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Catalytic pathways of guaiacol and hydrogen (H;) reactions on dispersed Ru clusters in the aqueous med-
ium and the associated kinetic requirements for C—OCH3 bond cleavage and H-addition steps are estab-
lished based on kinetic and isotopic investigations. Time-dependent Kkinetic measurements in a
gradientless semi-batch reactor reveal that guaiacol reacts with H, via two independent routes of
C—OCH3 bond cleavage and H-addition; the former leads to phenol, cyclohexanone, cyclohexanol, and
cyclohexane and latter to 2-methoxy-cyclohexanol. During catalysis, an adsorbed guaiacol undergoes a
single, quasi-equilibrated H-adatom (H') addition on its aromatic ring, forming a partially-
hydrogenated intermediate, before the sequential kinetically relevant C—OCH; cleavage or H addition
steps on Ru cluster surfaces nearly saturated with deprotonated guaiacol. Increasing the H' coverage pro-
motes the overall turnovers but decreases the selectivity towards the C—OCH; bond cleavage, because H’
addition event not only activates guaiacol but also promotes H-addition without breaking its C—0 bond.
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1. Introduction

Catalytic transformation of phenolic monomers (phenol, ani-
sole, catechol, and guaiacol) in lignin to cyclic hydrocarbons is an
attractive route for synthesizing sustainable chemical feedstocks
[1-4]. Among the various phenolic monomers, guaiacol is struc-
turally most complex, as it contains an aryl ether (Ar—OCH3) and
a phenolic hydroxyl (Ar—OH) linkages. Scheme 1 shows the struc-
ture of a guaiacol, which contains six aromatic carbons (C'—C®) and
one aliphatic carbon (C”). Carbon atom C' connects to a hydroxyl
group (C'—OH), C? to a methoxy group, and C3, C%, C, and C® each
connects to an H-atom (C°—H, a = 3-6). C’ is the only aliphatic car-
bon that bonds to an oxygen atom and three H-atoms (H;C’—0C?).
There are three C—O bonds in guaiacol, namely C'—OH, C’—0C?,
and C?>—0C’ bonds. Hydrodeoxygenation of guaiacol involves
cleaving some or all of these C—0 bond(s), which may occur either
concomitantly or in sequence via multiple pathways. Scheme 1a
summarizes the plausible primary hydrodeoxygenation pathways
for guaiacol-H, reactions on transition metal catalysts. Taking Ru
as an example, hydrogen addition onto the benzylic ring forms 2-
methoxy-cyclohexanol [5,6], hydrogenolysis of C'—OH bond to
anisole [7,8], hydrogenolysis of C>—0C’ bond to phenol [5,7,8],
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and hydrogenolysis of C’—0C? bond to catechol [8]. The primary
products may undergo secondary hydrodeoxygenation, producing
cycloalkanes and cycloalkanols. As illustrated in Scheme 1b, hydro-
genation of phenol with its C—0 bond intact forms cyclohexanone
then cyclohexanol (Pathways 2 and 3), and alternatively hydro-
genation with its C—0 bond cleaved forms cyclohexane (Pathway
4) [9-11].

This complex reaction network (Scheme 1) has brought forth
significant challenges in probing the individual reaction paths,
even for reactions at the vapor-metal interface without solvent
molecules, at which the solvation effects are do not exist
[6-8,12-14]. In the presence of a solvent, the solvation effects
may influence the energies of the reactants, intermediates, and
transition states along the catalytic paths and, in turn, the catalytic
sequences, rates, and selectivities. Despite extensive studies on this
reaction system and a wealth of conversion and selectivity data
generated for this reaction at both the vapor-Ru [6-8,12-14] and
water-Ru [5,15,16] interfaces, there is a lack of detailed kinetic
assessments and mechanistic interpretation, specifically, on the
reaction network, reversibilities of the individual reaction steps,
interdependencies of the reaction paths, and the identity of most
abundant surface intermediates and kinetically relevant steps. Pre-
vious studies have reported the apparent activation barrier,
reaction pathways, and first-order rate constants for guaiacol
(0.8 M) and H, (2 bar) reactions at 453-513 K on bi-functional
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Scheme 1. A comprehensive reaction network of guaiacol-H; reactions, which includes (1a) plausible primary hydrodeoxygenation pathways and (1b) plausible secondary
reaction pathways starting from phenol intermediates (Pathways 2-4). [- — — & denotes a catalytically inconsequential pathway, whereas ———p denotes a catalytically

consequential pathway (details analyses in Section 3.1).]

