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Preparation of an ordered ultra-thin aluminosilicate 

framework composed of hexagonal prisms forming a 
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 \ n [ l k b Z v ^ m h m b \ Z v \ ` [ \ \ ` m r ^ m r [ ^ [ \ a k b k Y l a Z a h [ [ b t [ Z ] g a b k l a Z a h [ \ m ] Z \ ^ [ _ \ ` a b Y a Z g l k Y n m Z Z _ t m Y a b m t l \ ^ ] h \ ] ^ m l n [ l[ h ` a m | m t e « q ¯ ¬ � m r m b t a b o k b \ ` m [ g k ] b \ k Y � a [ b t X Z t m r k l a \ m t t ] ^ a b o \ ` m Y a Z g r ^ m r [ ^ [ \ a k b w [ b t \ ` m b [ \ ] ^ m k Y \ ` mg m \ [ Z Z a h l ] u l \ ^ [ \ m k b \ k n ` a h ` \ ` m Y a Z g n [ l o ^ k n b w a \ n [ l Y k ] b t \ ` [ \ g k b k Z [ v m ^ k ^ u a Z [ v m ^ l \ ^ ] h \ ] ^ m l [ ^ m r ^ k t ] h m t e ´ k ^h Z [ ^ a \ v w n m n a Z Z b k n t m Y a b m [ g k b k Z [ v m ^ m · ] a | [ Z m b \ c ¸ µ � j [ l \ ` m [ g k ] b \ k Y � a c k ^ X Z j b m h m l l [ ^ v \ k r ^ k t ] h m \ ` mg k b k Z [ v m ^ l \ ^ ] h \ ] ^ m l ` k n b a b Y a o ] ^ m q [ e ¾ k \ m \ ` [ \ k ^ t m ^ m t l \ ^ ] h \ ] ^ m l Y k ^ g k ^ m \ ` [ b ¯ ¸ µ � ` [ | m b k \ u m m b ^ m r k ^ \ m t v m \ e� ` a Z m g k b k Z [ v m ^ Y a Z g l [ ^ m h ` m g a h [ Z Z v u k ] b t \ k \ ` m g m \ [ Z Z a h l ] u l \ ^ [ \ m \ ` ^ k ] o ` k x v o m b Z a b i [ o m l � a
—

�
—̧

w « q ° ¬ \ ` mu a Z [ v m ^ h [ l m a l [ l m Z Y _ h k b \ [ a b a b o l \ ^ ] h \ ] ^ m c [ Z Z [ \ k g l [ ^ m u k ] b t k b Z v \ k k \ ` m ^ [ \ k g l a b \ ` m Y ^ [ g m n k ^ i j a b n ` a h ` \ ` m \ n kZ [ v m ^ l [ ^ m u k ] b t \ k o m \ ` m ^ u v � a
—

�
—

� a c X Z j Z a b i [ o m l w « ° ¬ [ b t \ ` m a b \ m ^ [ h \ a k b u m \ n m m b \ ` m Y a Z g [ b t \ ` m l ] u l \ ^ [ \ m k h h ] ^ l\ ` ^ k ] o ` Ã [ b _ t m ^ _ � [ [ Z l Y k ^ h m l c l m m Y a o ] ^ m q u j e ´ k ^ m x [ g r Z m w Y k ^ \ ` m h [ l m k Y h ^ v l \ [ Z Z a b m l a Z a h [ Y a Z g l w k b Z v g k b k Z [ v m ^ lh [ b u m r ^ k t ] h m t k b ¸ k c q q ¯ j « q ° ¬ [ b t k b Z v u a Z [ v m ^ l k b � \ c q q q j « q ~ ¬ e ´ k ^ p ] c d d d q j u k \ ` l \ ^ ] h \ ] ^ m l h [ b u m r ^ m r [ ^ m tt m r m b t a b o k b \ ` m [ g k ] b \ k Y � a e ¸ k b k Z [ v m ^ l [ ^ m k u \ [ a b m t Y k ^ q ¸ µ � k Y � a [ b t u a Z [ v m ^ l [ ^ m k u \ [ a b m t Y k ^ ¯ ¸ µ � e b \ m ^ g m t a [ \ m [ g k ] b \ l k Y l a Z a h k b o a | m ^ a l m k Y Y a Z g l h k b \ [ a b a b o u k \ ` g k b k Z [ v m ^ [ b t u a Z [ v m ^ t k g [ a b l e « q f ¬ s ` a l n [ l^ [ \ a k b [ Z a � m t u [ l m t k b \ ` m [ Y Y a b a \ v k Y k x v o m b \ k \ ` m g m \ [ Z l ] r r k ^ \ w n ` a h ` a l ^ m Y Z m h \ m t k b \ ` m ` m [ \ l k Y t a l l k h a [ \ a | m[ t l k ^ r \ a k b k Y k x v o m b � ¸ k Ä
−544 kJ/mol > Ru = −220 kJ/mol > Pt = −133

i Å Æ g k Z e « q ~ ¬ � a b h m \ ` m ¸ k
—

� u k b t a l l kl \ ^ k b o w [ l \ ^ ] h \ ] ^ m u k ] b t \ k \ ` m g m \ [ Z c g k b k Z [ v m ^ j a l \ ` m ^ g k t v b [ g a h [ Z Z v g k ^ m l \ [ u Z m \ ` [ b k b m \ ` [ \ a l b k \ c u a Z [ v m ^ j e s ` mk r r k l a \ m a l \ ^ ] m Y k ^ \ ` m � \ c q q q j h [ l m w Y k ^ n ` a h ` \ ` m � \
—

