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1- XRD patterns
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Figure S1 X-ray diffraction patterns of the four materialsed throughout this study. For the sake of
clarity, an offset has been applied to the difiogcams.

2- Characterisation of the reactor

The axial dispersion in a fixed-bed reactor is ahterized by the axial Peclet numiis, which in
turn can be expressed as a function the Pecletewafilinert particld?e, through the correlation

1 1 1

P_eL " tPe,, 2

wherert is the tortuosity of the catalytic betl£ 1.47 in the case of a packing of spheté)e Peclet
number of inert particleBe, can be calculated through the formula

udp
Pe, = ——
em D,

whereu is the interstitial axial velocity of the fluidr the diameter of the particles (125-200 um in our
case ; we chose 160 um for the calculation) Bpdthe molecular diffusivity of the fluid (we
considered the self-diffusivity value of nitroger2@0 °C to be 4.650°.n?.s™).

Calculations yieldPg =0.24 for the highest flow rate investigated (60 min™).

The numbed of CSTR required to describe the axial dispersibthe reactor is given by the formula
J=1+Peg/2 = 1.12, which we truncate to 1.The reactor camadsimilated to a single CSTR.

S2



3- Thermodynamic calculations

For a given specigs G(,T,P) can be calculated through the forn(8a)

G(i,T,P) = E(1) + Wip(i,T) + Uror(1,T) + Unrand(i, T) + PVin =TX Si(i,T) =Tx S, T) = Tx (S1)
Srand(i, T,P)

The vibrational, rotational and translational effglaand entropic contributions for a gas phase
molecule considered as an ideal gas can be cadublith equation§S2) — (S3)

hcv, X exp _hv )

Uus (0 T) = N, Z v+ it (S2)

_hv,
n 1-— exp BT)

Utrans (6T + Uporm (i, T) + PV, (i, T) = 4RT

(S3)
g exp (~ 1) hy
i _ gl B _ _ __m
S (L, T) = Nakg Z 1— exp (_ hvn) Z In (1 eXp( kgT)) (S4)
™ k;T) "
VR Brtky T2
T 2
S0t (i, T) = Nk, In . ( th ) VAei X Be i X Ce,i] (S5)
. 5 5
Sirans (i, T, P) = Nk (Eln(T) —In(P) + Eln(Mi) - 1,165) (S6)

where the vibrational contributions can be deduitedh the calculated frequenciesof the model
(note that equatio(53)includes the zero point vibrational energy in itstfterm).A.;, Be; andC,; are
the rotational constants of the moleciylandM,; its molecular mass®

For an adsorbed molecule or for a surface, theioot and translational contributions are conwkrte
into vibration modes, so that the only remainingnie are the vibrational ones — that can be caledlat
using the equation&3) and(S5) — and the electronic energyi). For these phases, we also consider
that thePV,, term is very small with regard to the energetion® and is therefore neglected, and thus
we consideH = U in this case.
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In order to assess the uncertainty induced by tbaroence of additional imaginary frequencies an th
calculated thermodynamic data, we evaluated thatse @h two cases, using three different methods
for treating the imaginary frequencies:

* Method 1: the imaginary frequencies are turned tinéar real counterparts;
« Method 2: every wavenumber inferior to 50°tim set to 50 cify as proposed by Marin et al.
4,5

« Method 3, adapted from Method 2: every wavenumtierior to 25 crit is set to 25 cih

The results are shown in Table S1. Adsorption @waiton enthalpies are not affected by the choice
of the method, as the vibrational component ofetalpy (mainly ZPVE) essentially depends on the
higher frequencies. Adsorption entropies showelitependence on the treatment method (with one
notable exception), and activation entropies magy vay up to 14 J.K.mol*, which at 200°C
represent a Gibbs free energy offset of only 6.f&Dl". Note moreover that in most cases, the offset
induced by the chosen method exhibits the samel ti@nthe different reactions. Method 2 usually
yields somewhat higher activation entropies thathigés 1 and 3, that lead to close results.