Ru/H-ZSM-5 catalysts with water solvent [17]. However, an expla-
nation on the exact functionalities of Ru cluster surfaces and solid
acids, kinetic dependencies on guaiacol and H,, catalytic role of
reactive hydrogen species, coverages and identity of the various
intermediates, and a link between these catalytic events and ele-
mentary steps to the observed rate dependencies have remained
largely missing. Literature has reported the selectivities towards
C—O0 bond cleavage (mainly as cyclohexanol) and H-addition (as
2-methoxy-cyclohexanol) products of ~75% and ~25%, respec-
tively, during guaiacol (1 M) and H, (40 bar) reactions on Ru-H,0
interface at 523 K [5]. However, the apparent selectivity dependen-
cies on H, pressure and guaiacol concentration and the specific ele-
mentary steps leading to such dependencies are unclear.

In terms of theory, density functional theory (DFT) calculations
have examined somewhat extensively the reactions on transition
metal surfaces {Pt(111) [18,19], Ru(0001) [20,21], Fe(110)
[22], and Pd(1 1 1) [22]}. These studies, however, predominantly
focus on model surfaces largely free of adsorbates and in vacuum,
without solvent molecules. Their findings, especially on the most
preferred reaction path(s), may not translate directly to the reac-
tion events occurred at the water-metal interfaces, at which the
interactions between water solvent molecules and reactive frag-
ments, including the transition states, and among the water mole-
cules do matter. These additional interactions influence the
energies of the adsorbed reactants, intermediates, transition states,
and products along the reaction coordinate to different extents
[23,24] and, in turn, mediate the rates and selectivities.

Here, we establish the reaction network for guaiacol-H, reac-
tions at the water-Ru cluster interface with rigorous rate assess-
ments, kinetic modeling, and H-D isotopic exchange studies and
explain the mechanistic requirements for the two competing
routes of C2—0C” bond cleavage and H-addition. These experimen-
tal findings, together with the adsorption configurations and ener-
gies of the various reactive fragments derived from DFT
calculations [21], led to a proposed sequence of catalytic events.
Guaiacol adsorbs on an ensemble of Ru sites and reacts with che-
misorbed H-adatoms (H') via a single, rapid, quasi-equilibrated

H-addition event onto its benzylic ring, forming a partially-
hydrogenated guaiacol as the common reactive intermediate. This
intermediate undergoes an irreversible, Kkinetically relevant
C2—0C” bond cleavage step, when a vicinal Ru site is available,
forming phenol, cyclohexanone, cyclohexanol, and cyclohexane.
Alternatively, it wundergoes the competing, irreversible,
kinetically-relevant H-addition step with a neighboring hydrogen
adatom (H), forming 2-methoxy-cyclohexanol after a series of suc-
cessive hydrogen addition events. Because of the different site
requirements, namely vacancy site () versus H-adatom (H), of
the C2—0C” bond cleavage and H-addition routes, respectively,
the selectivity towards the desired C>—0C” bond cleavage products
increases with increasing vacancy-to-hydrogen adatom site ratio
(-to-H"), as dictated by the inverse square root of H, pressure.
H-D isotopic exchanges on C3, C* C°, or C® during guaiacol-H,-
D,0 reactions confirm that the first H™ addition onto one of these
carbon atoms of guaiacol is reversible, as the ring deuterated gua-
iacol forms and accumulates prior to its sequential hydrodeoxy-
genation reactions. The mechanistic framework established here
describes the formation of a common, partially hydrogenated
guaiacol-derived intermediate, site requirements of C>—0C’ bond
cleavage and H-addition routes, and how H, pressure influences
the vacancy-to-hydrogen adatom coverage ratio and in turn the
selectivities during guaiacol hydrodeoxygenation.

