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on acidic protons of HiPW,04. According to recent DFT *R*E%F%/\% DFT 'H’ﬁ;%%[24], "11[3

calculations of Zheng et al..>* the shift values of CsDsNH™ ions

of 12—13 ppm correspond to Brensted acid sites on solid acids | & % ¥ 1H 12-13 ppm w4k, #/L’z_?f}ﬁ]— VA
with a proton affinity of about 1108 kJ/mol. This proton affinity

N k > Lo
is about 209 kJ/mol lower than the proton affinity of acid sites ;}&ﬁ‘ ﬂj /ﬁfiﬁx éﬁ}ﬁ % _’%-7?‘2 ﬁb 75 1108

in H-Form zeolites.** The DFT calculations of Zheng et al. kl/mol, oo~ Ukk K 209 ki/mol, #
indicate that a smaller '"H NMR shift of CsDsNH™ ions formed / ’ 7 % fﬁ{ ) / ° F

on solid acids corresponds to a higher acid strength and vice %Aéﬁ i‘l’ﬁ-% %ﬁ% T 2 é’] 1H NM
versa.” It must be stressed that in this case a complete proton e %ﬁﬁz’f&i% kéﬁ ﬁié&}i )5\27]:
\ A 9 4,

(24) Zheﬁg, A.; Zhang, H.; Chen, L.; Yue, Y.; Ye, C.; Deng, F. J. Phys. N
Chem. B 2007, 111, 3085-3089. $R 1241
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evaluated to H,= —6.6."! Based on theoretical calculations,

%l;;;g etbal‘ p;op(ésﬁed that a ;‘P che_:‘i"nica(lj shift of adi‘qrbeci #E’gi}%}jﬂ—i@i‘]’%ﬁ R f[{ %/\ﬁ& T &
above 0 =86 ppm can be attributed to superacidity o _ - =
the solid acid (H, < —12)."" Therefore, it could be considered ) ‘;lé-:‘ ‘?75&&#%% 86 ppm 1 ¥

that mesoporous Nb,W,,, ,, oxides have a range of acid ﬁ%}* é] wﬂgﬁ &[16], [2]11;[:,

strength between —12 < H, < —6.6. The total acid amounts

were also estimated from the NMR peaks assigned to JI\ZL NbxW(lo»x)i’PC#é] éﬁ ﬁfig%g{

[16] A.Zheng, H. Zhang, X. Lu, S. B. Lil;. F. Deng, J Phys. Chem. B /."‘L /ﬁ'—'lz = H0<'6.6 °
2008, 112, 4496 -4505.

3. KEIMAZAATEA 73HL O. Yaghi HIRAE J Am Chem Soc b &R KIS F P&
AT H B = W LBl SR o B VA E 1 <) A HLREZEA4 L MOF-808 1
MRk

trimethylphosphine oxide probe molecules.” Trimethylphos-

phine oxide (TMPO) was chosen as a trialkylphosphine oxide ZHHAE %(TM po);fﬁili AHFEA T H EAE 5T
probe because of its suitable size for diffusion in MOF pores. The

3p NMR chemical shift of TMPO molecules adsorbed on Kﬁ'ké}/‘}’f%ﬁ@] MOF ;ﬂ.al\,‘:P s ‘ﬂ]‘ﬂ’; qﬂ;&g?—hl;% 31P

Bronsted acid sites is known to shift downfield with increasing

acid strength.** Spectra of TMPO adsorbed on MOF-808-P and NMR 4% #ﬁﬁ} ﬁﬂ'&% /ﬁ% ﬁ'lﬂ’-ﬁé& . [20c] = EF, }gi

MOF-808-xSO, samples are shown in Figure S10. For MOF- o 3 _ _ _ _ g 31

808-P, two reso‘;mnces assigned to adsorbed TMPO appeared at 9%‘%%’& MOF-808-P 4= MOF-808-xS04 #) “P NMR