Table S1.Influence of the treatment of residual imaginarg &ery low frequencies on the calculated
adsorption and activation parameters. Enthalpiegaen in kJ.mot and entropies are given in J.K
1 1

.mol".

Method 1 Method 2 Method 3
Formation of propene BagH® -121 -121 -121
E2, surface (100) site Aads§c° -186 -186 -186
’ Al ’ AH 125 125 125
Va Ar§ 8 9 .
Formation of propene BagH® -121 -121 121
Elg, surface (100) ' AadsS: -186 -186 -186
, site Ak, ’ AH 147 147 147
: AS' 43 34 a5
i DagH® -90 -90 -90
Formation of ether, o
S\2, surface (100), AadsS:c -185 -191 -185
Alya/Alyy AH 178 178 178
val V Ar§ -39 -34 -29
DagH® -62 -62 -62
Formation of ether, £, S° 146 168 Py
SN2, stjrf;ace (100), AH 112 112 119
Alyy/Ozy
Val \Y3a’ Ar§ 36 2 _29
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4- Equilibrium calculations

The thermodynamic limit of evolution of a systermtaning an initial partial pressure of 1.5 kPa of
isopropanol iPrOH) in nitrogen (total pressure of 1.0 atm) wasleated as a function of the
temperature (from 0 to 240 °C) using the Chemkirftwsre and the Chemkin gas phase
thermodynamic databa8eThe equilibrium isopropanol conversion is near§0®6 on the whole
investigated temperature range (Figure S2). Digoyether is the low-temperature product, while
propene is obtained with a near 100 % selectiMityva 150 °C. Thus, at 200 °C, the system should

evolve to 100 % conversion of isopropanol with %90selectivity to propene once equilibrium
conditions have been reached.
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Figure S2.Equilibrium situation as a function of temperatwalculated using the Chemkin software
with a total pressure of 1 bar and an initial ismanol partial pressure of 1.5 kPa.
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5- Kinetics experiments

5.1. Steady-state conditions

Figure S3-(a) presents the evolution of isoproparmiversion with time-on-stream at a constant
reaction temperature (200 °C) for 10 mg of pgredumina diluted in SiC and activated at 450 °Ce Th
initial isopropanol partial pressure was 1.5 kPant&ct time was varied by varying the flow rates(,
when the flow rate increased, contact time decrcbasel conversion was lowered, avide versj
Under the initial flow rate (15.0 cc.minintermediate contact time), steady-state waseselli after a
short induction period (roughly 45 min). After 2dm stream, the flow rate was decreased to 8.0
cc.min® (high contact time): then increased to 47.0 ccnfilow contact time); and back to its initial
value. Conversion changed accordingly. After edwdinge, steady-state was reached very quickly. It
can be noted that the initial conversion (24 %) Waly recovered when the flow rate was changed
back to 15.0 cc.mih We left the system overnight under these reactimitions. No deactivation of
the catalyst was observed. We repeated the proedlddemext day and obtained the same isopropanol
conversion for each contact time. This experiméois that in these reaction conditions and at 200
°C, water formed upon isopropanol dehydration doesaccumulate on the surface. No poisoning
effect is evidenced even for a conversion of 35%icating that if adsorbed on the active sitesgwat

can be displaced by isopropanol from the gas-phase.

In a second series of measurements (Fig. S3-f®)catalyst was left under reaction flow and cantac
time was progressively increased by decreasingstimopanol flow rate, leading to successive drops
of the outlet isopropanol partial pressure (indregagsonversions). It was checked that carbon balanc
between the inlet and the oulet was always higheam 87 % (experimental uncertainty may lead to a
very slightly positive carbon balance in some cpfeig). S3-(c)). Isopropanol and reaction products
do not accumulate on the alumina surface and ddemmbthe active in these reaction conditions and
at 200 °C.
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Figure S3 (a) Evolution of the isopropanol conversion withe-on-stream (= 200 °C, initial

Carbon content
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-3 -

Prron = 1.5 kPa, = 4.0 mg, activated at 450 °C for 3 h undey. Mt t = 0, the system was put
under reaction conditions. Flow rate changes arkedawith dotted lines. The encircled data
points are related to instabilities in the floweraggulation when the set value is low, and should
not been considered. Intermediate contact time: ©6#® cc.miff; high contact time: Q = 8.0
cc.min®; low contact time: Q = 47.0 cc.min(b) Typical set of experiments where contact time

progressively increased. (c) Corresponding cartadanice.
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5.2.