2. Experimental methods

2.1. Preparation and characterizations of dispersed Ru clusters
supported on activated carbon powders

Activated carbon powders (Norit, Activated Carbon, SX ULTRA
CAT 8020-1, surface area of 1200 m? g~!, pore volume of 1.4 cm?® -
g~!, 90% of the mean particle size are < 100 um) were placed in a
quartz boat and treated in a furnace under flowing He (Linde cer-
tified standard, 99.999%, 0.2 cm® g~' s7!), by increasing the tem-
perature (0.03 Ks™!) to 573 K, holding for 7 h, and then cooling
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to 298 K. Ruthenium (1 wt%) was incorporated into the treated car-
bon powders by incipient wetness impregnation method, by add-
ing an aqueous Ru(NO)(NOs); solution, prepared from mixing Ru
(NO)(NO3)3 (Sigma Aldrich, 1.4 wt% Ru, CAS Number: 34513-98-
9) with doubly-deionized water (>18 MQ cm), onto the carbon
powders in a drop-wise manner. After the impregnation step, the
sample was aged in the ambient environment for 12 h, dried at
348 K for another 12 h, then treated under flowing 5% H,/He (Linde
certified standard, 0.4cm®g~'s™!) by heating at 0.16 Ks™! to
723 K, maintaining isothermally at 723 K for 5 h, and then cooling
to the ambient temperature (~0.08 Ks~1). A flowing stream of He
(Linde certified standard, 99.999%, 0.2 cm> g~! s~!) was introduced
to remove any residue H, from the sample chamber. After that, a
stream of 5.5% O,/He (Linde certified standard, 0.1cm3g~!s™1)
was introduced, which passivated the Ru clusters, before exposure
of the prepared catalyst sample to the ambient air.

The average Ru cluster diameter and dispersion were deter-
mined from chemisorbed hydrogen uptakes, measured using a vol-
umetric adsorption-desorption apparatus over 0-13 kPa H, at
313 K. The catalyst was first treated in-situ under flowing H, (Linde
certified standard, 99.999% 0.4cm’g 's™!) by heating at
0.03 Ks~! from ambient temperature to 573 K, holding isother-
mally at 573K for 1h, then exposing to the dynamic vacuum
(<5 x 1072 Pa) for 12h at 573K, and finally cooling to 313 K
(~0.08 Ks~!) for the H, uptake measurements. Two sets of H,
uptakes were carried out isothermally at 313 K and, between each
set of the uptake measurements, the catalyst was exposed to
dynamic vacuum (<5 x 1072 Pa) for 30 min. The amount of chemi-
sorbed hydrogen was determined by the difference in H/Ru ratios
between the two H, uptake values at zero pressure, obtained by
extrapolating the H/Ru ratios at higher pressures, at which the H/
Ru ratios reached a plateau, to zero pressure. This value was used
to estimate the Ru dispersion by assuming a H/Ru ratio of unity.
The mean Ru cluster diameter was estimated from Ru dispersion,
by assuming spherical structure with the volume occupied by sur-
face Ru atom identical to that of Ru bulk of 13.65 x 10~ nm? [25].
The dispersion value was 6% and the mean cluster size was 14 nm.

2.2. Rate and selectivity assessments with an isothermal, gradientless
semi-batch stirred tank reactor

Rates and selectivities of guaiacol-H,-H,0 reactions were mea-
sured with an isothermal, gradientless stirred tank reactor
(300 cm?, Parr Instrument 4560 Mini Bench Top Reactors, Hastel-
loy) equipped with a mechanical propeller stirrer. The reactor
was operated in a semi-batch mode with periodic sampling. Prior
to guaiacol introduction, the tank was first filled with 100 cm? of
doubly-deionized water (>18 MQ cm) and 10-100 mg catalyst
powders (1 wt% Ru/C). Air in the reactor was removed by purging
with He (Linde certified standard, 99.999%, >1.4cm>s™') for
>120 s before charging the reactor with H, to 50 bar (at ambient
temperature, Linde certified standard, 99.999%, ~200 cm? in the
reactor). The reactor was sealed, heated to 423 K, and then kept
isothermally at 423 K while agitating at 900 rpm for at least 0.5 h
for treating the Ru catalyst. The tank was then cooled to ambient
temperature (298 K, ~1.41 Ks™!) by applying ice-water bath and
then depressurized to ambient pressure. Guaiacol (50-1000 mg,
99.5%, Sigma Aldrich), gas phase internal standard (propane, Linde,
99.0%, 0.76 bar at ambient temperature), and H, (10-55 bar,
~200cm?® at ambient temperature, Linde certified standard,
99.999%) were added before heating the reactor up to 423 K
(~0.24 K s~ 1), the reaction temperature. Reaction time zero (t=0)
was defined at which the targeted reaction temperature was
reached, right before the agitation started. The agitation speed
was set at 900 rpm throughout a specific reaction time (0.25-
1.00 h), because this agitation speed was above the 700 rpm, the

agitation speed that has been confirmed to be free of temperature
and concentration gradients and transport limitations for the case
of phenol-H; reactions [26], occurred at rates much higher than the
current study (4.2 x 1073 mMOlphenol .h™" and ~3 moly, -h7! for
phenol-H, vs.~2.4x 107>h™" moOlgiac -h~' and ~7.2 x 1073
moly, -h™' for guaiacol-H,) at comparable temperature (433-
473 K). Upon reaching the targeted reaction time, the reactor tank
was quenched from the reaction temperature to ambient temper-
ature (298K, ~1.41Ks™ 1), by immersing the tank into an ice-
water bath. Gas phase samples were collected by connecting the
reactor outlet to a gas chromatograph (Agilent 7890 A).

