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� �. MoO3� H-SAPO-34� ��� ��� ����� Mo(V) 	���  !. "�#$ Mo(V) 	

� �� %#& '(')* +,-./ 0�	 12$ ESR/ 345 � 67 Mo(V)5c� Mo(V)6c� 8�

Mo(V) 	� �� 9�:!. ESR� ESEM �;<� (MoO2)+' (MoO)3+ 8� =�->?@A 	� �� B

CD!. (MoO2)+ 	� �� !E� 8� F G?-H I 8� BCJ!. H-SAPO-347 K� LMN#O P

� QRS T� UN#O P7 (MoO)3+7 V& WX	 Y) Z[!. ��: H-SAPO-34� \]^>?@A

3_ `a b�� `a �c ��� d) MoO2+ 	� �*� e9[!. fghi ESR jk7 D2O,

CD3OH, CH3CH2OD� ND3O lm5 Q noYp!. Mo(V) 	� �� qr�s� rt7 u? vw N�

wx�y �;/ oX#z!. MoH-SAPO-34S {|}, S~� �h��� �� lm� Q 3��, 1��, 1

��� 1��� (MoO2)+S �� �� qr#z!.

���: N� ��� �4, N�wx�y, ���, =�->?@A, "�

ABSRACTS. A solid-state reaction of MoO3 with as-synthesized H-SAPO-34 generated paramagnetic

Mo(V) species. The dehydration resulted in weak Mo(V) species, and subsequent activation resulted in the for-

mation of Mo(V) species such as Mo(V)5c and Mo(V)6c that are characterized by ESR. The data of ESR and

ESEM show the oxomolybdenum species, to be (MoO2)+ or (MoO)3+. The (MoO2)+ species seems to be more

probable. Since H-SAPO-34 has a low framework negative charge, (MoO)3+ with a high positive charge can

not be easily stabilized. A solution reaction between the solution of silico-molybdic acid and calcined H-

SAPO-34 resulted in only MoO2+ species. A rhombic ESR signal is observed on adsorption of D2O, CD3OH,

CH3CH2OD and ND3. The Location and coordination structure of Mo(V) species has been determined by three-
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pulse electron spin-echo modulation data and their simulations. After the adsorption of methanol, ethylene,

ammonia, and water for MoH-SAPO-34, three molecules, one molecule, one and one molecule, respectively,

are directly coordinated to (MoO2)+.

Keywords: Electron paramagnetic resonance(EPR), Electron spin-echo modulation(ESEM), Molecular

sieve, Oxomolybdenum, Dehydration
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����� H� _�O b�S �� !?�G� �

�� 6.� N�-./ ��� P7 AlPO4(alumino-

phospate) ���� G�Yp!.1 (AlO2)−1� (PO2)+1�

�� 1:1s�� P7 AlPO4 �� �7 �� EN#�

LMN#O P� 6) �� QRS N��, ��� �

��� �
� �!.2a ��' AlPO4S � �� !� �

�� �� �i t�� ��#� C�S� SiO2� � 

[ ¡5� [!.2b ��[ AlPO4 LMS !� ��� \

¢� ��#!. PO2� £¤O SiO2/ t�#$ SAPO-

34 ���� :!.2b


¥, �¦ Mx/n(SiO2)0.11(AlO2)0.55(PO2)0.34 8� s�

� P7 SAPO-34 ���7 §¨�i �sO P7 ©

� chabazite� ªb#!.2c �I� 
�[ §¨�i �

s� LMS �� EN#O P& Y« ���� �
�

¬­0�� 67 N��, ��� \¢� ��#!.2c

>?@A ��� �� ��: ¬­7 Fisher-Tropsch�

�,2d-f ��®���,2d-f _	��S ª`#!.2d-f ¯[

=�>?@A m�� C� �)� 9��-./ � 

[ =�-�� �� �O °$ sulfiteO sulfate/ xanthine

� uric acid/ ±²7 ��� ¬J[!� �³´!.2g

µ?^ ¶ aluminaS� Mo(CO)6O lm#C �·#¸

',3 ¹}º�u YS Mo(CO)6O lm#C �· 12

¸',4 >?@A qr �s� ¬­ ��S »� MoSiO2

¬­ G�S �t7 ¼y5 ¹}º�u YS� (NH4)2MoO4

O lm#C �·#¸',6 µ?^S MoCl5O ����

½¾./ \¢#C �· 12̧ '7 ¹}º�u Mordenite

S lm: ���� >?@A 	� �� ESR�¿�-

½¾./ ��Yp!.8 �< ����O �G· B$

Mo(V)	��� qr�s7 lm¹� ���� ½¾S

»º ÀºJ!� B�Yp!. ��' SAPO-n(Silicoal-

minophosphate) ���� Mo(V) 	� �S n[ ÁÂ

� B�7 ­Ã Ä��9,10 SAPO-34�� �� Mo(V)

	� �S n[ B�7 NÅ#!. Æ ��7 ��: H-

SAPO-34S Ç): >?@A� MoO3� �� ���

���� ��S �#C G�#� ���� Mo(V)	

��S C� �) È� ¶ �È� `­� lm, oxygen-

blowing µÉ� N� ��� �4(ESR, Electron Spin

Resonance) �¿�- �;O �`#C Mo	� �� 3

4#z!.