62 and 56 ppm and a third resonance assigned to free TMPO AiE4e B S10 Fi~. *-F MOF-808-P, PAANER M/

trapped in the MOF pores appeared at 43 ppm.”’® The same . s . /\ s
(20) (a) Baltusis, L.; Frye, J. $.; Maciel, G. E. J. Am. Chem. Soc. 1986, xF R 6 B AL F AL AL A 62 F2 56 ppm, H —/MEF %
10{%'»7119. (b) Haw, J. F.; Zhang,J.,- Shi!-nizu, K.; Venkatraman, T. N.; i— 43 ppm, }j}%ﬁ . #*/i_—t MOF ;ﬂ_‘ ,]'_élj EF%?L

Luigi, D.-P.; Song, W.; Barich, D. H.; Nicholas, J. B. J. Am. Chem. Soc.

2000, 122, 12561. (c) Zheng, A.; Huang, S.-J.; Liu, $.-B.; Deng, F. Phys.
Chem. Chem. Phys. 2011, 13, 14889.

4. BEEAHERY: S, Teang HUZAE J Am Chem Soc bR R MISCRE T HHBA R HY
= BRI R N BN T AR R R T e

they can report on various microenvironments of solid

26-28 . 31 T . “
surfaces. In particular, uselof the .P nufleus, with its 31P #Z-;EI\-;%]‘ 100% éﬁ$/§;ﬁ‘3kéﬁ ’fJC #’LL

100% natural abundance and wide chemical shift range over

430 ppm, has been shown to be a sensitive and reliable ﬁz =403, B ( 430ppm ), ;fi-ii'j’\_;%ﬁ;ﬁf‘.
technique capable of providing qualitative (type and strength)

and quantitative (concentration)’[information on the discrete %ﬁ’f&’f‘b}ﬁld @'L‘;L l”i'kt ( &ﬁ%%"&g&
id sites i i id catalysts.” E: hough thi hod i y >
acid sites in various acid catalysts ven though this method is }?{) ﬁvi% ( ﬁi]ﬁ}?{) 45 '@:é{]’_ﬁi&

ppm can be initially assigned as the interactions between TMP

and surface LA sites. The formation of a TMP-LA complex can é{] B T’Tﬁ él] j-;% o [26]

be realized by the coordination of the P atom to a LA center; - ¥ . INEIN a2 >

therefore, the lower the electron density on a LA site, the - EP% %(TMP)’% Lewis B AT = #hﬁﬁ

stronger the binding energy between TMP and LA site.”* The 3155’;}%5\ —%,’?‘7 Lewis \:17 NN éﬁ ﬁﬁ/fj_—ﬁ/f )%Qéﬁ .
(26) Zheng, A.; Huang, S.-]; Liu, S.-B.; Deng, F. Phys. Chem. Chem. . N N2 pramlx :

Phys. 2011, 13, 14889—14901. Lewis BR F & 69 A 2 BLAGMK, TMP A=
(43) Chu, Y,; Yu, Z,; Zheng, A.; Fang, H.; Zhang, H; Huang, S.J; Lewis @§4izl‘gﬂ g,!J 7][E] _‘9‘_4/};)% AT [43]

Liu, S.-B.; Deng, F. J. Phys. Chem. C 2011, 115, 7660—7667.

5. E ALK AE SR C.P. Grey 2% (HL ﬁﬁﬂﬁjﬁ 15 RO TE Micropor
Mesopor Mater | & 13 HPFR 7 BA T 'H-"H B T9256 TAE.

rated by a distance <6 A per unit cell (u.c.). More recently, Deng lﬂ%&a XF%/\&’I" T 1H-lH XX'%_‘% 9“’-%‘
et al. showed that 'H-"H double quantum NMR experiments could

be used to examine the proximity between Brensted acid sites and Flb/:g /ph /3"\ B ﬁ%ﬁ’f«f- % ‘:”E G ‘ﬁhﬂ ﬂéﬂﬁéﬁ}jﬁ: %

the protons associated with extra-framework species [33]. This ap- ;, _ 3

proach provides a second method for investigating proximity be- ( IEﬂ éﬁ lEﬂ ]] i[33] L Z- /% k,ﬁt