� u k b t a l g ] h ` n m [ i m ^ es ` m [ Z ] g a b k l a Z a h [ \ m h [ l m a l k Y r ^ a g m a g r k ^ \ [ b h m \ k \ ` m � m k Z a \ m h k g g ] b a \ v w l a b h m \ ` m l m Y a Z g l h [ b u m ] l m t \ k g k t m Zl k g m k Y \ ` m r ^ k r m ^ \ a m l k Y � m k Z a \ m l ] l a b o \ ` m | m ^ l [ \ a Z m l m \ k Y [ b [ Z v \ a h [ Z \ k k Z l [ | [ a Z [ u Z m a b l ] ^ Y [ h m l h a m b h m e � b ¸ k c q q ¯ jk b Z v g k b k Z [ v m ^ Y a Z g l h k ] Z t u m k u \ [ a b m t [ b t [ \ \ m g r \ l \ k o ^ k n \ ` a h i m ^ k ^ t m ^ m t Y a Z g l n m ^ m ] b l ] h h m l l Y ] Z e « q ® ¬ � bp ] c d d d q j w ` k n m | m ^ w [ b [ Z ] g a b k l a Z a h [ \ m u a Z [ v m ^ Y a Z g h k b l a l \ a b o k Y � a � Â [ b t X Z � Â » \ m \ ^ [ ` m t ^ [ n [ l r ^ k t ] h m t n ` m b ¯ ¸ µ �k Y \ m \ ^ [ ` m t ^ [ Z [ \ k g l s c � a k ^ X Z j n m ^ m t m r k l a \ m t e « ¯ w ¹ ¬ ³ k \ ` k Y \ ` m l m h [ l m l [ ^ m a b [ o ^ m m g m b \ n a \ ` n ` [ \ a l m x r m h \ m t Y ^ k g\ ` m ^ m l ] Z \ l k Y l a Z a h [ Y a Z g l e� ` a Z m \ ` m g a h ^ k r k ^ m l a b \ ` m � m k Z a \ m l \ ^ ] h \ ] ^ m r Z [ v [ g [ Ç k ^ ^ k Z m a b ` k ] l a b o \ ` m [ h \ a | m l a \ m l [ b t a b o ^ [ b \ a b o l a � ml m Z m h \ a | m [ h h m l l \ k l g [ Z Z g k Z m h ] Z m l w \ ` m a g r k ^ \ [ b h m k Y g m l k r k ^ k l a \ v a b \ ` m h [ \ [ Z v \ a h [ h \ a | a \ v k Y � m k Z a \ m h ^ v l \ [ Z l a la b h ^ m [ l a b o Z v u m a b o ^ m h k o b a � m t e p m h m b \ Z v w l \ ] t a m l k b ¿ _ ² � ¸ _ f l ] o o m l \ m t \ ` [ \ g k l \ k Y \ ` m [ h \ a | a \ v a b � m k Z a \ m h [ \ [ Z v l \ l` [ r r m b l b m [ ^ \ ` m l ] ^ Y [ h m [ b t \ ` m [ h \ a | m l a \ m l a b \ ` m a b \ m ^ a k ^ k Y \ ` m a b t a | a t ] [ Z h ^ v l \ [ Z l ^ m g [ a b l a b [ h h m l l a u Z m \ k \ ` m^ m [ h \ [ b \ l e � b Z v l m | m ^ m l \ m [ g a b o \ ^ m [ \ g m b \ l o m b m ^ [ \ m t m x \ m b l a | m g m l k r k ^ k l a \ v [ Z Z k n a b o \ ` m n ` k Z m h ^ v l \ [ Z \ k u m
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[ h h m l l a u Z m u ] \ [ \ \ ` m h k l \ k Y [ l a o b a Y a h [ b \ Z k l l a b h [ \ [ Z v \ a h [ h \ a | a \ v u v t m r Z m \ a k b k Y [ h \ a | m l a \ m l e « q ¹ ¬ � a b h m \ ` m r ^ m l m b h m k Yg m l k r k ^ k l a \ v \ ` ^ k ] o ` k ] \ \ ` m h [ \ [ Z v l \ a l u m b m Y a h a [ Z \ k Z m \ u ] Z i v g k Z m h ] Z m l o k \ ` ^ k ] o ` \ k r ^ m | m b \ u Z k h i a b o k Y \ ` m [ h \ a | ml a \ m l w [ b [ Z \ m ^ b [ \ a | m a l \ ` m ] l m k Y ` a m ^ [ ^ h ` a h [ Z � m k Z a \ m l n ` a h ` a b ` m ^ m b \ Z v h k b \ [ a b g m l k r k ^ m l a b \ ` m l \ ^ ] h \ ] ^ m w a b [ t t a \ a k b \ k\ ` m g a h ^ k r k ^ m l e X b m x [ g r Z m k Y \ ` a l a l \ ` m ] l m k Y \ ` ^ m m _ t a g m b l a k b [ Z [ ^ ^ [ b o m g m b \ l k Y \ n k _ t a g m b l a k b [ Z l \ ^ ] h \ ] ^ m l l ] h ` [ l\ ` a b � m k Z a \ m l ` m m \ l \ k u ] a Z t g k ^ m h k g r Z m x l \ ^ ] h \ ] ^ m l n a \ ` h ` [ b b m Z l a b \ ` m g m l k r k ^ m l h [ Z m e « q º ¬ b \ ` m r ^ m l m b \ n k ^ i n m ^ m r k ^ \ [ h [ l m a b n ` a h ` d e ± ¸ µ � k Y s [ \ k g l c � a È X Z j [ ^ m t m r k l a \ m t k b p ] c d d d q j n ` a h ` w u [ l m tk b n ` [ \ n [ l Y k ] b t Y k ^ l a Z a h [ w l ` k ] Z t Y k ^ g [ g k b k Z [ v m ^ l \ ^ ] h \ ] ^ m e ¿ k n m | m ^ w n m Y a b t \ ` [ \ [ r m ^ h k Z [ \ m t b m \ n k ^ i n a \ `u a Z [ v m ^ l \ ^ ] h \ ] ^ m h k | m ^ a b o ` [ Z Y k Y \ ` m l ] ^ Y [ h m a l Y k ^ g m t e  b \ m ^ m l \ a b o Z v w \ ` m r m ^ h k Z [ \ m t b m \ n k ^ i Z m [ | m l | k a t l n a \ ` l a � m l a b\ ` m g m l k r k ^ k ] l l h [ Z m ^ [ b o m w \ ` ^ k ] o ` n ` a h ` \ ` m p ] c d d d q j \ m g r Z [ \ m a l m x r k l m t eÉ ¥ Ê Ë Ì Ê U ¦ Í Ê § T Q ÎX Z Z m x r m ^ a g m b \ l ^ m r k ^ \ m t ` m ^ m n m ^ m r m ^ Y k ^ g m t a b [ b ] Z \ ^ [ ` a o ` _ | [ h ] ] g c Ï ¿ Ã j l v l \ m g c u [ l m r ^ m l l ] ^ m } f Ð q d −10g u [ ^ j h k ] b \ a b o n a \ ` \ ` m Y k Z Z k n a b o \ m h ` b a · ] m l � x _ ^ [ v r ` k \ k m Z m h \ ^ k b l r m h \ ^ k l h k r v c ¶ � � j w a b Y ^ [ ^ m t ^ m Y Z m h \ a k b [ u l k ^ r \ a k bl r m h \ ^ k l h k r v c  p X � j w l h [ b b a b o \ ] b b m Z a b o g a h ^ k l h k r v c � s ¸ j [ b t Z k n m b m ^ o v m Z m h \ ^ k b t a Y Y ^ [ h \ a k b c µ � � � j e � a Z a h k b n [ lt m r k l a \ m t ] l a b o [ b m _ u m [ g _ [ l l a l \ m t m | [ r k ^ [ \ k ^ c ´ k h ] l � ´ ¸ ° j e � ] ^ a b o m | [ r k ^ [ \ a k b w \ ` m l ] u l \ ^ [ \ m n [ l u a [ l m t [ \ \ ` ml [ g m r k \ m b \ a [ Z [ l \ ` m � a ^ k t c q d d d Ã j \ k r ^ m | m b \ [ h h m Z m ^ [ \ a k b k Y a k b l \ k n [ ^ t \ ` m l [ g r Z m w n ` a h ` h k ] Z t h ^ m [ \ m] b h k b \ ^ k Z Z m t t m Y m h \ l e X Z ] g a b ] g n [ l m | [ r k ^ [ \ m t Y ^ k g [ ` k g m _ u ] a Z \ m | [ r k ^ [ \ k ^ h k b l a l \ a b o k Y [ h ^ ] h a u Z m h k b \ [ a b a b og m \ [ Z Z a h X Z e s ` m Y a Z g n [ l r ^ m r [ ^ m t k b [ p ] c d d d q j l [ g r Z m c q d g g a b t a [ g m \ m ^ [ b t q e f g g a b \ ` a h i b m l l Y ^ k g ¸ [ \ m h i jl ] ^ Y [ h m n ` a h ` n [ l Y a ^ l \ h Z m [ b m t n a \ ` h v h Z m l k Y X ^ Ñ l r ] \ \ m ^ a b o c ¯ i Ã w q f Ò X j [ b t [ b b m [ Z a b o \ k } q ¯ d d Ó À e s ` m h Z m [ bl ] ^ Y [ h m n [ l \ ` m b r ^ m _ h k | m ^ m t n a \ ` [ ° � _ c ¯ Ð ¯ j k | m ^ Z [ v m ^ u v m x r k l a b o \ ` m h ^ v l \ [ Z \ k ° Ð q d » Ô g u [ ^ � Á [ \ ± f d Ó À e s ` m[ Z ] g a b k l a Z a h [ \ m Y a Z g n [ l r ^ m r [ ^ m t u v l ] u l m · ] m b \ Z v t m r k l a \ a b o } d e f ¹ ¸ µ � k Y � a [ b t } d e ° ° ¸ µ � k Y X Z k b \ ` m ° � _ c ¯ Ð¯ j Æ p ] c d d d q j l ] ^ Y [ h m ] b t m ^ [ b � Á r ^ m l l ] ^ m k Y ¯ Ð q d » Õ g u [ ^ e q ¸ µ � a l t m Y a b m t [ l \ ` m b ] g u m ^ k Y s [ \ k g l c � a k ^ X Z jb m h m l l [ ^ v \ k g [ i m q ¸ µ k Y \ ` m l \ ^ ] h \ ] ^ m l ` k n b a b ´ a o ] ^ m q [ e ¾ k \ m \ ` [ \ q ¸ µ � h k ^ ^ m l r k b t l \ k [ r r ^ k x a g [ \ m Z v d e ¹ ± Ðq d ¼ Ö s [ \ k g l Æ h g Á w \ ` a l h k ^ ^ m l r k b t l \ k q s [ \ k g l Y k ^ m | m ^ v ¯ p ] l ] ^ Y [ h m [ \ k g l e s ` m h k g r k l a \ a k b k Y \ ` m Y a Z g n [ lh k b Y a ^ g m t u v ¶ � � e X h k ^ ^ m h \ a k b Y [ h \ k ^ k Y q e q ¹ n [ l [ r r Z a m t \ k \ ` m ^ [ \ a k k Y \ ` m r m [ i [ ^ m [ l � a ¯ r Æ X Z ¯ l w u [ l m t k br ^ m | a k ] l Z v ^ m r k ^ \ m t m x r m ^ a g m b \ [ Z l m b l a \ a | a \ v Y [ h \ k ^ l e « q ± ¬ s ` a l l [ g m r ^ k h m t ] ^ m n [ l Y k Z Z k n m t k ] ^ r ^ m | a k ] l [ ^ \ a h Z m l [ b ta \ [ h h k ] b \ l Y k ^ \ ` m t a Y Y m ^ m b h m a b h ^ k l l l m h \ a k b k Y � a ¯ r [ b t X Z ¯ l h k ^ m Z m | m Z l e « ¯ w ¹ w q q ¬ s ` m Y a Z g n [ l \ ` m b k x a t a � m t u v
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m x r k l a b o a \ \ k [ r ^ m l l ] ^ m k Y � Á k Y ° Ð q d » Ô g u [ ^ n ` a Z m ` m [ \ a b o \ ` m l [ g r Z m ] r \ k } ± f d Ó À w i m m r a b o a \ [ \ \ ` a l \ m g r m ^ [ \ ] ^ mY k ^ q d g a b ] \ m l [ b t \ ` m b h k k Z a b o a \ t k n b [ Z n [ v l ] b t m ^ � Á [ g u a m b \ e� s ¸ a g [ o m l n m ^ m [ h · ] a ^ m t n a \ ` [ b t � g a h ^ k b � s ¸ a h ^ k l h k r m [ \ ° d d � a b \ ` m h k b l \ [ b \ _ h ] ^ ^ m b \ g k t m w n a \ ` [ h ] ^ ^ m b \l m \ _ r k a b \ k Y } ® ® r X [ b t u a [ l | k Z \ [ o m k Y _ d e ¹ Ã [ r r Z a m t \ k \ ` m l [ g r Z m e  g [ o m r ^ k h m l l a b o n [ l t k b m n a \ ` � � ¶ ¸l k Y \ n [ ^ m e « ¯ d ¬× ¥ U Ê S ª Î T S´ a o ] ^ m ¯ [ l ` k n l [ b � s ¸ a g [ o m k Y \ ` m [ Z ] g a b k l a Z a h [ \ m Y a Z g w n ` m ^ m \ ` m [ ^ m [ h k | m ^ m t u v \ ` m Y a Z g h [ b u m h Z m [ ^ Z vt a l \ a b o ] a l ` m t Y ^ k g \ ` m | k a t l \ ` [ \ Z m [ | m \ ` m p ] c d d d q j l ] ^ Y [ h m m x r k l m t e s ` m ` m x [ o k b [ Z l \ ^ ] h \ ] ^ m Y ^ k g \ ` m l a x _ g m g u m ^ m t^ a b o l k Y \ ` m Y ^ [ g m n k ^ i h [ b u m t a l \ a b o ] a l ` m t [ l n m Z Z a b \ ` a l a g [ o m e s k m [ l m \ ` m | a l ] [ Z a � [ \ a k b k Y \ ` m l \ ^ ] h \ ] ^ m w \ ` m a g [ o mn [ l Y a Z \ m ^ m t ] l a b o n [ | m Z m \ [ b [ Z v l a l « ¯ d ¬ c n a \ ` [ n [ | m Z m \ l h [ Z m k Y d e d f b g j [ b t \ ` a l a l l ` k n b a b ´ a o ] ^ m ¯ u e ¿ m ^ m a \ h [ b u mh Z m [ ^ Z v l m m b \ ` [ \ w a b [ t t a \ a k b \ k [ g [ Ç k ^ a \ v k Y ® _ g m g u m ^ m t ^ a b o l w k \ ` m ^ r k Z v o k b l [ ^ m [ Z l k Y k ] b t Y k ^ g a b o r [ ^ \ k Y \ ` ml \ ^ ] h \ ] ^ m w l a g a Z [ ^ \ k n ` [ \ n [ l Y k ] b t u m Y k ^ m Y k ^ [ u a Z [ v m ^ l \ ^ ] h \ ] ^ m h k | m ^ a b o \ ` m n ` k Z m l ] ^ Y [ h m e s ` m Z k b o ^ [ b o m k ^ t m ^ a l| m ^ a Y a m t u v µ � � � c ´ a o ] ^ m ° h j n ` m ^ m u k \ ` \ ` m c q Ð q j Z [ \ \ a h m k Y \ ` m p ] c d d d q j