>?@A� ©� ÊË�� 95Mo(15.78%), 97Mo(9.60%)

/ ��S ÊË#Ì/ �� Mo	� �� ESRwÍu

Î� �·�� Ï) Z#!. �Ð� 90%��� Mo 	

� �� ÑÒ#C Mo� Ó �Ô�sO ÕH[!. ��

' ��� �� ��� Ö$S lm: 	� �� ×�

6« ØÙ[ ÚÃ?O Û�� «³Ü!. �Ð� �ÝS

7 Ö$S Þ« 67 	� �� �/ ß«� ¹¸#�

� `�[ `a�S� >?@A� �� ��: MoH-

SAPO-34i� �)� %à� EN#O �)7 MoH-

SAPO-34 ��� >?@A� ESR wÍuÎ� Ó �Ô

�sO B�#�� [!. ¯[ �� ���S� >?@

A� �� ��: MoH-SAPO-34O á-./ ��#

C C� �) `­O lm#C ESR �¿�- ½¾.

/ lm �kâ`� oX#z!. ESR ½¾./ oX[

��ã �;� ªb �ä./ åoY7 C� �) ­�

æ�, ç lm `­� ���� � >?@A� ���

b�� ¸?, è ½� Ó �Ô â` è� �;O \¢

#C µÉ� �é� ¸� £t[ N�wx�y(ESEM,

Electron Spin Echo Modulation) wÍuÎ� Ûp!.

�� �;O �G#C >?@A� rt ¶ qr �ä�

oX#z!.

� �

��� �� ��

���	. 2ê ëì�, fumed silica(Sigma Chemical Co.

Silica content: 99.38%), H3PO4(Junsei Chemical Company),

Catapal® Alumina(Vista Chemical Company), morpholine

(Aldrich) è� 1íY7 I<� ��/ b`#z!.
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H-SAPO-34
 ��. SAPO-347 RîS B�: ½

¾�/ !E� 8� G�#z!.11 100 ml teflon �ï

(Fisher)S 2ê ëì� 10 ml� Pseudoboehmite(Catapal

B) 5.83 g� H_ 9.27 g� ðN¥ ñC)\ò 21à �

W ��[ !E C�S !1 2ê ëì� 10 mlO ©©

¥ �#� C�S fumed silica 1.44 g� 2ê ëì� 10

mlO �#C 30�à ��#z!. f)ó./ 7 ml

morpholine� 2ê ëì� 10 mlO �§ ©©¥ �#�

241à �W µ��cS� ô� Y\ò ½t#z!. f

)ó./ � ô� 481à �W teflon lined acid digestion

bomb(Parrb)� `�S �X\ ê\ò õö 200oCS�

�á#z!. �X	: ÷ rS ø `a� »º ù?�

9��� ú¸û �/ C� Ý ß« C�[ ÷ 100oC

S� #��W üs#z!. C�� Û� as-synthesized

productO _� �r�H 600oCS� 161à�W ��

#C morpholine §i¹O ¹¸#� �ý& Û� 9�

�� ��: H-SAPO-34º þ[!.

H4SiMo12O40
 H-SAPO-34
 ��� ������.

as-synthesized SAPO-34O ó� be� ó�O �`#

C % 30�à ÿ£[ ��� � Q�) ��� Pellet

DieS �� % 10�à 2.5 ton� �
� �#C )g�

10 mm, ��� 4 mmH Pellet� �& ��� �¼Bu

S Ç� N�/(	¹ 
��)S �
 600oC 161à �

W _� �r� #S� �á#C morpholine §i¹O

¹¸#C ��: H-SAPO-34O G�#z!. Morpholine

§i¹� ¹̧ C¤O �� r·� TGA(Thermogravimetric

Analysis) wÍuÎ� sb#z!. � ��: H-SAPO-

34 0.5 g, \]^>?@\3_ �	� H4SiMo12O40·

XH2O(Aldrich) 0.20 g� 2ê ëì� 100 ml� teflon

�ïS �� µ�S� 81à�W ��#z!. �?�

�ý& Û� `a� coarse Bühner type C� �Q�

(Fisher)O �#C C�#z!. � C�: �N�� ü

s�S� 41à �W �� ÷ !1 Pellet DieS ��

10�à 2.5 ton� �
� �#C Pellet� *<p!. �

Pellet� !1 �& ��« �¼BuS Ç� N�/(	

¹ 
��)S �� 161à �W �
 600oCH _� �

r� #S� �á#z!. � ��: 1;7 ©©¥ µ

��) ��!. � 1;7 J� ,S Bn#z!.