tween acid sites, since the extra-framework sites are often T ﬁ }k 5):[. & '-i ,{ _L'V' ﬁ ]"i é’] ﬁ 'f}_ [a
; : A ,

assnma_ted with Lewis acidity.
133] ?zg-{’;h‘?-]h?i;nls]. 1Yﬁ]ﬁul—l Zhang, L. Chen, J. Yang, C. Ye, F. Deng, J. Am. Chem. Soc. 7@ EH; S Ay én % P I:‘, Lewis ﬁx'f—l-#ﬂ 5‘(}9—:
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as Al into the framework of these materials. The influence of
the Bronsted acid sites on the Lewis acid sites (and vice versa)
in the thus obtained materials has long been a topic of debate.
In particular, possible synergy was and is a focus of interest. A
recent study on dealuminated HY zeolite supports the notion
that synergy does indeed exist, demonstrating interactions
between Al induced Bronsted and Lewis acid sites.* While

4 5. Li, A. Zheng. Y. Su, H. Zhang, L. Chen. J. Yang. C. Ye and F.
Deng, J. Am. Chem. Soc.. 2007, 129, 11161-11171.

— — 2 . .
Reecently, the application of 2D "H and = Al DQMAS NMR technigues
in combination with theoretical calculatons has proved the proximity

of Bronsted/Lewis acid sites in dealuminated zeolites and has allowed to
- - . ooz 1242127 -

propose the reaction mechanism depicted in Fig. 4.19. The use

124.125.127

v
of 2-"C-acetone as a NMR probe molecule demonstrated an

enhancement of the Bronsted acid strength, strongly supporting that it
origin is the proximity of Lewis/Bronsted acid sites. The methodology
used is illustrated in Figs. 4.20 425127 for seolite H-Y (Framework
Si/Al = 2.8 molar rado in (lu parent zeolite and Si/Al = 3.5 after

dealumination, determined by ~ 55 NMR] ] his 1s based on the use of 2D
: D F. Bromted/léwis e
d-state MM amd thearetical cal

9:1116!

H, Zhenig A, Liu S, Detg F. Probing the
uminated H-Y zeolite by sobid-state
SES

p Chem
125, Li 5, Huang S, Shen W, Zhaog H, |
spatial proxiemitics amoug acid
NMR spectroscopy. | Plys Clir
126 Yu Z, Zheng A, \\ Q. Chen L

vais ], Dengg . Tisighes irto the
semitivity-enhance | AL DO-MAS
NMR spectroscopy |(|m.||||i|! Qugaw Chowi Tar Bd 2010049565

. FE R 1. Dédecek AR AE Catal Rev Sci Eng FRFELRA
FEGrT i N TAE

Al XU IVE B

this method has been reported to date. Nevertheless, the development of pulse
sequences with enhanced sensitivity (25) and the availability of ultra-high-
field MAS NMR spectrometers presents the possibility of employing 27Al (2Q)
MAS NMR for characterization of the Al distribution in Si-rich zeolites. Extra-
, balancing the AlO, negative charge
and monitored by (2Q) MAS NMR, could act as probes to monitor the presence
of close Al atoms in the zeolite (26). However, the double quantum experiment

framework cations, such as H*, D, Li*

[25] Yu, ZW;
F. Insights into the Dealuminn
Enhnneed Al-27 DQ-MAS NI -]
International Edition 2010,

[26] (aiLi,
E

Zheng, AM.; Wang, Q.A; Chen, L; Xu, J; Amourcux, JP; Deng.
of Zeolite HY Revealed by Sensitivity-

High Field. Angewanadte Chemie-

o
wican Chemiical
n, WL.: Zhang

J . P inl Proximities
Among Acid Sites in Dealuminated H-Y Zeolite by Solid-State NMR Spectroscopy.
Journal of Physical Chemistry C 2008, 112037}, 14486-14484.
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L, =4 H 4 YAl SEF NMR &4
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48 R M AW [124-127]. @it R ﬁ%\é)r
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e, A B BRALER M 6938 7%, ﬁ)’ﬂi)‘ﬂ
7 kR H 4.20-4.25 F[124-127].
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