l ] u l \ ^ [ \ m w ] l m t [ l [ ^ m Y m ^ m b h m w [ b t \ ` m c ¯ Ð¯ j Z [ \ \ a h m k Y \ ` m Y a Z g h [ b u m l m m b a b \ ` m t a Y Y ^ [ h \ a k b r [ \ \ m ^ b e s ` m Z [ \ \ a h m h k b l \ [ b \ k Y \ ` m p ] c d d d q j ] b a \ h m Z Z a l ¯ e ¹ q Ø e Xh [ ^ \ k k b n a \ ` \ ` m l \ ^ ] h \ ] ^ m k Y \ ` m Y a Z g w u [ l m t k b � ´ s h [ Z h ] Z [ \ a k b l Y ^ k g \ ` m � [ ] m ^ o ^ k ] r w « ¯ ¬ a l l ` k n b a b Y a o ] ^ m ¯ t wn ` m ^ m \ ` m ] b a \ h m Z Z l k Y u k \ ` \ ` m l ] u l \ ^ [ \ m [ b t \ ` m Y a Z g [ ^ m l ` k n b e ¾ k \ m \ ` [ \ \ ` m m x [ h \ r k l a \ a k b k Y \ ` m [ Z ] g a b ] g [ \ k g l a b\ ` m ^ m [ Z l \ ^ ] h \ ] ^ m h k ] Z t b k \ u m t m \ m ^ g a b m t Y ^ k g \ ` m h ] ^ ^ m b \ Z v [ | [ a Z [ u Z m t [ \ [ [ b t \ ` m ^ m Y k ^ m ` m ^ m n m l ` k n [ ^ u a \ ^ [ ^ a Z vh ` k l m b r k l a \ a k b l Y k ^ X Z e µ k n \ m g r m ^ [ \ ] ^ m l h [ b b a b o \ ] b b m Z a b o g a h ^ k l h k r v [ b t l r m h \ ^ k l h k r v l \ ] t a m l [ ^ m h ] ^ ^ m b \ Z v ] b t m ^n [ v w [ a g a b o \ k t m \ m ^ g a b m r ^ m h a l m Z v \ ` m Z k h [ \ a k b k Y \ ` m X Z [ \ k g l a b \ ` m Y ^ [ g m n k ^ i eX b � s ¸ a g [ o m Y k ^ [ g ] h ` Z [ ^ o m ^ l h [ Z m c ¯ d d b g Ð ¯ d d b g j a l l ` k n b a b Y a o ] ^ m ° e ¾ k \ m \ ` [ \ [ l \ m r m t o m k Y p ] c d d d q j^ ] b l [ h ^ k l l \ ` m l ] ^ Y [ h m l m r [ ^ [ \ a b o \ n k \ m ^ ^ [ h m l e X Z a b m r ^ k Y a Z m c o ^ m m b Z a b m a b \ ` m a g [ o m j n [ l \ [ i m b \ ` ^ k ] o ` \ ` m \ m ^ ^ [ h m l[ b t o k a b o [ h ^ k l l \ ` m l \ m r m t o m e X r Z k \ k Y \ ` m r ^ k Y a Z m a l [ Z l k l ` k n b a b \ ` m Y a o ] ^ m c ^ a o ` \ j e ¿ m ^ m w \ ` m l \ m r ` m a o ` \ c } ¯ Ø j h [ bu m h Z m [ ^ Z v l m m b [ b t a \ a l a b o k k t [ o ^ m m g m b \ n a \ ` \ ` m ` m a o ` \ m x r m h \ m t Y ^ k g [ l \ m r k b \ ` m p ] c d d d q j l ] ^ Y [ h m e s ` m[ r r ^ k x a g [ \ m [ r r [ ^ m b \ ` m a o ` \ k Y \ ` m Y a Z g n a \ ` ^ m l r m h \ \ k p ] c d d d q j a l } ~ Ø w [ \ \ ` m a g [ o a b o h k b t a \ a k b l ] l m t ` m ^ m e \ h [ b [ Z l k u m k u l m ^ | m t Y ^ k g \ ` m a g [ o m \ ` [ \ \ ` m ^ m a l [ h k b \ a b ] a \ v k Y \ ` m Y a Z g [ h ^ k l l \ ` m l \ m r m t o m e X r m ^ h k Z [ \ m tb m \ n k ^ i h [ b u m l m m b l r [ b b a b o [ h ^ k l l \ ` m l ] ^ Y [ h m [ b t h k | m ^ a b o [ r r ^ k x a g [ \ m Z v ` [ Z Y k Y \ ` m l ] ^ Y [ h m [ ^ m [ e s ` m ^ m g [ a b a b o[ ^ m [ h k ^ ^ m l r k b t l \ k m x r k l m t p ] c d d d q j n ` a h ` a l r ^ m l ] g [ u Z v r [ ^ \ a [ Z Z v h k | m ^ m t u v g k u a Z m [ t l k ^ u [ \ m l w [ l m x r m h \ m t Y ^ k g
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\ ` m \ a g m r [ l l m t u m \ n m m b r ^ m r [ ^ [ \ a k b k Y \ ` m l [ g r Z m [ b t a g [ o m [ h · ] a l a \ a k b w n ` a h ` [ Z Z k n l Y k ^ u [ h i o ^ k ] b t o [ l l m l w g k l \ Z vÀ � w \ k [ t l k ^ u k b \ ` m m x r k l m t p ] h ^ v l \ [ Z e X b m x r m ^ a g m b \ [ Z a b t a h [ \ a k b k Y \ ` a l a l l m m b a b \ ` m h Z k l m _ ] r [ ^ m [ l ` k n b a b \ ` ma b l m \ w l ` k n a b o l \ ^ m [ i v Z a b m l a b \ ` m l h [ b b a b o t a ^ m h \ a k b c ` k ^ a � k b \ [ Z t a ^ m h \ a k b j w n ` a h ` [ ^ m k b Z v r ^ m l m b \ k b \ ` m [ ^ m [ b k \h k | m ^ m t u v \ ` m [ Z ] g a b k l a Z a h [ \ m Y a Z g c À � t k m l b k \ [ t l k ^ u k b \ ` m Y a Z g a b Ï ¿ Ã j e s ` m l a � m k Y \ ` m m x r k l m t p ] [ ^ m [ l a l a b\ ` m l h [ Z m ^ [ b o m k Y g m l k r k ^ m l es ` m [ g k ] b \ k Y � a w X Z [ b t � r ^ m l m b \ k b \ ` m l ] ^ Y [ h m w [ l n m Z Z [ l \ ` m a ^ h ` m g a h [ Z l \ [ \ m w n [ l t m \ m ^ g a b m t u v ¶ � � e ´ a o ] ^ m ~l ` k n l ¶ � � l r m h \ ^ [ k Y � a ¯ r w X Z ¯ l [ b t � q l h k ^ m Z m | m Z l Y k ^ \ ` m d e ± ¸ µ � [ Z ] g a b k l a Z a h [ \ m [ b t ¯ ¸ µ � Y a Z g l w n a \ `h k g r [ ^ [ u Z m � a Æ X Z ^ [ \ a k l w a e m e � q e ¹ [ b t q e ± ^ m l r m h \ a | m Z v e s ` m � a ¯ r [ b t X Z ¯ l r m [ i l [ ^ m Y k ] b t [ \ } q d ¯ e f m Ã [ b t } q q º e ¹m Ã ^ m l r m h \ a | m Z v e s ` m � q l r m [ i h [ b u m t m h k b | k Z ] \ m t a b \ k \ ` ^ m m h k b \ ^ a u ] \ a k b l w t m r m b t a b o k b \ ` m m b | a ^ k b g m b \ k Y \ ` m �[ \ k g w [ \ f ° q e ¹ m Ã w f ° d e ¹ m Ã [ b t f ¯ ± e ± m Ã w h k ^ ^ m l r k b t a b o \ k � a
—

