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S.1. Views of Silicalite and H-ZSM-5 Unit Cells

() (b)

Figure S.1.1.Views of silicalite unit cell along the straightannel in the [010] direction (pannel
a) and along the zigzag channel in the [100] divectpannel b). Hilighted atoms define the 10-T
intercrossing ring between the two channels. SESQ indicates the bridging position Si12-024-
Sil2 for Al substitution at Si* with Si* = Sil2, O= 024, Si = Sil2, respectively. The
intersection space between the channels (panmeldeyvided into two parts by the 10-T ring: left
part belongs to the straight channel while thetrigdrt belongs two the zigzag channel. The

overall composition of unit cell is §019,. Code colors used: oxygen (red), and silicon (grey
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Figure S.1.2.Views of H-ZSM-5 unit cell along the straight cimah in the [010] direction
(pannel a) and along the zigzag channel in the][@D6ction (pannel b). Hilighted atoms define
the 10-T intercrossing ring between the two chaargl = Si12, Q= 024, Al = Al12, and @=
020, respectively. The intersection space betwhenchannels (pannel c) is devided into two
parts by the 10-T ring: the left part belongs te #traight channel while the right part belongs
two the zigzag channel. The oveall composition it gell is HAISksO192. Code colors used:

oxygen (red), silicon (grey), hydrogen (white),rmlaum (pink).
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S.2. Geometrical Parameters of C1-C4 Primary Alcohe Physisorbed in Silicalite

It is obvious that there are no significant chanigestructure of the alcohol compounds upon
adsorption, e.g. the alcohol OH bond is elongateadrdy 0.3 % at most while the O-C* bond
length remains largely unchanged (Table S.2). Hitleer weak interaction between one oxygen
of the zeolite lattice (§) and the hydroxyl hydrogen (H) of the alcohollisacly demonstrated by
long interatomic distances (d[H--g0= 215.9-229.6 pm).

Table S.2.Geometrical parameters (phof physisorbed complexes of C1-C4 primary alcohols

at the straight (str) and zigzag (zig) channelslinalite

H-O | O-C* | H---O,
Methanol | 97.2| 143.0
Str Q 97.5| 142.8| 222.0
Zig_0O, 97.5| 142.9| 229.6
Ethanol | 97.3| 143.6
Str Q 97.5| 143.6| 222.3
Zig_0O, 97.5| 143.6| 226.2
1-Propanol | 97.2| 143.5
Str Q 97.4| 143.4| 220.8
Zig_0O, 97.5| 143.5| 223.0
1-Butanol | 97.2| 143.6
Str Q 97.5|143.4| 215.9
Zig_0O, 97.4| 143.4| 228.9

S.3. Geometrical Parameters of C1-C4 Primary AlcoHs Physisorbed over the BAS
ObAI[O sH,] of H-ZSM-5

Important structural parameters of physisorbed dexrgs at the BAS EAI[O H,] are listed in
Table S.3. The primary hydrogen bond (HB}-HD in the 1-HB complexes is much longer than
that in the 2-HB complexes (142.1-153.7 vs. 12@&Q-9 pm). The latter complexes also possess
a secondary HB between the hydroxyl hydrogen abtadt and the adjacent aluminum-bound
oxygen (d[H---Q] = 188.1-212.6 pm). In contrast to the 1-HB compke the 2-HB complexes
have the alcohol O-H bond (97.2-97.3 pm) strongdygated as a consequence of the secondary
H---Ob hydrogen bonding (d[H-O] = 98.4-99.8 vs.1997.3 pm). Upon the adsorption of the
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alcohol, the zeolite HO, bond is elongated by 6.4 to 19.5 pm, dependindghenadsorption
mode. For the 2-HB structures, the elongation artsotn15.8-19.5 pm and is significantly larger
than that predicted by cluster-model calculatimsniethanol physisorbed complext8.For the
case of methanol, cluster models have predictedattmeation of a 2-HB physisorbed complex
with rather short HO, bond and long H--O hydrogen bond. Sauer et al. have employed both
clustef and periodic modet§°to study the adsorption of methanol over severalites. Using
cluster models of different size at the HF, MP2elsvof theory, they initially reported an
extension of 3.0-8.0 pm upon adsorption of methahloése authors also observed that th¢1O
bond elongation increases with increasing clustees$ Recently, these authors reported
periodic/MD calculations of methanol adsorptiorcirabazite’:* theta-1* ferrierite' and H-ZSM-
5%° The elongation of the zeolite;®!, bond was thereby predicted as 19.0, 12.0, 14.0L&rd
pm, respectively.