�	��, �� � �� ��  !. ESR ��O r#

C !E� 8� �?#z!. �	: MoH-SAPO-34 1

;7 1;`�(�ä 2 mm �ä 3 mm)S �� J�º

HS ��#C #��W J�� ª)#z!. ��¥ 1

;`�� �\O }³� 500oC, 10−6 Torr� J�� ª

)#$� "� 1� ÷ µ�./ ��!. 1;`��

�\7 !E� 8� oX#z!. �#� á� �¼ n

� �� ¤�� heating tape/ �� ¹â[ N�/�

�� ¤�� �\O �\ ��� ¤m: �)� �\+

(ΩOmegab h� 871A)/ sample cell� �¤ �\/

oX#z!. J� X\7 J� ��(Edwardsb h�

PRH 10)O �� J� ºHS ��#� �I� !1

controller(Edwardsb h� 1105)S ��#C oX#z

!. "�: � 1;7 D2O, CH3OD, CD3OH, C2H5OD,

C2D4 ¶ ND3 è� `­O µ� ë��S� lm1�!.

� 1; n� lm¹S  !1� ÷ ESR wÍuÎ�

�ò5 Q�) a� �� ,S Bn#z!.

"#$%  !. SAPO-341;O G�[ ÷ �X �

cO �� r#C Powder X-ray(Philipb h� PW1840)

S �· wÍuÎ� �ò#z!. TGA(Dupontb h�

951) wÍuÎ� �" 10oC ,\/ �á#$� �ò#

z!. Mo �� ��C¤O �� r· ESR(Brukerb

h� ER 200E-SRC) wÍuÎ� 77 KS� �ò#z!.

�·J ��� wÍuÎ ·� ¶ \1O r#C IBM

Computer/ #$!. ��ã� Gauss Meter(Varianb

h� E-500)/ BX#z!. f�%/& §&�7 §&

� +��(Hewlett Packardb h� HP 5342A)/ oX#

z!. �ý& Û� ��: H-SAPO-34� �X�c� �

·C¤O �� r· !1 XRD wÍuÎ� �ò#z!.

MoO3
 H-SAPO-34
 &'� ������. 0.015

g� MoO3(Cambridge Isotope Laboratories Inc. h�

MoLM3014 95Mo 90%)� 0.5 g� H-SAPO-34O ó�

be� ó�O �`#C % 30�à ÿ£[ ��� �

Q�) 'G#z!. � 'G�� Pellet DieS �� %

10�à % 2.5 ton� �
� �#C )g� 10 mm, �

�� 4 mmH Pellet./ *<p!. �ý& *<«J

Pellet� �& ��� �¼BuS Ç� N�/(	¹ 


��)S� �
 500oCS� 151à �W _� �r�

#S� �á#z!. � ��: 1;7 ©©¥ µ��)

��!. �� �� N÷� 1;7 #(& Yp!. � 1

;7 J� ºH ,S Bn #z!.

�	��. ESRwÍuÎ� oX#� r#C !E�

8� �?#z!. �	: MoH-SAPO-34 1;O J�

ºH ,S� )* ÷ �ä� 2 mm�� �ä� 3 mm

H 1;`�S �p!. � 1;`�O J� ºHS �

�#C 500oC, 10−6 Torr� J�� ª)#$� 10~15
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1à �W "�[ ÷ µ�./ ��!. r� 8� ½¾

./ 1;O �?#$� J� �S� +Ú #z!. �

1;O ESR wÍuÎ� oX5 Q�) a��� ,S

Bn#z!.

"#$%  !. MoH-SAPO-34� 1;O G�[ ÷,

ESR(Brukerb h� 951)wÍuÎ� 77 KS� oX#

z�, ��� wÍuÎ� Win-EPR ,/�-� �`#

C MoH-SAPO-34� Ó �Ô�sO ÕH#z.�,

EPRR 1./�0 ,/�-� �`#C ��� 1<�

��#z!. ESEM wÍuÎ� 4 KS� vwi ESR

�¿�(Brukerb h� ESP 380)/ oX#z!. u? v

w N�wx�y� τ=0.27µsO P7 90o-τ-90o-T-90o

O �`#C oX#z.� J� Ô�7 T� 2�/ o

X#z!. �é ¶ ESEM Computer Simulation� !