�
—

� a w X Z
—

�
—

� a w [ b t �
—

p ] ^ m l r m h \ a | m Z v w u [ l m tk b r ^ m | a k ] l [ l l a o b g m b \ l e « ¯ w ¯ q ¬ ¾ k \ m \ ` [ \ Y k ^ \ ` m h [ l m k Y ¯ ¸ µ � w \ ` m h k b \ ^ a u ] \ a k b k Y \ ` m k x v o m b Z k h [ \ m t u m \ n m m b � a[ \ k g l a l ` a o ` m ^ \ ` [ b Y k ^ \ ` m d e ± ¸ µ � l [ g r Z m w t ] m \ k \ ` m ` a o ` m ^ � a Æ X Z ^ [ \ a k a b \ ` m Y k ^ g m ^ h [ l m c q e ± [ l k r r k l m t \ k q e ¹ j eX t t a \ a k b [ Z Z v w \ ` m � u m \ n m m b X Z [ b t � a a l m x r m h \ m t \ k u m [ \ \ m b ] [ \ m t n a \ ` ^ m l r m h \ \ k \ ` m k b m u m \ n m m b \ n k � a [ \ k g l t ] m \ k\ ` m Y [ h \ \ ` [ \ X Z a l r ^ m Y m ^ m b \ a [ Z Z v Z k h [ \ m t [ \ \ ` m u k \ \ k g Z [ v m ^ k Y \ ` m u a Z [ v m ^ c h Z k l m ^ \ k \ ` m p ] l ] u l \ ^ [ \ m j e s ` a l n [ ll r m h ] Z [ \ m t u [ l m t k b � s ¸ a g [ o m l [ b t  p X l r m h \ ^ [ k Y u ^ a t o a b o ` v t ^ k x v Z o ^ k ] r l a b [ r ^ m | a k ] l l \ ] t v « ¯ ¬ [ b t h k b Y a ^ g m tZ [ \ m ^ u v m b m ^ o v [ b t [ b o Z m t m r m b t m b \ ¶ � � l \ ] t a m l ] l a b o l v b h ` ^ k \ ^ k b ^ [ t a [ \ a k b e « ¯ ¯ ¬ � m h k b | k Z ] \ m t | m ^ l a k b l k Y \ ` m � q ll r m h \ ^ [ [ ^ m l ` k n b [ l l ] r r k ^ \ a b o a b Y k ^ g [ \ a k b w n ` m ^ m [ o k k t Y a \ a l k u \ [ a b m t n ` m b ] l a b o \ ` m u a b t a b o m b m ^ o a m l r ^ m | a k ] l Z v^ m r k ^ \ m t a b \ ` m Z a \ m ^ [ \ ] ^ m Y k ^ \ ` m t a Y Y m ^ m b \ � l r m h a m l r ^ m l m b \ a b \ ` a l l v l \ m g e ¾ k \ m \ ` [ \ a b \ ` m h [ l m k Y \ ` m d e ± ¸ µ � w \ ` m[ ^ m [ k Y \ ` m l ] ^ Y [ h m \ ` [ \ a l b k \ h k | m ^ m t u v \ ` m Y a Z g h k ] Z t u m r k \ m b \ a [ Z Z v k x a t a � m t e ¿ k n m | m ^ w [ \ \ ` m h k b t a \ a k b l ] l m t ` m ^ mY k ^ \ ` m Y a Z g r ^ m r [ ^ [ \ a k b w k b Z v \ ` m Y k ^ g [ \ a k b k Y [ ° � _ c ¯ Ð ¯ j k | m ^ Z [ v m ^ n [ l ^ m r k ^ \ m t e ´ k ^ k \ ` m ^ h k b t a \ a k b l \ ` [ \ Z m [ t \ k \ ` mY k ^ g [ \ a k b k Y ^ ] \ ` m b a ] g k x a t m l w \ ` m ^ m [ t m ^ a l ^ m Y m ^ ^ m t \ k ^ m Y m ^ m b h m « ¯ ° ¬ e´ a o ] ^ m f l ` k n l \ ` m a b Y ^ [ ^ m t ^ m Y Z m h \ a k b [ u l k ^ r \ a k b l r m h \ ^ ] g Y k ^ \ ` m d e ± ¸ µ � Y a Z g e s ` m ^ m w [ l ` [ ^ r ` a o ` _ Y ^ m · ] m b h v c ¿ ´ jr ` k b k b | a u ^ [ \ a k b [ \ q ¯ ® ~ h g » ¼ [ b t [ Z k n _ Y ^ m · ] m b h v k b m [ \ ® ± ° h g » ¼ h [ b u m k u l m ^ | m t e s ` m l m [ ^ m a b \ ` m ^ [ b o mh k ^ ^ m l r k b t a b o \ k [ u a Z [ v m ^ l \ ^ ] h \ ] ^ m [ b t \ ` m r ` k b k b | a u ^ [ \ a k b g k t m l [ l l a o b m t \ k \ ` m l m r m [ i l [ ^ m l h ` m g [ \ a h [ Z Z v l ` k n ba b \ ` m Y a o ] ^ m eÙ ¥ © ¦ S V ª S S ¦ ¨ §
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 \ n [ l r ^ m | a k ] l Z v Y k ] b t \ ` [ \ l a Z a h [ Y a Z g l o ^ k n b u v t m r k l a \ a k b k Y q ¸ µ � k Y � a [ \ k g l k b p ] c d d d q j h k | m ^ \ ` m m b \ a ^ ml ] ^ Y [ h m n a \ ` \ ` m l \ ^ ] h \ ] ^ m l ` k n b a b Y a o ] ^ m q [ e  \ n [ l \ ` m b m x r m h \ m t \ ` [ \ [ l a g a Z [ ^ l \ ^ ] h \ ] ^ m n k ] Z t u m Y k ^ g m t ] r k br ^ m r [ ^ a b o [ q ¸ µ � c k ^ Z m l l j Y a Z g a b n ` a h ` l k g m k Y \ ` m � a n [ l ^ m r Z [ h m t u v X Z e ¿ k n m | m ^ w Y k ^ \ ` m Y a Z g ^ m r k ^ \ m t a b \ ` a ln k ^ i w Y k ^ n ` a h ` d e ± ¸ µ � k Y c � a È X Z j [ \ k g l n m ^ m t m r k l a \ m t w [ l g m [ l ] ^ m t u v ¶ � � c l m m Y a o ] ^ m ~ j w � s ¸ a g [ o m l c Y a o ] ^ m¯ j ^ m | m [ Z \ ` [ \ k b Z v [ u k ] \ ` [ Z Y k Y \ ` m l ] ^ Y [ h m n [ l h k | m ^ m t u v \ ` m Y a Z g w ^ [ \ ` m ^ \ ` [ b \ ` m m x r m h \ m t ± d � k Y \ ` m l ] ^ Y [ h m e s ` m[ g k ] b \ k Y g [ \ m ^ a [ Z r ^ m l m b \ k b \ ` m l ] ^ Y [ h m [ b t \ ` m [ ^ m [ h k | m ^ m t u v \ ` m Y a Z g \ ` m b l m m g \ k l ] o o m l \ \ ` [ \ [ u a Z [ v m ^ l \ ^ ] h \ ] ^ mn [ l Y k ^ g m t es ` m g k l \ a g r k ^ \ [ b \ r a m h m k Y a b Y k ^ g [ \ a k b \ k t a l \ a b o ] a l ` g k b k Z [ v m ^ [ b t u a Z [ v m ^ l \ ^ ] h \ ] ^ m l h k g m l Y ^ k g  p X � w l a b h m\ ` m v u k \ ` ` [ | m | m ^ v t a l \ a b h \ l r m h \ ^ [ Z l a o b [ \ ] ^ m l e s ` m u a Z [ v m ^ l \ ^ ] h \ ] ^ m ` [ l [ l \ ^ k b o ` a o ` _ Y ^ m · ] m b h v c ¿ ´ j r ` k b k b| a u ^ [ \ a k b [ \ q ° d d h g » ¼ Y k ^ r ] ^ m _ l a Z a h [ Y a Z g l [ b t \ ` m Y ^ m · ] m b h v ^ m t _ l ` a Y \ l w n a \ ` k ] \ Z k l a b o a b \ m b l a \ v w n ` m b � a [ \ k g l [ ^ m^ m r Z [ h m t u v X Z a b \ ` m Y ^ [ g m n k ^ i e ´ k ^ m x [ g r Z m w Y k ^ [ Y a Z g n a \ ` [ h k g r k l a \ a k b X Z Ú Û ¼ Ü � a Ú Û Ý ¼ � Á c � a Æ X Z Ä ~ e ° j w \ ` m Y ^ m · ] m b h vk Y \ ` m ¿ ´ g k t m l ` a Y \ l \ k q ¯ º q h g » ¼ e « ¯ ¬  b h k b \ ^ [ l \ w Y k ^ \ ` m g k b k Z [ v m ^ l a Z a h [ k b p ] c d d d q j w \ ` a l | a u ^ [ \ a k b [ Z g k t m a l b k \r ^ m l m b \ e  b l \ m [ t \ n k k \ ` m ^ g k t m l [ r r m [ ^ a b \ ` m l r m h \ ^ ] g [ \ q q ° ~ h g » ¼ [ b t q d ¹ ~ h g » ¼ e « q f ¬ ¾ k \ m \ ` [ \ w Y k ^ [ Z Z Y a Z g l w k \ ` m ^g k t m l [ \ Z k n m ^ Y ^ m · ] m b h a m l c ^ [ b o a b o Y ^ k g } ® f d h g » ¼ \ k } º d d h g » ¼ j [ ^ m [ Z l k r ^ m l m b \ a b \ ` m l r m h \ ^ ] g w n ` a h ` n a Z Z b k \ u mt a l h ] l l m t ` m ^ m es ` m k u l m ^ | [ \ a k b k Y [ ` a o ` _ Y ^ m · ] m b h v r ` k b k b | a u ^ [ \ a k b [ \ q ¯ ® ~ h g » ¼ w [ l l k h a [ \ m t n a \ ` � a
—