A small fraction of liquid was sampled from a liquid sampling
port, which was made out of a dip-tube immersed in the liquid
reaction mixture. The liquid sample was filtrated with a syringe fil-
ter (VWR, 0.2 pum polypropylene membrane), after which an inter-
nal standard (~0.02 cm?® cyclopentanol, Sigma Aldrich 99.5%) was
added to the sample, prior to its quantification. The reactants
and products in the gas and liquid phases were quantified using
a gas chromatograph (Agilent 7890 A) equipped with a flame ion-
ization detector (FID) and a thermal conductivity detector (TCD).
The FID is connected to a DB-1 column (30 m x 320 pm x 1 pm)
for the quantification of products with C-H bond(s), whereas the
TCD is connected to a Supel-Q column (30 m x 530 pm x 1 pm)
for the quantifications of COy (x=1 or 2).

Time-dependent concentration profiles during guaiacol-H,-H,0
reactions were measured with the reactor configurations and start-
up procedure described above, except that the reactor was
quenched down from the isobaric (<0.2 bar pressure variations)
and isothermal (at 423 K) reaction condition to the ambient tem-
perature periodically (0.25-1.00 h) for the sampling of the gas
and liquid phases following the methods described above. After
sampling, the reactor was recharged at the ambient temperature
with H, and propane (the gas phase internal standard) to pressures
identical to those at the initial condition. This reactor operation
mode, which involved time-dependent reaction, sampling, and
recharging, together with controlling the reaction time between
each sampling period such that H, consumption was minimized,
ensured that the H, pressure was kept essentially constant and
independent of the reaction time (varied by less than 0.1 bar).
Between each sampling period, the H, conversion was below
0.2%. After the periodic sampling, the reactor was heated up to
the reaction temperature (423 K), before stirring at 900 rpm.
Time-of-reaction (t) is defined as the duration at which the reactor
remained at isobaric and isothermal conditions, while stirring with
a constant agitation speed (900 rpm). The duration of gas/liquid
sampling at ambient temperature, of re-introduction of H, and
propane, and of reactor heating up and quenching down is
excluded and not considered as a part of the time-of-reaction.

Product distributions and formation rates during guaiacol
(4.9 x 1072 M)-D,0 (~168 cm?, 99.9 atom% D, Sigma Aldrich)-H,
(30 bar, at 298 K, Linde certified standard, 99.999%, ~132 cm?® in
the reactor, H,-to-D,0 molar ratio of 0.017) on 10 mg Ru/C catalyst
were measured with the reactor configurations and start-up proce-
dure described above. The isotopic distributions of reactant and
products were quantified by GC-MS (Agilent 7890 A and 5975C), first
by chromatographic separation with a HP-5 ms capillary column
(Agilent, 19091J-413, 30m x 320 um x 0.25 um) followed by
quantification with a mass selective detector (MSD) (Agilent 5975C).

3. Results and discussion

In what follows, we first identify the primary and secondary
reaction pathways and simplify the reaction network (Scheme 1)
by examining the initial rates and selectivities during the reactions
of guaiacol or the potential primary and secondary products with



Table 1

Summary of conversions, turnover rates (TOR), and ring product selectivities during reactions of guaiacol and guaiacol-related compounds with 30 bar H; in the aqueous phase on Ru clusters at 423 K.
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guaiacol, 2-methoxy-cyclohexanol, anisole, catechol, phenol, phenol-CH3;0H, cyclohexanone, cyclohexanol, or cyclohexane).

, is calculated as the ratio of TOR, to the initial concentration of A and has a unit of L-(molgy surr-h) .

2 Initial turnover rate of compound A, TOR,, has a unit of mols-(molgysurr-h) ™! (A

1st

A

b pseudo first-order rate constant, k

Note: N.D. denotes non-detectable.