-15

Arrhenius plots

1000/T (K-1)

In(ro0)

Figure S4.Arrhenius plots for the formation of ether andpg@oe on the four investigated materials.
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ro is expressed in mol:As’. Isopropanol conversion was kept below 8 %.
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Figure S5.Partial pressures evolution déralumina. & = 200 °C, Ron = 1.5 kPa, = 60 mg.
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Figure S6.Selectivity to diisopropylethers. conversion plot monitored for a reaction tempeetf

Selectivityvs.conversion at 180 °C
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6- Hydration state of y-alumina according to Density Functional
Theory calculations

We consider herein that the whole surface of eags$tailographic plane ((100) or (110)) is composed
of N elementary surface cells. Each cell behaves esmplex that can bind water molecules: 1 to 6
for the (110) crystallographic plane, and 1 to 4 ttee (100) plane. Let us define the successive
adsorption reaction&si) and global adsorption reactiofti) :

HZO(g) + Ai—l = Ai (S)
i Hy0g) + A = A; (G)

where A stand for the surface cell withwater molecules attached €0 <4 for the (100) surface,
0<i < 6 for the (110) surface). The associated thermanima@onstants are notd¢|’ and s°. For
each of these reactions, standard enthalpies drmp&s have been calculated using DFT. The results
at 25 °C for reaction$S) are reported in Table S1. These values have asmsll temperature-
dependence over the range 0 to 750 °C. For thi®redhe value at 25 °C has been employed on the
whole temperature range. We emphasize here agairwh used surface models for the hydrated
(110) termination derived from the recent work ofs@ert et al’,who consider a stabilizing surface
reconstruction by migration of an aluminium atom dntetrahedral coordination. We found this
phenomenon to be stabilizing for OH coverage froint® 15.0 OH.nrA.

From these data, reaction constants can be caduldihe following equations lead to the values of
the proportion; of cells occupied by water molecules, as a function of the temperaforea given
water partial pressufi@,o at equilibrium.

Ko =—1— (S7)
Xi—1Pu20
0 Xi
0 _ _ S8
hi X0 (Prz0)* (S8)
i
B = HK,? (S9)
n=1

z %=1 (S10)
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_BP(Pu20)’
YA B2 (Phyz0)t

1

and P4 R Aeweae— S11
0 2,ma% B (Prz0) ( )

P =

Table S2.Successive computed enthalpies and entropiessairjgiibn of water on both surfaces at
25 °C. Entropies are given in J*nol™ and enthalpies in kJ.mblThe corresponding OH coverage is
given in OH.nnit. Note that the number of adsorbed molecules isitiaber of molecules adsorbed
on the elementary surface cell; as our periodicution cell contains 4 elementary cells, the

simulation cell containg i water molecules.

(110) 1 2 3 4 5 6
AagH° -228 -196 -167 -135 -69 -54
Aag:S° -148 -186 -158 -165 -167 -163

OH coverage 3.0 5.9 8.9 11.8 14.8 17.7

(100) 1 2 3 4
AagH° -100 -110 -89 -60
Aag:S° -157 -169 -176 -143

OH coverage 4.3 8.6 12.9 17.2
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7- Energetic span concept

Let us consider the following situation:

- Bis areactant that may lead to products P thraumghctivated complex T;
- B is in rapid equilibrium with another species Adathe formation of A from B is poorly
activated. A is more stable than B.