In going from C1 to C4 alcohal, it is observed thrathe zigzag channel the 2-HB complexes
of 1-propanol and 1-butanol have rather longefOH bonds (116.2-117.2 pm) and shorter
primary H---O HBs (126.2-127.8 pm) while the complexes ofthmaeol and ethanol have
comparable structural parameters (d{®i] = 114.3-114.8 pm and djH-O] = 130.0-130.2 pm).
This result may be ascribed to strong pore confer@neffects and/or steric constraints exerted
by the narrower zigzag channel on the longer hyahtwan chains of 1-propanol and 1-butanol. In
the straight channel, however, all 2-HB complexagehH-O, bonds and H--O HBs of similar
length (d[H-O4 = 113.5-114.5 pm and d[H-O] = 130.0-130.9 pm). Apparently, the more open
straight channel does not exhibit noticeable stoitstraints for the adsorption of C1-C4 primary
alcohols.

It is found that the methanol 2HB_str,H) and 2HB_zig_GH, complexes with their O-C*
bond tilted out of the @O, plane ¢ = 44-5f) have stronger interactions with the BAS as
compared to the 2HB_i #, complex with its O-C* bond lying in the “3-O” plan(@ = 4°).
Clearly, the 2HB_str_(M, and 2HB_zig_GH, complexes have longer,®i, bonds (113.9-114.3
vs. 106.7 pm), shorter primary (130.2-130.3 vs..714#n) and secondary (188.1-191.6 vs. 193.3
pm) HBs (Table S.3). For ethanol, 1-propanol, afmlithnol, we also located 2-HB physisorbed
structures with the O-C* bond shifting out of th@©” plane ¢ = 39-5F) as minima on the
potential energy surface. In a periodic-DFT stuélynethanol adsorption, Shah et giredicted

chemisorbed methoxonium over chabazite and a 2-HBsiporbed species over sodalite.



Supplementary Material for PCCP
This journal is © The Owner Societies 2010

Considering the geometrical difference of the twewlites, these authors suggested that if
methanol is in an open cage such as that of thelismdramework, physisorption is favored.
However, when methanol can lie in a ring such asefght-ring of chabazite, the charge transfer
due to chemisorption is stabilized by the elect@utential and/or interactions with the far side
of the ring. This idea was also shared by Stical.&twho found a methoxonium lying planar in
the eight-ring channel of ferrierite. However, Sagteal. found physisorbed methanol as the most
stable species over several zeolites (theta-lefee, chabazite, and H-ZSM-5) having 8- or 10-

ring channel$:?*

Table S.3. Geometrical parameters (distances in pm and ariglesegree) of physisorbed

complexes of C1-C4 primary alcohols at the strafgtr) and zigzag (zig) channels of H-ZSM-5

H,-O, | H-O | O-C* | H,--O | H---Op, | Angle o”
Unloaded H-ZSM-5| 97.7
Methanol 97.2| 143.0
1HB_str QH, 104.5| 97.1| 144.8| 150.5| 355.1 48
2HB_str QH, 113.9/99.1| 145.1| 130.3| 191.6 44
1HB zig QH, 104.4| 97.3| 144.8| 151.2 | 367.3 49
2HB_zig QH, 114.3| 99.5| 145.3| 130.2 | 188.1 51
2HB i OH, 106.7| 98.4| 144.0| 142.7 | 193.3 4
Ethanol 97.3| 143.6
1HB_ str QH, 104.9| 97.3| 146.0| 150.0| 365.1 45
2HB_str QH, 1145/ 99.1| 146.8| 130.7 | 195.0 43
1HB zig QH; 104.1| 97.2| 146.2| 153.7 | 359.4 39
2HB_zig QH, 114.8| 99.2| 146.4| 130.0 | 191.7 40
1-Propanol 97.2| 143.5
1HB_ str QH, 105.8| 97.2| 146.0| 145.4| 358.9 42
2HB_str QH, 114.2| 99.8| 146.4| 130.0| 203.0 41
1HB zig QH; 106.2| 97.2| 1.462| 145.2 | 363.6 47
2HB_zig QH, 117.2| 99.2| 146.8| 126.2 | 196.9 46
1-Butanol 97.2| 143.6
1HB_str QH, 107.1| 97.3| 146.6| 143.9| 361.0 41
2HB_str QH, 113.5/98.4| 146.5| 130.9| 212.6 39
1HB zig QH; 107.7| 97.4| 146.4| 142.1| 381.0 41
2HB_zig QH, 116.2| 99.3| 146.5| 127.8| 189.5 41