� RîS 34Y« 6!.12,13

�� � ��

��� �� ��

XRD(X-ray Diffraction).  SAPO-34O G�[ ÷ G

�C¤O �� B� r· �� X-4 56(Philipb h

� PW1840)S �· �X�cO oX#z!. oX[ 7

8� Fig. 1S '(�p.�, � 1� Rî 111� ��

#C 001$� 78� �£#C SAPO-34� G�YpE

� � � 6p!. Fig. 27 ��: H-SAPO-34 �X �

c� �· C¤O �� r#C !1 XRD 78� �ò

#z!. 001$� XRD wÍuÎ hU� æ#) �� I

./ B� ��: H-SAPO-34� �X �c7 £X#&

ª)9� ÕH#z!.

TGA(Thermo Gravimetric Analysis) ()*+. As-

synthesized H-SAPO-34� TGA wÍuÎ� 20~200oC,

200~400oC, 400~600oCS� 3�� 
:-H Å& �

�O '(�p!(Fig. 3). �E� Å& ��7 �� "

m./ �H:!. � Ý;� Ô Ý;� Å& ��7 ª

� §i¹H morpholine� "m./ �H:!. ��:

H-MoH-SAPO-34� TGA wÍuÎ �� ��7 20~150oC

S� [ d+*� Å& ��O '(�p!. �I� �
Fig. 1. X-ray powder diffraction pattern of as-synthesized and
reference H-SAPO-34.

Fig. 2. X-ray powder diffraction pattern of calcined H-SAPO-
34.

Fig. 3. TGA spectra of as-synthesized and calcined H-SAPO-
34.
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?-./ lm: �� "m./ ·�Y� morpholine

§i¹� ��#C ¹¸ YpE� ÕH#z!.

,- (. �/(Electron Spin Resonance). Û� w

ÍuÎ� Fig. 4� 8� rhombic g +�O P7 ÚÃ?

/ '(<� bµ� _�O lm#¸' á-./ ��

#¸' =� 8� wÍuÎ� Û«´!. � >/û 	

� �� Mo(V)O2
+/ Ö?#z!.9

0% �1. a��S�� �� ��[ ÷ ESRwÍu

Î� ��7 �Å¦ jk� '(') �@!. �Q 1

;� A�� BA� '(�p.� � 1;O 470oC,

480oC, 500oC �?� 510oCS� �� 51à �W á

-./ ��1� ÷� A�� BA� 5A� ñC 6E�

� � 6p!. �?� ESRwÍuÎ� Ô�7 ��S�

CD 1à�W "�2./E ë�Yp� 500oCS� %

151à �W "�F� Q Á�Ô�O �5 � 6p!

(Fig. 4). a� �� ��: 	� �S�7 Mo(V)O2
+�

ÚÃ?� eGYp!.9 á-S �[ ��� Mo(V)O2
+

��� Site I H� I'S 6.?º 9�:!. a��S�

�� ��#$ ��� ½¾B! SAPO-34� Ö$S Þ

« 67 	� �� ¹¸5 � 6.Ì/ [ 	� ��

*<« ´!(Fig. 15).

	�� �� ��

,- (. �/. �� ���cS� �� ��: 1

;<� Ó �Ô�sO ÕH#�� «³Ü.� 2ê �

�[ ESRwÍuÎ./¤I J F Ô+[ wÍuÎ�

Û� � 6p!. �� ��/ ��#z� Q J F Õ

µ[ Ó �Ô�s� ÕHYp!. �� ��� ����

��� �#C "� 1�� Q MoH-SAPO-34� A�

� BAS� 5A./ æ#7 I� � � 6p�, 95Mo

(90%) 1;O b`2./E 6�� ÚÃ?� '(×�

� � 6p!(Fig. 5).16

�?� £�-./ �³J =�->?@A ��� i

c7 (O=Mo=O)+ ¯7 (Mo=O)3+�!. MoH-SAPO-5,

11 �� �S�7 (MoO2)+ ¯7 (MoO)3+� � �)

ic/ �³K 6!.9 SAPO-34� �¤ LM� K� E

N# QRS (MoO2)+ 	��� B! F G?-�º�

Ö?#z!. MoH-SAPO-34� äÃS\ (MoO2)+� F

��[ icº� 9�5 � 6!. SAPO-347 dr�

" LM Lÿ N#7 -1.2/ �³K 6!.20 �I� N#

Fig. 4. ESR spectrum at 77 K of MoH-SAPO-34 dehydrated
at 500oC for 15 h.