We thus define the constamisandK® for the reactions :

kT AGF

B>P =2 exp(-——2
kq n exp< RT)
A,G° [A]
B=A 0 — T ==
K exp( RT) 3]

The situation can be represented on a Gibbs fremyg diagram as follow:

ArGli

AG,*

We callC° the total concentration in A and B, suchjAk+ [B] = C°. We expres$A] and[B] as a
function ofK°® andC*:

K° and 1
=— (O B]=—C°
[A] = 753 C 1Bl =175

If A is more stable than B to the extent tKat>> 1, we simplify those relations:

[A] = C° and co
[B] ~ X0

and of coursd¢A] >> [B] . The main consequence of these equations is katdncentration of B
strongly depends on the temperature, while theeaunation of A does not (at least less tfa)). As
a result, the reaction rate temperature dependaeends on both on the activation enthalpy,*
and on the standard enthalH°:
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The reaction rate for the formation of the prodiRtzan be expressed as

=——-¢

T=k1[B]=k1F n

CO  kgT A.GH C°
RT ) KO

The experimental activation enthalpy is determibgdplotting In¢/T) as a function ofl/T. Let us
calculate this expression (Eyring plot):

r kq[B] kpCO AGY .
ln(f)—ln< T >—ln< T —In(K?)
r kpCO AGY A,G°
ln(f)—ln< " >_<RT + RT
. kpCO N A.Sf—AS°\  (AH —AH°
h R RT

Thus, plotting In¢T) vs.1/T yields a straight line with the slope

_ (AHE-AH\ O (AHE
= R = R

if we defined,H,* 4,S* 4,G,* andk, such as:

AGE = AGF —7,G°

AHY = AHF — AH°

A.S¥=A.5F—A,.S°

kT AGH\ Ky
& :TeXp<_ RT ) ~ Ko

We may rewrite the Eyring plot accordingly:

r kpC® A,S¥ A HE
ln(T)—ln( " >+( 7 )"\ &r

and the rate expression :

CO
r = kl[B] = klﬁ = szO = kz[A]

which is exactly the rate expression for reactio® 4.

As a conclusion, in such a case, the temperatyendience of the rate is determined by the enthalpic
difference between the transition state T and tbetratable species (A), and not between T and the
less stable species B - although this latterkislyito be closer in structure to the activated plax
than A. This relates to the TOF-determining traositstate (TDTS) and the TOF-determining
intermediate (TDI) in the energetic span coné8ph other words, the rate reflects the populatibn o
the possible initial states, and thus the most déninspecies is the most relevant as the inité st
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In the case encountered in the manuscript, A igliheociated state on theAlaluminum site of the
(100) surface, while B is the associated alcohloé Galculated parameters are

- AH°=-10 kJ.mot
- AS°=2J.K.molt
- K°=16.2

This yields[A]/C® = 0.94 andB] /C° = 0.06. 94 % of the total occupied sites is in thesdtiated
form while only 6 % remain under the associatedhfor

For these reasons, we chose to consider the dissted form as the common initial state for
every calculated activation parameter on this site.
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8- Thermodynamic functions evolutions alonq the reactin paths

8.1.

E2 mechanism

Formation of propene
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C-0O bonds)
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Recombination of
water

Desorption of
water

Figure S8.Evolution of the thermodynamic functions along theaction pathway for the formation of propene tigto E2 mechanism calculated by DFT at

200 °C with respect to the reference state {surfad@rOHgj}(site Aly,, surface (100)) (a) Enthalpy (kJ.ritpkb) Entropy (J.K.mol?) (c) Gibbs free energy
(kJ.mol). The corresponding structures are shown in théetabove. As indicated in the manuscript, dissimiaof isopropanol (steps 2 4) and
reassociation of the water molecule (step® B) are very poorly activated processes. The cporeding transition states (3 and 8), which are wboge in

structure to the initial (or final, respectivelgsaciated forms, are not presented here.
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El., mechanism

(@) (b) (©)
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50 | 100 -
0 0 '