PAngle o is defined as the angle between O-C* bond a@dj plane.
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S.4. Geometrical Parameters of C1-C4 Primary AlcoHs Chemisorbed over the BAS
OpAI[O sH,] of H-ZSM-5
Important geometrical parameters and formal chaofesationary chemisorbed complexes are

reported in Table S.4. For the chemisorbed oxoniamaverage O-H distance is defined as

d;wg — d[Hz_O];'d[H_O] (1)

while for the hydrogen bonds between the oxoniunsiand the zeolite an average--@ distance is

defined as

d[H,-+-0g)+ d[H---0
dgwg _dl ]2 [ b] )

The chemisorbed complexes are characterized byHB® of inappreciably different length
(d[H--O4 = 143.8-152.3 pm; d[H---€) = 140.6-154.4 pm) and possess two equivalentleava
OH bonds (d[Hz-O] = 105.1-107.5 pm; d[H-O] = 104.09.0 pm), indicating the complete
proton transfer from the BAS to the alcohol. Analog to 2-HB physisorbed complexes, the O-
C* bond in the chemisorbed complexes is signifiatited out of the “3-O” planed = 47-67).

In addition, Bader charge analysis allocated al tctarge of +0.75 to +0.78 to the oxonium

fragments. A similar charge of +0.77 on the metmixm in chabazite was obtained by Shah et
al®

The methoxonium ion has a rather longer average @il length (V9= 107.3-107.4 pm) as
compared to the other oxonium ions that have coatparaverage O-H bond lengths®{(dl =
105.7-106.2 pm). The moderate increase in O-H b@mgth in going from methanol to the other
alcohols may be attributed to the difference int@maaffinity of the alcohols. Methanol (PA = -
754 kJ mot)® is somewhat less prone to protonation then th€&2lcohols (PA = -776 kJ mol
! to -789 kJ mat).2 In literature, periodic-DFT studies reported meathwium ions having O-H
bond lengths ranging from 105.0-108.03nand are in agreement with the values obtained in
this study. The existence of both 2-HB physisoraed chemisorbed complexes as minima over
the potential energy surface with a significantipdd range of HO, bond length/distance
(113.5-152.3 pm) reveals that the zeolite protarctflates between the framework and the
alcohol while the hydroxyl proton is well localizeear the alcohol oxygen (d[H-O]: 98.4-109.0
pm). This observation is supported by the OH radistributions obtained from ab initio MD
simulations for methanol adsorption over severalitgs>*"°
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To interpret the effect of symmetry in O-H bondd#non the energy and on the harmonic
stretching frequencies of the -H group of the oxonium ions, chemisorbed comgdewith
more symmetric O-H bonds were also located for arethand 1-butanol in the zigzag channel
(Table S.4). In contrast to methoxonium_zig (d[Hg-© 105.8 pm, d[H-O] = 109.0 pm),
methoxonium_zig_sym has a more symmetric strudfditdz-O] = 107.3 pm, d[H-O] = 107.2
pm). A similar difference in O-H bond lengths is@alobserved for butoxonium_zig (d[Hz-O] =
107.5 pm, d[H-O] = 104.7 pm) and butoxonium_zigns(d[Hz-O] = 105.9 pm, d[H-O] =
105.4 pm).