Fig. 5. ESR spectrum at 77 K of 95MoH-SAPO-34 thermally reduced at 500oC for 12 h.
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ÿi� MN� r·� H-SAPO-34S [ �� MoO2
+

��� <«à!7 bµ� £t[!. (MoO2)+� ��

��: MoH-SAPO-34� U�� �?7 Site III(O�

,?P� ��), Site I(6�� �R� ��), Site I'(6 �

� ��S� cavity/ ��) Site IV(8�� �R)� �

�#!(Fig. 15). O� ,?P� �� Site III(%� 3Q)

� (MoO2)+(Mo5+ 0.75Q, 2O2
−  2.52Q)18� %� Q

RS MoO2
+� <« ��� «R!. á-./ ��[ A

	� �� `­� S;/ �Â#� Tû �? Site IS 6

� B 	� �� Site I'S 6!� 9�:!. �� lm1

7 � �� 	�� Mo(V)O2-(H2O)� *<« J!. ��

' È� lm¹ {U �V}� lm 1S7 [ ��

Mo(V)O2-(CH3OD)2 m�� *<« J!. Mo(V)� £¤

7 lm¹� �kâ`#� r#C Site I H� I'S  ×�

6W #)* !� �?/ ��[ Mo(V)� £¤7 È�

lm¹H {U �V}, �� !� m�� i�[!. �<

Mo(V)� ��[ �?7 Site IV£ I�º� 9�:!.

Electron prove microanalysisS �· ��[ SAPO-

34 1;7 Si0.11Al 0.55P0.34 > s�� BC§p.Ì/ 6�

� �R� 2-3� P��, 3� Al�� 0-1� Si ��/

��Y« 6!. *£ 3� Al� 3�� P ��/ ��:

6��� �� LMN#O P) �& :!. »º� UN

#O X� 67 Mo ��� P �� �jS Á� [ �

� Si� t�: Site I(6�� �R)S rt#& :!. �

�?O 6�� �R ���S 67 chabazite cage ��

Site I./ Ö?#z!. �Y[ Z�� NiH-SAPO-34S

� B� Yp!.11 -� 2[� ¹}º�u µ?^ <S

� â� channel ¶ cage7 \ cageS �· T� EN

# +\O P.Ì/ "� 1] Q super cageS� B!

â� cage/ !��� N� �, ��� ��#7 driving

force� :!. SAPO-5 ¶ SAPO-11S� ÁÓS 12 �

��' 10 �� channelS 67 �,��� "�Y7

�W 6�� channel/ ��[!.21 »º� Site IIIB!

Site I H� I'S B! �Â#� TÃÌ/ Mo� �� �

�: SAPO-347 Ï� ¬­� � I�º� N©[!.

�Ð� (MoO2)+ ��� SAPO-34� Site I(6�� �R

� ��)H� Site I'(6�� ��S� cavity/ ��)�

Site IV(8�� �R)S �GY« 6E� � � 6p!.

0% �1. �� ���S� ����� [ ÷ A�

� BA� '(�p.�, 500oCS� 10~151à �W

á- ��� 1� ÷� A�� ¸� 5A./ æ#z!.

�?� ESRwÍuÎ� ��S� CD 1à �W "�

2./E Ô�� ë�9� � � 6p�, 10~121à "

� 1�� Q Á� Ô�O �5 � 6p!. ��S� "

� 1^� ��� 1�� Q F_ 44[ >?@A 	

� �� Ó �Ô �sO ÕH 5 � 6p�, "� 1�

� QS7 º�`� %& 9�Y7 I� � � 6p!.

ç Fig. 7S� Mo ©�Ë;O b`[ 1;� ESR w

ÍuÎS�7 [ 	� �S�7 ����� �L��

Fig. 6. Simulated ESR spectrum of 95MoH-SAPO-34 by employ-
ing EPRR program.

Fig. 7. ESR Spectra at 77 K of MoH-SAPO-34 (a) thermally
reduced  at 500oC  for 10 h (b) after adsorption of D2O (c)
after adsorption of CH3OD (d) after adsorption of CD3OH.
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� B�7 #'� Peak� B�' Fig. 5S� 6��

Peak./ �ºJ Ó �Ô wÍuÎ� BCD!. g�

1.957, A� 37 G g� 1.890 A� 82 G Hi 3100 G, Hf 3700

G� a� EPRR N_ 1b(EPRR Simulation Program)�

[ wÍuÎS�7 4c[ 6�� Ó �Ô�sO P7

wÍuÎ� Fig. 6S '(�p!. Table 1S� B$

ESR� g1� ��·B$ MoH-SAPO-n(n=5, 11)S�

ge>g�>g�� ��-H 1� MoH-SAPO-34S�\ �£

[ ic� ��-H 1� '(�7 I� � � 6p!.9

MoH-SAPO-n(n=5, 11)� fd�)/ MoH-SAPO-34

\ ¡1 � �) �ì� jkO ne 5 � 6p!. >

?@A 	� �� g1� g
�

a 1.979, g�a 1.884./ n

eYp�, !� 	� �� g
�

b  1.962, g�b 1.884/ ��

neYp!(Fig. 7, Table 1).