H; at the interface of water and Ru in Section 3.1; we then system-
atically examine the time-dependent product formation profiles
during guaiacol-H, reactions on Ru clusters in the aqueous phase,
apply kinetic analyses, and extract from which the effective reac-
tion orders in Section 3.2. We propose a sequence of surface ele-
mentary reaction steps that demonstrates the catalytic
significance of initial, quasi-equilibrated H-adatom addition in
activating guaiacol molecule and initiating sequential hydrodeoxy-
genation reactions in Section 3.3, which is consistent with the
effective kinetic dependencies of guaiacol and H,. Finally, we con-
firm the reversibility of surface H-adatom addition events with H-
D exchange at the aromatic ring of guaiacol with isotopic labeling
experiments, as shown in Section 3.4.

3.1. Catalytic pathways for guaiacol-hydrogen reactions at water-Ru
cluster interfaces

Table 1 compares the turnover rates (per exposed Ru atom),
first-order rate constants, and product distributions during the
reactions of hydrogen with reactants, intermediates, or products
of guaiacol-H, reactions on 1 wt% Ru/C in the aqueous medium
at 423K and 30bar Hj. Guaiacol-H, reactions produce 2-
methoxy-cyclohexanol (72.1% selectivity) and, to smaller extents,
phenol, cyclohexanone, cyclohexanol, and cyclohexane (1.8%,
0.6%, 23.3%, and 2.2% selectivities, respectively), as shown in Entry
1 of Table 1.

Anisole and catechol are potential primary products from
C'—OH and C’—0C? bond cleavages, respectively, as shown in
Scheme 1a, but they remain undetectable during guaiacol-H, reac-
tions (Entry 1). A separate reaction of anisole with H, shows much
higher reactivities comparing to that of guaiacol with Hj, and the
first-order rate constant ratio for anisole-to-guaiacol,

1
kst (km ) ,is 2.5 at 423 K (Entry 2 vs. Entry 1); the reaction

anisole \ "guaiacol
forms methoxy-cyclohexane, cyclohexane, and cyclohexanol, at
68.9%, 4.7%, and 25.8% selectivities, respectively. This means that
anisole, if formed as a primary product from guaiacol-H, reactions,
must convert readily to produce mostly methoxy-cyclohexane. On
the contrary, catechol, another potential primary product, reacts
with H, at rates that are slower than guaiacol, and the first-order

-1
. . 1st 1st :
rate constant ratio for catechol-to-guaiacol, k. .ol (kguaiaw,) , is

0.24 at 423K (Entry 3 vs. Entry 1); the reactions form 1,2-
cyclohexanediol, cyclohexanol, and cyclohexane at selectivities of
83.0%, 14.7%, and 2.3%, respectively. Thus, catechol, if formed as a
primary product from guaiacol-H, reactions, must remain detect-
able, and a portion of which converts to 1,2-cyclohexanediol. Since
guaiacol-H, reactions form neither anisole, methoxy-cyclohexane,
catechol, nor 1,2-cyclohexanediol, both the C!-OH and C’-0OC?
hydrogenolysis reactions must be kinetically inconsequential.
2-Methoxy-cyclohexanol and phenol are the two detectable pri-
mary products (Scheme 1a) in guaiacol-H; reactions (Entry 1). 2-
Methoxy-cyclohexanol does not react with H, (Entry 4); thus, it
remains as a stable product during guaiacol-H, reactions without
further conversion. In contrast, phenol reacts with H, much more
rapidly with a first-order rate constant ratio for phenol-to-

: st st -1
guaiacol, k (k ) , of 2.3 at 423 K (Entry 5 vs. Entry 1),

phenol \ “guaiacol
forming predominantly cyclohexanol (96.3% selectivity) and a
small amount of cyclohexane (3.2% selectivity). These are also
the products observed during guaiacol-H, reactions. We note that
cyclohexanone, a potential intermediate of phenol-H, reaction,
remains undetected in phenol-H, reaction (Entry 5). Separate
cyclohexanone-H, reactions (Entry 7) reveal that cyclohexanone
hydrogenates much faster than phenol; in fact, cyclohexanone con-
verts completely to cyclohexanol, and the first-order rate constant



190 J. Shangguan et al. /Journal of Catalysis 370 (2019) 186-199

-1

cyclohexanone phenol) ’ is esti-
mated to be larger than 3.9 at 423 K (Entry 7 vs. Entry 5). Therefore,
any cyclohexanone formed in phenol-H, reactions would convert
completely to cyclohexanol.