�
—

X Z c � a j k l h a Z Z [ \ k ^ lb k ^ g [ Z \ k \ ` m l ] ^ Y [ h m w h k b Y a ^ g l \ ` [ \ \ ` m u a Z [ v m ^ l \ ^ ] h \ ] ^ m c Y a o ] ^ m q u j n [ l Y k ^ g m t w ^ [ \ ` m ^ \ ` [ b \ ` m g k b k Z [ v m ^ k b m e s ` a l[ h h k ] b \ l \ ` m b Y k ^ \ ` m h k | m ^ [ o m k u l m ^ | m t a b \ ` m � s ¸ a g [ o m l e s ` a l u m ` [ | a k ^ w \ ` m Y k ^ g [ \ a k b k Y u a Z [ v m ^ l \ ^ ] h \ ] ^ m l^ m o [ ^ t Z m l l k Y \ ` m h k | m ^ [ o m k Y s [ \ k g l w n [ l r ^ m | a k ] l Z v Y k ] b t Y k ^ � a � Á k b � \ c q q q j l ] ^ Y [ h m l e ¿ k n m | m ^ w a b \ ` m Z [ \ \ m ^ w| a \ ^ m k ] l Y a Z g l n m ^ m k u \ [ a b m t n ` a Z m a b \ ` m r ^ m l m b \ n k ^ i \ ` m Y a Z g a l h ^ v l \ [ Z Z a b m [ l h k b Y a ^ g m t u v \ ` m k u l m ^ | [ \ a k b k Y [` m x [ o k b [ Z Z [ \ \ a h m u v � s ¸ a b Y a o ] ^ m ° w n a \ ` [ Z k b o ^ [ b o m k ^ t m ^ h k b Y a ^ g m t u v µ � � � c Y a o ] ^ m ¯ h j e s ` m k ^ t m ^ a b \ ` a l Y a Z gh [ b u m ^ [ \ a k b [ Z a � m t u [ l m t k b \ ` m o k k t Z [ \ \ a h m g [ \ h ` u m \ n m m b \ ` m [ Z ] g a b k l a Z a h [ \ m [ b t \ ` m p ] c d d d q j l ] u l \ ^ [ \ m w [ b t \ ` a ln [ l [ Z ^ m [ t v k u l m ^ | m t a b r ^ m | a k ] l n k ^ i l w a b n ` a h ` g k l \ Z v ` m x [ o k b [ Z r ^ a l g l c y z { j [ ^ m k u l m ^ | m t a b \ ` m Y a Z g [ b t w k b Z v Y k ^| m ^ v ` a o ` X Z h k b \ m b \ l w k \ ` m ^ r k Z v o k b [ Z r ^ a l g l [ ^ m r ^ m l m b \ k b \ ` m l ] ^ Y [ h m e ¾ k \ m \ ` [ \ \ ` m y z { u ] a Z t a b o u Z k h i a l k b m k Y \ ` mg k l \ h k g g k b k b m l [ l n m Z Z Y k ^ \ ` ^ m m _ t a g m b l a k b [ Z Y ^ [ g m n k ^ i l [ b t \ ` m ^ m [ ^ m q d t a Y Y m ^ m b \ Y ^ [ g m n k ^ i \ v r m l \ ` [ \ h [ b u mu ] a Z \ m b \ a ^ m Z v ] l a b o Ç ] l \ y z { e « ¯ ~ ¬  b Y [ h \ w [ h Z k l m ^ Z k k i [ \ Y a o ] ^ m ¯ ^ m | m [ Z l \ ` m r ^ m l m b h m k Y k \ ` m ^ ^ a b o l a � m l w l a g a Z [ ^ \ k \ ` mu a Z [ v m ^ l \ ^ ] h \ ] ^ m h k | m ^ a b o \ ` m n ` k Z m l ] ^ Y [ h m e « ¹ ¬
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X b k \ ` m ^ Y [ h \ \ ` [ \ u m h k g m l m | a t m b \ n ` m b h k g r [ ^ a b o \ ` m  p X � t [ \ [ Y k ^ \ ` a l [ b t Y ] Z Z _ u a Z [ v m ^ Y a Z g l n a \ ` l a g a Z [ ^ � a Æ X Z^ [ \ a k a l \ ` [ \ w Y k ^ \ ` m d e ± ¸ µ � h [ l m w \ ` m Y ^ m · ] m b h v k Y \ ` m ¿ ´ r ` k b k b | a u ^ [ \ a k b a l l Z a o ` \ Z v Z k n m ^ \ ` [ b m x r m h \ m t e ´ k ^h k g r [ ^ a l k b w Y k ^ \ ` m ¯ ¸ µ � Y a Z g n a \ ` � a Æ X Z Ä q e ± \ ` a l r ` k b k b | a u ^ [ \ a k b a l Y k ] b t [ \ q ¯ ¹ º h g » ¼ e s ` a l a b t a h [ \ m l \ ` [ \ \ ` m| a u ^ [ \ a k b [ Z Y ^ m · ] m b h v t k m l b k \ k b Z v t m r m b t k b \ ` m � a Æ X Z ^ [ \ a k w u ] \ [ Z l k t m h ^ m [ l m l n ` m b \ ` m \ k \ [ Z h k | m ^ [ o m k Y \ m \ ^ [ ` m t ^ [ Z[ \ k g l t m h ^ m [ l m l e X t t a \ a k b [ Z Z v w \ ` m a b \ m b l a \ v k Y \ ` m r m [ i Y k ^ \ ` m d e ± ¸ µ � Y a Z g a l [ r r ^ k x a g [ \ m Z v Y k ] ^ \ a g m l Z k n m ^ \ ` [ b\ ` [ \ k Y \ ` m ¯ ¸ µ � k b m es ` m Y [ h \ \ ` [ \ g k b k Z [ v m ^ l \ ^ ] h \ ] ^ m l [ ^ m b k \ Y k ^ g m t h [ b u m m x r Z [ a b m t h k b l a t m ^ a b o ^ m l ] Z \ l Y ^ k g r ^ m | a k ] l n k ^ i l e ´ k ^[ Z ] g a b k l a Z a h [ \ m Y a Z g l k b ¸ k c q q ¯ j a \ n [ l l ` k n b \ ` [ \ k b Z v \ ` m g k b k Z [ v m ^ l \ ^ ] h \ ] ^ m h [ b u m r ^ k t ] h m t a b [ b k ^ t m ^ m tg [ b b m ^ e « q ® ¬ ¿ k n m | m ^ w a b \ ` [ \ h [ l m w X Z
—

