ð�Ò ë ä Ð�ç îkï

55 0

ÏeÑ�Í�ë î ç ÑeÏ�Ï ï ÁfÑeÐ�Ò ë ä Ð�ç Ïeì

60 6

ÏeÑ î ì�ì�çâë~ÏeÐ�ëmÁ ï ë~Ò Ï Ã Ð�çâë~í

61 6

ÏeÑ î ì�ì�ç ï \�ÐkÍ]ÁfÏ�ÏeÒ î Ã Ð�ç ï \

61 5

ÏeÑ�ÑeÍ�\�ç Í ï \kÏ]Á ï ë~Ò Ï Ã Ð�ç Ïeí

63 4

ÏeÑeí�Ñ�\�ç Ñ[í ï \4Á£ë~í�Ò ë ä Ð�ç Ïeì

64 3

ÏeÑ�Í ï ì�ç Ñ�ë ï Ñ]ÁfÑeÐ�Ò ë ä Ð�ç Ð�ë

64 2

ÏeÑ�Í î Ð�ç ÍeÑeÐ�Ð4Átí�Ð�Ò ë ä Ð�çâëÙÍ

65 2

ÏeÑ�\ ï Í�ç Í}\�íkÍ]ÁfÑeÐ�Ò ë ä Ð�çâë ï



NKa Kc

TPÅHé�ÅHÊ��:Þ/Å	Ø�ãeË
`

cm−1
´

TPÅDékÅHÊ
†
� ÅDÖ}ç ��ä/ßHç ñ è>Ã[Êtç

`

cm−1
´

66 1

ÏeÑeì�Ñ�Í�ç ì�Ñ�\�ì4Á£ë%\�Ò ë ä Ð�ç Ð ï

66 0

ÏeÑeì�Ñ�Í�ç ì�Ñ�Ñeí4Á£ë%\�Ò ë ä Ð�ç ÐkÑ

70 7

ÏeÑeí�ëÙÍ�ç í�Ïeíd\4Á ï ë~Ò Ï Ã Ð�ç î�î

71 6

ÏeÑ�Í�ë î ç í�ë ï ëmÁ ï ë~Ò Ï Ã Ð�ç î Ñ

73 5

ÏeÑ�\eÐ�Ð�ç Ï î ÐkÑ]Á ï ÑeÒ ë ä Ô}Ð�ç Ñ�\

75 3

ÏeÑeì�\ î ç Ð�ÑeÐ î Átí�Ð�Ò ë ä Ô}Ð�çâë�ë
Ã¶ÖFØ�ÕeÝ Ø�Å	Ö�ÅDØ�ÅHÞoàHÅdL Í}M
äáÄ�×/Üâß>å>Õ[Ø�æ
àSÖFØ�Õ�Ý Ø�ÅDÖFÅDØ�ÅHÞoàHÅdL ìkÍ�M

†
õ�ÉoÝYä.ÅDØ>ÕeÖ�T=ÅHékÅHÊâß3É/ßcÅ~Æ¯Ä�Õ¿à�×²Ã[Ø�Ã[àDÄ�ÅDØ�Üp�HÅòÄ�×/Å�Ê�ÅDékÅHÊ
ð>×/ÅòÉ/ÞoàHÅDØcÄ�Ã[Ü�Þ�Ä�ÜâÅHß�Ã[Ø�ÅòÅ	ÚoÛ�Ø�ÅHßcßcÅ~ÆáÜâÞ�Ä�×/ÅòÉ/ÞoÜÌÄ3ÕeÖ0Ä�×oÅSÊ�Ãeß£Ä�ÆoÜâã�ÜÌÄ~ç

ð��jþ�T�� ü�ü Çd�+ÞoÅDØ�ãeË¶ÊâÅHékÅHÊâß+ÕeÖ.Ä�×/Å
(8, 0)+0

ÕeØ�Á9\eÐ�ÐkÒ:é�Ü�ä�Ø�Ã[Ä�ÜâÕ�Þ/ÃeÊoß£Ä�Ã[Ä�Å�ç�T=ÅHékÅHÊ
ÅHÞoÅDØ�ã�ÜâÅHß3Ö�Õ[Ø3Ä�×/ÅòãeØ�ÕeÉ/Þ/Æmß£Ä�Ã[Ä�Å�ÃÙØ�Å�Ã~é�Ã[Ü�Ê�Ã[ä/ÊâÅ�Ü�ÞmØ�ÅDÖêçpL Í}Mtç