MoH-SAPO-n(n=5,11)� g1� ��� �L ���

h� �º)' MoH-SAPO-34� äÃ7 ����* �

º´!. MoH-SAPO-34S� Mo(V)a� Mo(V)b7 ��

Mo(V)6c, Mo(V)5c/ '(�p� Mo(V)3c� Mo(V)4c7

MoH-SAPO-n(n=5, 11)S�� 8� neY) �@!.

PdH-SAPO-347 g� ���� 1� Ô�) �)* �

L �� 1� #'/ '(<!. �� ��� oxygen

blowing µÉ� f�/ Pd+ �?7 g 1� \ g�/

�� Site I(6�� �R), Site IV(8�� �R), Site III

(O� ,?P� ��)./ Ö?#z!.15

23 �45�. á-./ ��1� Mo(V)H-SAPO-

34S µ�S� ���c� CH3OD, D2O, CD3OH, C2H5OD

� ë�O lm1�� Q 1;� A� 5A-h�AS�

i� 5A./ ©©¥ æ#z!. �I� 'G����

Mo(V)� Mo(VI)� 9�: I./ 9�:!.14 C2D4O

lm1�� Q7 �� �s-./ A� æ	#) �7

I� ne#z!. D2O, CH3OD, CD3OHO lm1��

Q g
�

a� g
�

b7 ¸� bº)� �/ !� g1� P7

rhombic g +�O P7 ESR wÍuÎ� '(j!(Fig.

7c, dks). (MoO2)+� lm: MoH-SAPO-34� U�

� �?7 O� ,?P� �� III�?7 (MoO2)+� %

� QRS U�� �?7 l�#� !E./ Site I(6�

� �RS� cavity/ ��), Site I(6�� �R)� 67

] Site I, I'7 È� lm¹<� �k â`#C Site IV

./ ��[ I./ B@!. Pd+� �� ��: PdH-

SAPO-34� Pd+7 site I(6�� �R)� Site III(O�,

?P� ��)� Site m(8�� �R)S rt[!� B�

Table 1. Comparative ESR Parameters at 77 K of Mo(V) in H-SAPO-5, 11 and 34

Treatment
MoH-SAPO-5l MoH-SAPO-11l MoH-SAPO-34m

g||
a g

�

a,b g||
a g

�

a,b g||
a g

�

a,b

Dehy. A 1.877 1.952 1.877 1.952 1.884 1.979
B 1.849 1.960 1.851 1.964 1.884 1.962

+D2O 1.899 1.958 1.932 1.897 1.951 1.930 1.882 1.957 1.995
+CD3OH 1.893 1.964 1.932 1.891 1.962 1.930 1.890 1.947
+CH3CH2OD 1.902 1.897 1.954 1.966
+C2D4 1.878c 1.950c 1.878c 1.943c 1.957 1.926

1.895d 1.966d 1.894d 1.968d

+NH3 1.903 1.943 1.908 1.949 1.899 1.968
1.903 1.981 1.903 1.988

aEstimated uncertainty is ±0.003. bg is measured at the max. Peak position of the derivative signal in order to compare with the
previous literature. cMajor component. dMinor component. lFrom reference  9. mThis Work.

Fig. 8. Possible oxomolybdenum species on the surface of
SAPO-34 Molecular sieves: (a) monooxomolybdenum spe-
cies (b) dioxomolybdenum species.
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ESR, ESEM� ��� �� ��	 MoH-SAPO-34
 �� Mo� 
��, �� � ������
 �� �� 33

#z!.15 »º� r � �) =� Mo(V)5c, Mo(V)6C,

(MoO2)+ 	� �� !E Fig. 8S '(�p!. (MoO)3+

� (MoO2)+ �S� SAPO-347 K� LM EN#O

�)Ì/ T� EN#O P7 (MoO)3+7 V& WX	

Y) Z[!. »º�(MoO2)+ 	��� F G?-�!.20

(MoO2)+ 	� �� Site IIIS� Mo(V)5c� Y� Site

IVS� Mo(V)6c� :!.

67 23. Fig. 9a7 µ�S� "�: 1;S 2�à

50 torr� _�O  ![ ÷� ESRwÍuÎ� '(�p

!. ESR wÍuÎ� Ô�7 _�O lm1�� Q �

�#z� >/û rhombic g +�O P7 >/û 3��

ÚÃ?� '(<.� �N nR9� ks#C � >/û

	� �� O2
−/ Ö?#z!. ç O2

−7 g1, g2, g3O P

7 
� ESR ÚÃ?O P7!. O2
− ��� g1� Table

2S� MoH-SAPO-5, MoH-SAPO-11� ��#C '(

�p.� MoH-SAPO-34� g 1� \ I� BC§p!.

_� �� �
� KN$ Mo 	� �� 
� ÚÃ?