�
—̧

k Z a b i [ o m l [ ^ m b k \ Y k ^ g m t w n ` a h ` Z m [ | m l \ ` m X Z [ \ k g l u k ] b t \ k k b Z v\ ` ^ m m [ t Ç [ h m b \ � a [ \ k g l a b \ ` m r Z [ b m \ ` ^ k ] o ` � _ u ^ a t o m l w a e m e � \ ` m X Z [ \ k g t k m l b k \ ` [ | m \ m \ ^ [ ` m t ^ [ Z h k k ^ t a b [ \ a k b a b \ ` a lh [ l m e ¾ m | m ^ \ ` m Z m l l w \ ` m Y a Z g a l u k ] b t \ k \ ` m l ] u l \ ^ [ \ m \ ` ^ k ] o ` l \ ^ k b o � a
—

�
—̧

k u k b t l n ` a h ` l \ [ u a Z a � m \ ` m l \ ^ ] h \ ] ^ m e´ k ^ \ ` m h [ l m ^ m r k ^ \ m t ` m ^ m w ] b t m ^ \ ` m [ l l ] g r \ a k b \ ` [ \ X Z
—

�
—

p ] Z a b i [ o m l h [ b b k \ u m Y k ^ g m t w \ ` m b k n ^ m t ] h m t b ] g u m ^k Y �
—

p ] u k b t l a b \ ` m � a
—

�
—

p ] Z a b i [ o m l a l b k \ l \ ^ k b o m b k ] o ` \ k l \ [ u a Z a � m \ ` m l \ ^ ] h \ ] ^ m w [ l a \ n [ l Y k ^ \ ` m ¸ k h [ l m es ` a l h [ b u m ^ [ \ a k b [ Z a � m t u [ l m k b \ ` m ` m [ \ l k Y t a l l k h a [ \ a | m [ t l k ^ r \ a k b k Y k x v o m b n ` a h ` [ ^ m
−544 kJ/mol

Y k ^ ¸ k [ b t
−220 kJ/mol

Y k ^ p ] e « q ~ ¬ � ` a Z m Y k ^ \ ` m h [ l m k Y g k b k Z [ v m ^ � a � Á k b p ] c d d d q j \ ` m ^ m [ ^ m ¯ e d � a
—

�
—

p ] Z a b i [ o m l r m ^ ] b a \h m Z Z w Y k ^ [ g k b k Z [ v m ^ [ Z ] g a b k l a Z a h [ \ m n a \ ` \ ` m h k g r k l a \ a k b ^ m r k ^ \ m t ` m ^ m c ° ¹ � X Z j w \ ` m ^ m n k ] Z t u m } q e ° f � a
—

�
—

p ]Z a b i [ o m l r m ^ ] b a \ h m Z Z e � b \ ` m k \ ` m ^ ` [ b t w a \ n [ l r ^ m | a k ] l Z v l ` k n b \ ` [ \ \ ` m u a Z [ v m ^ l \ ^ ] h \ ] ^ m t k m l l \ [ u a Z a � m X Z n a \ `\ m \ ^ [ ` m t ^ [ Z h k k ^ t a b [ \ a k b e « ¯ ¬� ` a Z m Y k ^ \ ` m r ] ^ r k l m k Y r ^ m r [ ^ a b o g k t m Z l v l \ m g l \ ` m a b Y Z ] m b h m k Y \ ` m g m \ [ Z Z a h l ] u l \ ^ [ \ m l ` k ] Z t u m g a b a g a � m t w a \^ m l ] Z \ l m | a t m b \ Y ^ k g \ ` a l [ b t r ^ m | a k ] l l \ ] t a m l \ ` [ \ w « q ~ ¬ m | m b a b \ ` m h [ l m l a b n ` a h ` \ ` m a b \ m ^ [ h \ a k b a l \ ` ^ k ] o ` Ã [ b _ t m ^ _� [ [ Z l Y k ^ h m l w \ ` m l ] u l \ ^ [ \ m ` [ l [ l \ ^ k b o ^ k Z m a b \ ` m \ v r m k Y l \ ^ ] h \ ] ^ m l \ ` [ \ h [ b u m r ^ m r [ ^ m t e s ` m Y [ h \ k ^ l \ ` [ \ t m \ m ^ g a b m\ ` m o ^ k n \ ` g k t m [ ^ m � q j \ ` m a b \ m ^ [ h \ a k b [ b t ¯ j \ ` m ^ m o a l \ ^ v u m \ n m m b \ ` m Y a Z g [ b t \ ` m l ] u l \ ^ [ \ m e  b \ ` m h [ l m ^ m r k ^ \ m t ` m ^ m w\ ` m l ] u l \ a \ ] \ a k b k Y l k g m � a [ \ k g l u v X Z ` [ l [ b a b Y Z ] m b h m a b u k \ ` k Y \ ` m l m Y [ h \ k ^ l e s ` m a b \ m ^ [ h \ a k b n a \ ` \ ` m Y a Z g l a ll \ ^ k b o Z v [ Y Y m h \ m t l a b h m w Y k ^ \ ` m g k b k Z [ v m ^ l \ ^ ] h \ ] ^ m w [ ^ m t ] h \ a k b a b \ ` m b ] g u m ^ k Y k x v o m b _ g m \ [ Z u k b t l a l m x r m h \ m t wh k b l a t m ^ a b o \ ` [ \ X Z t k m l b k \ Y k ^ g X Z
—