50 - -100

-100 - -200

-150 - 300 -

Step N°
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_4

Gas-phase
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Chemical nature of Formation of a carbanion

the step intermediate (Habstraction)

Formation of propene (C-O breaking

Figure S9.Evolution of the thermodynamic functions along thaction pathway for the formation of propene tigto E1, mechanism calculated by DFT at
200 °C with respect to the reference state {surfairOHg)}(site Aly,; surface (100)) (a) Enthalpy (kJ.riipkb) Entropy (J.K.mol?) (c) Gibbs free energy
(kJ.mol%). The corresponding structures are shown in thie t&teps 1 to 4 and 9 to 12 are similar to stefos4 and 7 to 10 of the E2 mechanism.
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E1 mechanism
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Hydrogen transfer
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Figure S10.Evolution of the thermodynamic functions along thaction pathway for the formation of propene tigto E1 mechanism calculated by DFT at
200 °C with respect to the reference state {surfairOHg)}(site Aly,; surface (100)) (a) Enthalpy (kJ.riipkb) Entropy (J.K.mol?) (c) Gibbs free energy
(kJ.mol%). The corresponding structures are shown in thiet&teps 1 to 4 and 9 to 12 are similar to slefis 4 and 7 to 10 of the E2 mechanism. After
desorption of the propene molecule, the surfadefisvith a dissociated water molecule in a hightyfavourable state (step 9). We consider the statgl
transfer of the proton from one oxygen atom torteet one to be a fast, non activated step, anddigusot calculate any transition state correspumdd the
step 9> 10 (dotted).
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8.2. Formation of diisopropylether

‘Al o — O30 Mechanism’

(a) (b) (©)
0 \ 0 N X 200 1
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Chemical | Adsorption of isopropangl  Adsorption of . - Desorption of Hydrogen transfer
nature 1 on Al + dissociation | isopropanol 2 on @ Concerted formation of diisopropylether diisopropylether on the surface

Figure S11.Evolution of the thermodynamic functions along thaction pathway for the formation of diisoprogkkr through the ‘Al, — Osy mechanism’ calculated by
DFT at 200 °C with respect to the reference statgface + 2PrOHg}(site Aly, surface (100)) (a) Enthalpy (kJ.dl(b) Entropy (J.K.mol?) (c) Gibbs free energy
(kJ.mol%). The corresponding structures are shown in thiet&teps 1 to 4 are similar to steps 1 to 4 efE& mechanism, with one additional isopropanolemale in the
gas phase. Steps 10 to 13 are similar to stepslD tof the E2 mechanism, although with diisoprofhge in the gas phase instead of propene. Afteorgéen of the
diisopropylether molecule, the surface is left witdissociated water molecule in a highly unfavblaatate (step 8). We consider the stabilizingdfer of the proton from
one oxygen atom to the next one to be a fast, ntiveded step, and thus did not calculate any itiansstate corresponding to the step8 (dotted).
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‘Al va - Alyp, Mechanism’

(@) (b) ()
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Figure S12.Evolution of the thermodynamic functions along thaction pathway for the formation of diisoproglkr through the ‘Al, — Aly, mechanism’
calculated by DFT at 200 °C with respect to theneice state {surface +iPrOHg}(surface (100)) (a) Enthalpy (kJ.m9l(b) Entropy (J.K.mol™) (c)
Gibbs free energy (kJ.mdl The corresponding structures are shown in thiet&teps 1 to 4 are similar to steps 1 to 4 efE® mechanism, with one
additional isopropanol molecule in the gas ph&&eps 10 to 13 are similar to steps 7 to 10 oBkenechanism, although with diisopropylether in gas
phase instead of propene. After desorption of tisepropylether molecule, the surface is left vatiissociated water molecule in a highly unfavoleratate
(step 8). We consider the stabilizing transferhef proton from one oxygen atom to the next onesta fast, non activated step, and thus did notitzt any
transition state corresponding to the step 8 (dotted).
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8.3. Comparison between the mechanisms