� 4c¥ '(<!(Fig. 9b). 20 Torr O2O lm#z� Q

A 	� �� 4o-./ bº´!. O2 �à �
(1 Torr)

S�7 A, B 	� �� h� ÊË[!. � bµ� A

	� �� �ã �Â5 � 67 �?S 6� B 	� �

� !E./ �Â5 � 67 �?S 6!7 ��� :

!. �� 8� _�7 Mo(V)6c A 	� �� pq ��

#� f)ó./ Mo(V)5c B 	� � �� 2� ��[

!. �h��O lm#C 1;O 0�	1�� Q\ O2
−

ÚÃ?� Ô�� %& ë�9� � � 6p� ¸� �

£[ r1� ��O Ûp!. O2
−��� g1� Table 1

S� MoH-SAPO-5� ��#C '(�p.� MoH-

SAPO-34� s� ��: 1� BC§p!.

ESEM  !. MoH-SAPO-34S �[ ESEM Simulation

� ��7 Table 3'(�p� MoH-SAPO-5 ¶ MoH-

SAPO-11� ��� �� �� #z!. MoH-SAPO-5

� MoH-SAPO-11S� lm: D2O� �� �7 Mo

(V)� �� 3��� 2��� qr Y« 6.� MoH-

SAPO-34� äÃS7 [ ��� qr Y« 67 I.

/ sbYp!(Fig. 10). CH3OD� lm: ESEM�

Simulation��7 3�� CH3OD� lm: I./ '(

�p!(Fig. 11). Mo(V)-D� ¸?7 s; qr �* �

³#$ MoH-SAPO-34-n(5, 11, 34)S� �� 0.33, 0.45,

0.37 nm/ '(<!(Table 3, Fig. 12). �¦] CD3OH

� lm: MoH-SAPO-5S� 0.49, 0.37 nmS� ��

� ��� [ ��� s; qr �� S; qr �S

Fig. 9. ESR spectra at 77K of MoH-SAPO-34 thermally reduced at 500oC followed by O2 adsorption at room temperature (a) (50
Torr for 2 min) (b) (1 Torr for 1 min). In (a) and (b) the field scale is expanded and magnified.
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qr Y« 67 I./ '(<!. MoH-SAPO-11� ä

ÃS7 0.48, 0.37 nmS� �� [ ��� qr Y«

6!� B�Yp!.9 SAPO-34(8 ring 4 Å)� SAPO-

5(12 ring 8 Å)� SAPO-11(10 ring 6 Å)S �· § 

�� %�� â� ]\ l�#� F t� �� {|}

��� qr Y7 I� uvi� §¨�i �s� ê�

/ 9� Yp!. MoH-SAP-34� äÃS7 0.41 nmS

� 3�� CD3OH��� qr : I./ sbYp!.

CH3OD� CD3OH� lm: MoH-SAPO-34� ESEM

�;7 Fig. 11� 12S �� '(�p!. £�-./ �

³K 67 =�->?@A �� � ic7 (M=O)3+ ¯

7 (O=Mo=O)+/ �³K 6.� MoH-SAPO-5, 11 �

� �S�7 (MO)3+� (MoO2)+� � �)/ �³K 6

.� K� LM� EN# QRS (MoO2)+ 	��� B

Table 3.  ESEM Parameters for Mo(V) with Various Adsorbates in H-SAPO-5, H-SAPO-11 and H-SAPO-34 for Mo(V) Species.

Absorbate
H-SAPO-5d H-SAPO-11d H-SAPO-34c

Na Rb(nm) A(MHz) Na Rb(nm) A(MHz) Na Rb(nm) Ac(MHz)

D2O 6 0.30 0.05 4 0.33 0.01 2 0.53 0.14
CH3OD 2 0.33 0.01 1 0.30 0.05 3 0.37 0.10

1 0.45 0.10 1 0.46 0.15
CD3OH 6 0.49 0.00 3 0.48 0.01 9 0.41 0.14

9 0.37 0.05 3 0.37 0.15
C2D4 4 0.36 0.10 4 0.45 0.10 4 0.46 0.12
ND3 3 0.28 0.03
aNumber of deuterium nuclei. bDistance between Mo(V) and deuterium; estimated uncertainty is ±0.01 nm. cIsotopic hyperfine
coupling constant. dReferance 9. cThis work.