Table S.4.Geometrical parameters (distances in pm and anglésgre€) and formal charge of

chemisorbed complexes of C1-C4 primary alcohoth@straight and zigzag channel

Hr-Oa[H-~Op [HO | HO [O-C* [ d™ [ ™ [ o | ¢

Methanol

Methoxonium_str 148.7] 142.2 106.208.6| 146.5 107.4| 145.4| 61 | +0.76

Methoxonium_ zig 148.9] 140.6 105.809.0| 145.9 107.4| 144.7| 54 | +0.75

Methoxonium_zig_syth| 144.7 | 144.7| 107.3107.2| 146.0 107.3| 144.7| 54 | +0.75

Ethanol
Ethoxonium_str 150.0f 147.1 105.806.6| 147.9 106.2| 149.0| 48 | +0.78
Ethoxonium_zig 146.9| 151.3 106,6105.4| 147.9 106.0| 149.1| 48 | +0.77
1-Propanol
1-Propoxonium_str 151.6 147 105.406.7| 148.5 106.0| 149.4| 52 | +0.78
1-Propoxonium_zig 151.1 149.8 105.406.2| 148.1 105.8| 150.5| 47 | +0.76
1-Butanol
1-Butoxonium_str 152.3] 146.0 105.1107.1| 148.3 106.1| 149.2| 55 | +0.77

1-Butoxonium_zig 143.8] 154.4 107/5104.7| 148.0 106.1| 149.1| 47 | +0.78

==

1-Butoxonium_zig_syfh| 149.2 | 151.3] 105.9105.4| 148.1 105.7| 150.3| 47 | +0.78

;wg _ dlHz-0]+d[H-0] and dtzwg _ d[Hz---Oa];- d[H---0b]

d

%y: formal charge of the protonated alcohol (ROR: hydrocarbon chain) in H-ZSM-5.
PChemisorbed complexes with more symmetric coval#tibond length.
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S.5. Geometrical Parameters and Physisorption Eneirgs of C1-C4 Primary Alcohols
Physisorbed over the BAS QAI[O ,H_] of H-ZSM-5

To put in evidence the proton exchange betweenatlyacent aluminum-bound oxygen atoms
(O, and @), 2-HB physisorption structures are additionallgmpled at the other BAS
O-Al[OH;] with the zeolite proton attached tg.@ was observed that the location of the zeolite
proton (H) at Q, or G, has no significant effect on the structural paramseand energetics of the
2-HB physisorbed complexes (see Tables S.5.1 @&nd Below).

2HB_str_ O H, 2HB_zig OyH,

Figure S.5. Representative H-ZSM-548,0H physisorbed complexes over the BAS
O-AI[OpH,]: 2HB_str_QH; at the straight channel (left pannel) and 2HB_@i¢H, at the zigzag
channel (right pannel). SF Sil2, Q= 024, Al = Al12, and @= 020, respectively.
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Table S.5.1.Geometrical parameters (distances in A and angléegreé)of 2-HB physisorbed
complexes over the BAS8I[OH,] of H-ZSM-5

H-O, | H-O | O-C* | H---O | H---Q, | Angleo”

H-ZSM-5...Methanol
2HB_str QH, 114.3 99.4 145.6 130.4 1911 57
2HB_zig_QH, 115.1 99.6 145.3 129.9 185(7 51

H-ZSM-5...Ethanol
2HB_str QH, 114.7 99.3 146.8 130.1 1939 48
2HB zig_QH, 116.0 | 99.3 146.5 128.4 1906 38
H-ZSM-5...1-Propanol

2HB_str QH, 114.2 99.2 146.1 130.7 1906 36
2HB_zig_QH, 116.5 98.8 146.9 127.0 2057 46

H-ZSM-5...1-Butanol
2HB_str QH, 113.8 99.1 146.0 130.6 1900 33
2HB zig_QH, 118.6 99.1 147.1 124.7 1989 41

®Atom labels and physisorbed complex notation afiele in Figure S.5.
PAngle o is defined as the angle between O-C* bond a@dj plane.

Table S.5.2.Physisorption energiesAEpnys kJ mol') of 2HB physisorbed complexes at the
straight (str) and zigzag (zig) channel over theSBBAI[O ,H] of H-ZSM-5

AEphys
PBE PBE-D
str | zig str zig
Methanol | -86| -83] -114 -116
Ethanol -88| -84| -126 -132
1-Propanol| -88 -83 -138 -14
1-Butanol | -87| -80| -149 -162

S0 o6
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S.6. Atomic Coeeficient and van der Waals Radii usgor PBE-D Calcualtions

Table S.6 Atomic coeeficientscg, Jnnf morl’) and van der Waals radig{, A) taken from ref.
10 for H, C, O, Si and Al atoms.

Element| ¢, R,
H 0.14 | 1.00%
C 1.75| 1.452
O 0.70 | 1.342
Si 9.23| 1.716
Al 10.79| 1.639
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