NKa Kc

TPÅHékÅDÊU�:Þ/Å	Ø�ãeË
`

cm−1
´

TPÅHé�ÅHÊ
†
� ÅDÖ}ç ��ä/ßHç ñ è>Ã[Êtç

`

cm−1
´

00 0

ÏeÑ�ëÙÏ[Ð�ç Ï�ÍeÍeì4Á ï ë~Ò Ï Ã Ð�ç Ñ�Ï

10 1

ÏeÑ�ë î Ð�ç í�ë~Í î Á î Ð�Ò ë Ã Ð�ç Ñ�ë

11 1

ÏeÑ�ëÙÑ[Ð�çâë~í�Ïeí4ÁfÏ�ÏeÒ î Ã Ð�ç ÑeÐ

11 0

ÏeÑ�ëÙÑ î ç í î�ï í4Á ï ë~Ò Ï Ã Ð�ç î \

21 1

ÏeÑ�ë~ìeì�ç Í�\�\d\4Á£ë%\�Ò í Ã Ð�ç î \

22 1

ÏeÑ�Ï�Ï}\�ç ï Ð�ÏeÐ4Á ï ë~Ò Ï Ã Ð�ç î í

22 0

ÏeÑ�Ï�Ï[ì�ç Ñ ï \�Ð4ÁfÏeÐ�Ò Ñ Ã�Î ä Ð�ç î Ñ

30 3

ÏeÑ�Ï ï í�ç î�î Ð�í4Á ï ë~Ò Ï Ã Ð�ç îkï

31 3

ÏeÑ�Ï ï ì�ç \kÑeÏ�Ï]Á ï ë~Ò Ï Ã Ð�ç î Í

31 2

ÏeÑ�Ïeíeí�ç ÑeÐ î Í]Á ï ë~Ò Ï Ã Ð�ç î \

32 2

ÏeÑ�Ï�\eì�ç Ï�Ï�ë�ëmÁfÏ ï Ò î Ã Ð�ç îkï

32 1

ÏeÑ�Ïeì î ç ì�Ð�ë î ÁfÏeí�Ò ï Ã�Î ä Ð�ç î Ñ

33 1

ÏeÑ ïeî \�çâë~ì�ë�ëmÁ ï ÑeÒ ï Ã�Î ä Ð�ç ï ì

33 0

ÏeÑ ïeî \�ç ï \�Ï�Í]Á ï ë~Ò Ï Ã Ð�ç ï Ñ

40 4

ÏeÑ ï ëHÐ�çâë î Ï�Í]ÁfÏeÐ�Ò Ñ Ã Ð�ç î�î

41 3

ÏeÑ ï Ñ ï ç Ïeì�\d\4ÁfÏ�ÍeÒ ï Ã Ð�ç î�î

42 2

ÏeÑ ï \ ï ç ìkÑeÏ�Ï]ÁfÑeÐ�Ò ë ä Ð�ç î ë

43 1

ÏeÑ îkï Ï�ç Í�ë�\kÏ]ÁfÑeÐ�Ò ë ä Ð�ç ï Í

44 1

ÏeÑ�Ñ�ëHÐ�ç í�ë î ëmÁtí�Ð�Ò ë ä Ð�ç ï ë

44 0

ÏeÑ�Ñ�ëHÐ�ç ïeî \�ì4ÁfÏ�ÍeÒ ï Ã�Î ä Ð�ç ï ë

50 5 25396.1282 (60)‡
ë ä Ð�ç î�î

51 5

ÏeÑ ï ìeí�çâëÙÏ}\kÏ]ÁfÏ�ÏeÒ î Ã Ð�ç î�î

51 4

ÏeÑ î Ñ}\�ç ÏeÐ�ë%\4Á î Ð�Ò ë Ã Ð�ç ÑeÐ

52 4

ÏeÑ î í�\�ç Ï�ÏeÍ�\4Á ï ë~Ò Ï Ã Ð�ç í ï

52 3

ÏeÑ î ì�Ñ�ç ì îeî í4Átí�Ð�Ò ë ä Ð�ç ï \

53 3