L (a
w ) (@) Enthalpy . (b) Free energy
——E2
o f\ / 150 E1ch
0 ‘ R K /' T 1100 —El
3 5 7 \/9 11 13
50 - 50 -
—~E2 o
1007 ——Elch 5 7 w
——E1 50 4

-150 -
Figure S13.Comparison of the E2, Eland E1 mechanisms for the formation of propensitenAl,,
of the (100) facets of gamma-alumina in terms of Eathalpy (kJ.mal) (b) Gibbs free energy
(kJ/mol™).
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Figure S14. Comparison of the mechanisms v&Ds,' and ‘Aly.-Aly,’ for the formation of
diisopropylether on the (100) facets of gamma-ahanin terms of (a) Enthalpy (kJ.rfil(b) Gibbs
free energy (kJ/md).

Note : In any case, the rate determining step <hvis the step associated to the highest change in
Gibbs free energy — is the formation of a transistate, and not a desorption step.
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O- Transition states structures

In this section, - - - - represents a forming bomuile

9.1.

(100) — propene

represents a breaking bond.

Top View

Side View

AlVa-E1

AlVa - E2

AlVa — Elcb

AlVa — EZnya
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AlVc — E2

AlVc — Elcb

AlVb — E2

AlVb — Elcb

Figure S15.Activated complexes for the formation of propenetite (100) dehydrated surface
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9.2. (100) - Ether

Top View Side View
? 4

AlVa - AlVc

AlVa - AlVb

AlVa — O3y

AlVb - AlVc
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AlVD - AlVb

AlVa — O3y

Figure S16. Activated complexes for the formation of diisopytgther on the (100) dehydrated

surface
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9.3. (110) — Propene and Ether

Side View

Top View

Propene — Al

Propene — Alx

Ether — AlVa/AI va

Ether — AlVa/OZb

Figure S17.Activated complexes for the formation of diisopytgther and propene on the (110)
hydrated surface (8.9 OH.rfin



9.4. Miscellaneous

TopView Side View

Formation of
propene,
Brgnsted

mechanism

(100) surface —
8.8 OH.nn¥

Diisopropylether
conversion
(100) surface, site
Aly,

Formation of
propene where
Al -p,OH acts as
a basic center for
the abstraction of
thep hydrogen

atom — (110)

surface, 8.9
OH.nm?, surface
from ref*°

Formation of
propene where
Aly,-110H acts as
a basic center foi
the abstraction of
thep hydrogen
atom — (100)
surface, 4.4

OH.nm?

Figure S18.Miscellaneous activated complexes

26



9.5. Activated complex in the presence of a coadsorbed
(Na*,OH") or H,O species

Figure S19.(100) termination with adsorbed molecule (a) aifiNaOH ; (b) and (b’) KD.

Remarks:

(a) and (a’) have symmetrical structures and idahgnergies,
(b) and (b") have symmetrical structures and idah&nergies.
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Table S3.Adsorption enthalpies and activation parametarghfe formation of propene on the Al
site of the (100) terminations with NaOH os®co-adsorbed molecules.

Coadsorbed . Adsorption Reactivity
molecule S Mode AggH® AH? AS'
None - Dissociated -121 125 -8
I Associated -111 120 -16
Na’',OH I Dissociated -119 125 4
Il Dissociated -120 126 9
I Associated -110 123 -16
H,O I Associated -112 120 -15
Il Dissociated -121 120 -9
Ccr;-gg sccl)JrIt;ed Site Activated complex
(Na',OH)

[*
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II**

H.O

Figure S20.Activated complexes for the formation of properwf isopropanol on the (100)
terminations with co-adsorbed molecules {}4d) or H,0.

Remarks :
* For model Il, the (") surface model was employedrder to avoid direct steric interaction betwee

the sodium ion and the isopropanol molecule.
** As for the co-adsorbed NaOH species, the symicatstructure (b’) was employed (see caption of

Figure S12).
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