Table 2. g-Value of O2
− radicals formed in molybdenum/oxide system

System g1 g2 g3 Ref

MoO3/SiO2 2.018 2.010 2.004 4
MoO3/Al2O3 2.017 2.010 2.004 4
Mo/Ma and Mo/ZSM-5 (A)b 2.016 2.011 2.004 8

(B)c 2.021 2.010 2.004
MoO3/SAPO-5 (A)d 2.016 2.011 2.005 9

(B)e 2.021 2.009 2.006
Mo(CO)6/SiO2 2.017 2.011 2.005 3
Mo(CO)6/Al2O3 (I) 2.017 2.011 2.006 3

(II) 2.039 2.015 2.011
MoO3/SAPO-11 2.021 2.014 2.008 9
MoO3/SAPO-5 (I) 2.020 2.015 2.006 9

(II)f 2.024 2.013 2.006
MoO3/SAPO-34 (A)m 2.029 2.021 2.013 This work

(B)o 2.029 2.019 2.013
aMordenite. bFormed in MoCl5-derived sample in vacuum. cFormed in MoCl5-derived sample reduced in ammonia. d,nproduced
by O2 absorption on activated sample. e,oProduced by O2 absorption on a sample reduced by ammonia. fMajor species.

Fig. 10. Experimental and simulated (dashed line) three-pulse
ESEM at 4 K of MoH-SAPO-34 with adsorbed D2O[N=2, R
=0.53 nm, A=0.14 MHz].
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ESR, ESEM� ��� �� ��	 MoH-SAPO-34
 �� Mo� 
��, �� � ������
 �� �� 35

! F G?-H icº� Ö?#z!.9 MoH-SAPO-34

� äÃS\ (MoO2)+� B! F ��[ icº� 9�

Yp!. ESEM oX� ��S �#$ H-SAPO-34�

U�� �?7 6�� �R� J F ÷w[ Site I�

Site IV(8�� �R)S Mo(V) 	� �� qr : I.

/ No:!(Fig. 15). C2D4� lm: ��7 MoH-

SAPO-5, 11� äÃ� 8� MoH-SAPO-11� Mo-D�

¸?� MoH-SAPO-5� I B! F x� ¤y� \ �

È�� C2D4� �Â5 � �7 Site IIS Mo(V)� r

t[!� Ö?#z!.9 C2D4� lm: MoH-SAPO-34

� äÃS7 Mo-D ¸?� 0.46 nmS� [ ��� q

r Y« 6� 6�� �R� J F ÷w[ Site IS rt

[!� 9�Yp!(Fig. 13). C2D4� lm: PdH-

SAPO-34� äÃS\ Pd+� Site IS rt[!� B�

#z!. �?� ND3O lm#z� äÃS7 MoH-

SAPO-5, 11S�7 ��: ±� �.� MoH-SAPO-

34� äÃ7 Mo(V)-D� ¸?� 0.28 nmS� [ ��

� qr Y« 6� Site IS rt[ I./ sbYp!

(Fig. 14). ND3� lm: PdH-SAPO-34� Pd+7 Site

I ¯7 IVº� B�#z!.15 ��' È�lm¹H NH3

S  !Yp� Q ��� LZ g 1� bº)7 I� B

$ 8�� �R Site IV� 6�� �R� \ ��z./

NJ[ Site I./ ��[ I./ 9�Yp!(Table 1).

� �

��: H-SAPO-34� H4SiMo12O40 `a� `a �

c� ��� ��� Mo(V) 	� �� 9�Yp!.

Fig. 11. Experimental and simulated (dashed line) three-pulse
ESEM at 4 K of MoH-SAPO-34 with adsorbed CH3OD[N=3,
R=0.37 nm, A=0.10 MHz].

Fig. 12. Experimental and simulated (dashed line) three-pulse
ESEM at 4 K of MoH-SAPO-34 with  adsorbed CD3OH[N=
9, R=0.41 nm, A=0.14 MHz].

Fig. 13. Experimental and simulated (dashed) three-pulse ESEM
at 4 K of MoH-SAPO-34 with adsorbed C2D4[N=4, R=0.46
nm, A=0.12 MHz].

Fig. 14. Experimental and simulated (dashed) three-pulse ESEM
at 4 K of MoH-SAPO-34 with adsorbed ND3[N=3, R=0.28 nm,
A=0.03 MHz].
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MoO3� as-synthesized H-SAPO-34�� �� �c �

�� ��� Mo(V) 	� �� 9�Y) �7!. ��

' +,: "�O #& Y$ ESR/ �{5 � 67

Mo(V) 	� �� 9�Yp!. ESR ¶ ESEM �; <

� (MoO)3+' (MoO2)+ 8� =�>?@A 	� ��

67 I� BCD!. SAPO-347 K� LM N#O P

.Ì/ V& WX	 Y) �7!.20 Mo ��� �� �

�: SAPO-5 ¶ SAPO-11S� �Y[ ��O Ûp!.

3qr' 4qr : 	��� eGY) �@!. Dioxomoly-

bdenum 	� �� ���� �N nRS ¹W[ ± 6

!.22,23 dioxomolybdenum� ÊË7 Pd(I)S �· Mo(V)

S� U�� �?� #' ¤|[ ��� £t[!.
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