�
—̧

Z a b i [ o m l e  b \ m ^ g l k Y \ ` m ^ m o a l \ ^ v w a \ a l ] l m Y ] Z \ k h k b l a t m ^ \ ` m Z [ \ \ a h mh k b l \ [ b \ Y k ^ [ Y ^ m m _ l \ [ b t a b o l a Z a h [ u a Z [ v m ^ l \ ^ ] h \ ] ^ m w n ` a h ` n [ l h k g r ] \ m t \ k u m f e ° ¯ Ø e « ¯ f ¬ � ` m b \ ` m l a Z a h [ \ m u a Z [ v m ^ a l
grown on Ru(0001), the relatively “weak” interaction w

a \ ` \ ` m l ] u l \ ^ [ \ m a l m | a t m b \ Z v l \ ^ k b o m b k ] o ` \ k a b t ] h m [ bm x r [ b l a k b k Y \ ` m Y ^ [ g m n k ^ i Z [ \ \ a h m \ k f e ~ ¯ Ø w \ k u m a b ^ m o a l \ ^ v n a \ ` c ¯ Ð j \ ` m ] b a \ h m Z Z c ¯ e ¹ q Ø j k Y p ] c d d d q j e  b Y [ h \ w \ ` a l
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a l b k \ [ Z n [ v l \ ^ ] m w [ b t a \ n [ l k Y \ m b Y k ] b t \ ` [ \ | a \ ^ m k ] l l \ ^ ] h \ ] ^ m l h k m x a l \ n a \ ` \ ` m h ^ v l \ [ Z Z a b m k b m l Y k ^ \ ` a l h [ l m e « q f ¬ ´ k ^[ Y ^ [ g m n k ^ i h k b \ [ a b a b o X Z w ` k n m | m ^ w \ ` m ^ m [ ^ m \ n k Y [ h \ k ^ l \ ` [ \ Y [ | k ^ [ u m \ \ m ^ [ t [ r \ [ \ a k b k Y \ ` m Y ^ [ g m n k ^ i \ k \ ` mp ] c d d d q j Z [ \ \ a h m e ´ a ^ l \ w l a b h m \ ` m X Z
—

� u k b t a l Z m l l h k | [ Z m b \ \ ` [ b \ ` m � a
—

� u k b t w \ ` m ^ m a l g k ^ m Y Z m x a u a Z a \ v a b \ ` m �
—s

—
� [ b t s

—
�

—
s [ b o Z m l e « ¯ ® _ ¯ º ¬ s ` a l ` [ l [ b a b Y Z ] m b h m a b \ ` m t a l \ [ b h m u m \ n m m b \ ` m s [ \ k g l a b \ ` m Y ^ [ g m n k ^ i wr ^ k | a t a b o g k ^ m Y Z m x a u a Z a \ v \ k \ ` m Y ^ [ g m n k ^ i \ k [ t [ r \ \ k m x \ m ^ b [ Z Y k ^ h m l w l ] h ` [ l \ ` m a b \ m ^ [ h \ a k b n a \ ` \ ` m p ] c d d d q j\ m g r Z [ \ m e � m h k b t w \ ` m X Z

—
� u k b t c q e ¹ d Ø

–
q e ¹ ° Ø j a l Z k b o m ^ \ ` [ b \ ` m � a

—
� u k b t c q e f º Ø

–
q e ® ~ Ø j w « ¯ ® ¬ [ Z l kY [ | k ^ a b o [ b m x r [ b l a k b k Y \ ` m Z [ \ \ a h m n ` m b h k g r [ ^ m t \ k \ ` m r ] ^ m _ l a Z a h [ h [ l m w r ^ k | a t a b o [ u m \ \ m ^ g [ \ h ` n a \ ` \ ` m p ] c d d d q jZ [ \ \ a h m e

Another interesting feature of this film, in terms of topology, is the formation a percolated network which leaves 

irregularly shaped voids in the structure of sizes in the mesoscale range. This is structurally analogous, although in the 

two-dimensional case, to what was observed for ZSM-5 subjected to dealumination by a severe steaming treatment. 

[17] Using atomic force microscopy and high-resolution scanning electron microscopy of individual ZSM-5 crystals, it 

was found that uniformly distributed mesopores between 5 nm and 50 nm are present in the structure. 

A bilayer film which is not chemically bound to the metallic substrate is much more useful as a model system for the 

three-dimensional porous materials than the strongly bound monolayer case. In particular, films that also count with 

mesoporosity, such as the one reported here, could be used for modeling features found in some cases of dealuminated 

zeolites. In addition, the mesoporous voids can be used for hosting catalytically active nanoparticles. This would 

provide then a model system for bifunctional catalysts in which both, the zeolite and the nanoparticle, participate in the 

reaction. An example of this is the case of Ru particles on mesoporous beta zeolite to catalyze the conversion of 

synthesis gas to hydrocarbons (Fischer–Tropsch synthesis), [29] for which this film would be ideal since Ru is already 

present in the voids. Þ ß à á â à ã ä å æ á â å
A self-containing ultra-thin (~ 0.5 nm) aluminosilicate farmework covering approximately half of a surface was 

synthesized using Ru(0001) as a template. It is composed mostly of hexagonal prisms as building blocks and it forms a 

percolated network leaving the ruthenium substrate exposed through irregularly shaped voids in the mesopore scale 

range. The bilayer structure of the film is different from what was previously found for films prepared in the same 

manner but without Al in the framework, which form monolayer silicate films strongly bound to the substrate. This 
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difference is rationalized based on the reduced number of Si—O—Ru linkages, if a monolayer was formed, when Al is 

incorporated in the framework. The incorporation of Al also favors more crystalline frameworks and this is related to a 

better lattice match between the film and the Ru(0001) template as well as to the less covalent character of Al—O 

bonds when compared to Si—O bonds.  
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Figure Captions 

Figure 1. Top and side views of  (a) monolayer and (b) bilayer structures on a metal support. T stands for tetrahedral 

atoms (Si or Al). 

Figure 2.  a) High-resolution STM image where the aluminosilicate network and the voids exposing Ru(0001) can be 

seen. b) Filtered version of image a) using wavelet analysis; the inset at the lower right-hand corner shows the (2 × 2) 

unit cell of the film . c) Low energy electron diffraction pattern, where the (2 × 2) spots of the film and the (1 × 1) 

Ru(0001) substrate spots can be clearly seen. d) Representation of the film structure where the film and substrate unit 

cells are emphasized. 

Figure 3. Top: large scale STM image (200 nm × 200 nm) showing the film forming a percolated network. The inset 

shows a higher resolution image where streaky lines can be seen in the voids in the direction of the motion of the 

scanning tip (horizontal direction). Bottom: line profile going along the green line shown in the image. The left side of 

the profile corresponds to the bottom left part of the image. A height of ~ 2 Å can be seen at ~ 120 nm, corresponding 
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to an atomic step of the Ru(0001) surface. The ~ 4 Å amplitude comes from the difference in apparent height between 

the framework and the Ru(0001) surface. 

Figure 4. XPS spectra of the Al 2s, Si 2p and O 1s core levels for the film described here (0.9 MLE) and for a 2 MLE 

film used as a reference.  

Figure 5. IRAS spectrum of the 0.9 MLE framework. The vibrational modes are shown schematically next to the peak. 

 



�� ���	
 ��� ��� ��� 	�	� �� ���� ����� �� �	��� ��� ��� ���	



� � � � � �  ! " � #$ % � & ' ( � � � " ) * ) + , % ) - * ( � � ( � � . ) % � " � ) , � / - � �



� � � � � � 0 ! " � #$ % � & ' ( � � � " ) * ) + , % ) - * ( � � ( � � . ) % � " � ) , � / - � �



� � � � � � 1 ! " � #$ % � & ' ( � � � " ) * ) + , % ) - * ( � � ( � � . ) % � " � ) , � / - � �



�� ���	2 ��� ��� ��� 	�	� �� ���� ����� �� �	��� ��� ��� ���	