ÏeÑ�Ñ ï[î ç \ ï Í�Ï]ÁfÑeÐ�Ò ë ä Ð�ç Ï�\

53 2

ÏeÑ�Ñ î Ð�ç ÏeÐ�Í�Ñ]ÁfÑeÐ�Ò ë ä Ð�ç ï Ñ

54 2

ÏeÑeí�ë î ç Ï�ë î Í]ÁfÑeÐ�Ò ë ä Ð�ç Ï�Í

54 1

ÏeÑeí�ë î ç î ìeì ï Átí�Ð�Ò ë ä Ð�ç Ï�Í

55 1

ÏeÑ�Í�ë ï ç Í�Ï î Ï]Átí�Ð�Ò ë ä Ð�çâë%\

55 0

ÏeÑ�Í�ë ï ç ÍeÐ�Ñ î Átí�Ð�Ò ë ä Ð�çâë~í

62 4

ÏeÑeíkÏ[ì�ç ÏeÐeí�ì4ÁfÑ�ÑeÒ ë ä Ð�ç ïeî

63 4

ÏeÑeíkÑ}\�ç Ñ�ÍeÏ�Í]Átí�Ð�Ò ë ä Ð�ç ï Ï

63 3

ÏeÑeíkÍ�ë�ç \d\eí�ì4ÁfÑeÐ�Ò ë ä Ð�ç ï Ï

64 2

ÏeÑ�Í î Ð�ç íkÏ�ëÙÍ]ÁfÑeÐ�Ò ë ä Ð�ç Ï�ë

65 2

ÏeÑ�\ ï \�çâë�ë~ÏeÐ4Átí�Ð�Ò ë ä Ð�çâë~Ð

65 1

ÏeÑ�\ ï \�ç ÏeíeÐkÑ]ÁfÑ�ÑeÒ ë ä Ð�çâë%\



NKa Kc

TPÅHékÅDÊU�:Þ/Å	Ø�ãeË
`

cm−1
´

TPÅHé�ÅHÊ
†
� ÅDÖ}ç ��ä/ßHç ñ è>Ã[Êtç

`

cm−1
´

74 4

ÏeÑ�\d\�Ñ�ç Í�\ ï�ï Átí�Ð�Ò ë ä Ô}Ð�ç Ï ï

86 2

Ï[íkÏeí�Í�ç Íeì�ë%\4Átí�Ð�Ò ë ä Ð�ç Ð ï
Ã�ÖFØ�Õ�Ý Ø�Å	Ö�ÅDØ�ÅHÞoàHÅdL Í�M
ä�Ä�×/Üâß8å>Õ[Ø�æ

‡
ÆoÅHãeÅHÞ/Å	Ø�ÅHßcàHÅHÞoàHÅ�ÃeßcßcÉoÝ)Å~Æ�å3ÜÌÄ�×áÄ�×oÅSÊâÅHékÅHÊ

51 5

†
õ�ÉoÝYä.ÅDØ¸ÕeÖ^TPÅDékÅHÊâß3É/ßcÅ~Æ¯Ä�Õ¿à	×/Ã[Ø�Ã[àDÄ�ÅDØ�Üp�HÅòÄ�×/ÅSÊâÅHé�ÅHÊ
ð>×oÅòÉ/ÞoàHÅDØcÄ�ÃeÜâÞ�Ä�ÜâÅHß�Ã[Ø�ÅòÅDÚ�Û�Ø�ÅHßcßcÅ~ÆmÜâÞáÄ�×oÅSÉ/ÞoÜÌÄ3ÕeÖ�Ä�×/Å�ÊTÃ[ß£ÄSÆ�Üâã�ÜÌÄ

ð��jþ�T�� ü�ü�ü Ç`�+ÞoÅDØ�ãeËSÊ�ÅDékÅHÊâß0ÕeÖ�Ä�×/Å
(8, 0)−0

ÕeØ¸ÁfÍeÐ�ëÙÒ,é�ÜâäoØ�Ã[Ä�ÜâÕeÞ²ÃeÊ�ß£Ä�ÃÙÄ�Å�ç�T=ÅHékÅHÊ
ÅHÞoÅDØ�ã�ÜâÅHß3Ö�Õ[Ø3Ä�×/ÅòãeØ�ÕeÉ/Þ/Æmß£Ä�Ã[Ä�Å�ÃÙØ�Å�Ã~é�Ã[Ü�Ê�Ã[ä/ÊâÅ�Ü�ÞmØ�ÅDÖêçpL Í}M