Taken together the rate constants, their ratios, and the relative
reactivities of guaiacol and its intermediate products, we conclude
that guaiacol-H, reactions occur via two independent and compet-
ing reaction routes, as depicted in Scheme 1b, of (i) Route C2—0C”
that involves an initial C2—0C” cleavage to phenol (Pathway 1),
followed by either phenol hydrogenation to cyclohexanone (Path-
way 2) and then to cyclohexanol (Pathway 3) or phenol
hydrodeoxygenation to cyclohexane (Pathway 4) and (ii) Route
H-addition that involves the direct hydrogenation of guaiacol to
2-methoxy-cyclohexanol (Pathway 5).

Next, we probe the reversibilities of these reactions (Pathways
1-5), by carrying out reactions between one of these reactants, i.e.,
phenol-CH5;0H, cyclohexanone, cyclohexanol, or cyclohexane, and
H, on the same catalysts at similar reaction conditions (423 K,
30 bar H,). Entries 6-9 in Table 1 summarize the product distribu-
tions and rate constant ratios of these studies. Incorporating
methanol, the product of guaiacol-H, reaction via C>—0C’ bond
cleavage (Pathway 1), into a phenol-H, reactant mixture does
not lead to guaiacol or 2-methoxy-cyclohexanol. Instead, it pro-
duces cyclohexanol and cyclohexane, which are also the products
of phenol-H, reactions (Entries 6 and 5). These results, taken
together with the fact that 2-methoxy-cyclohexanol does not react
with H, under these conditions (Entry 2), confirm that the primary
C2—0C” bond cleavage and H-addition pathways (Pathways 1 and
5) are irreversible. The cyclohexanone-H, and cyclohexane-H,
reactions do not form phenol and cyclohexanol-H, reactions form
neither cyclohexanone nor phenol, as shown in Entries 7-9. There-
fore, these secondary pathways (Pathways 2-4) are also
irreversible.

Since all primary and secondary pathways are irreversible, we
can lump the site-time-yields (per Ru surface atom) of product P
(denoted as STYp, where P = phenol, cyclohexanone, cyclohexanol,
cyclohexane, or 2-methoxy-cyclohexanol) according to the initial
guaiacol conversion routes via either the C>—0C’? or H-addition
that form these products. The turnover rates for the C>—0C’
(re _ocr) and H-addition (ry - .ddicion) TOUtes relate to these site-
time-yields according to

ratio for cyclohexanone-to-phenol, k' (k1St

molc, (OH)(OCH3)
Te _oc? ( IT106] : - h3 = STthenol + STchclohexanone
Ru,surf

+ STchclohexanol + STycyclohexane (1 a)

molegn, om)ocH;)

= STYZ - methoxy - cyclohexanol (1b)
mOIRu‘surf . h ) v

T'H - addition (
In the following section, we probe how these rates, r. o~ and
T'H - addition, Vary with guaiacol concentrations and H, pressures.

3.2. Rate dependencies of C>—0C” and H-addition during guaiacol and
H, reactions at water-Ru cluster interfaces

Guaiacol-H, reactions were carried out in a semi-batch, gradi-
entless stirred tank reactor, where the H, pressure was kept con-
stant (<+0.1bar). As reactions proceed, only the guaiacol
concentration varied with reaction time t and its time-dependent
concentration is denoted as Cegn,(onyochy)(f). The turnover rates
for Routes C>—0C” (r _ ) and H-addition (1 _ aadition) Vary with
guaiacol concentration and H, pressure according to

1j = ketr. - [Cegryiomyocty) (£)]*7 - (Pu,)"? 2)

where kef j is the effective rate constant; o; and ; are the effective
reaction orders with respect to guaiacol and H,, respectively, for
Route j (j = C>—0C” or H-addition). The general governing equation
for the total product concentration via Route j (j = C>—0C” or H-
addition), C(t), for this semi-batch reactor at any reaction clock-
time is (derivation in Section S1 of Supporting Information)

d[C (t
%:SRU.SUK'T-]

= Srusurf - Keff, j - [CC6H4(OH)(OCH3)(t)}“j : (sz)/fj (3a)

where Sk, surf denotes the number of exposed Ru sites per liquid vol-
ume. The Ru site density remained unchanged throughout the reac-
tion, confirmed from identical product concentration profiles,
obtained at two different Ru catalyst amounts, when plotting them
as a function of the product of reaction clock time and catalyst
amount (similar to variable time normalization analysis [27], in
Section S2 of Supporting Information). Eq. (3a), upon rearranging
and integrating, gives

t
Cj(t) = SRu.surf / rjdt = SRu.surf . keff. i’ (PHz)ﬁj
0
t
[ Ceomonioon (0]t (3b)
0

Substituting Egs. (1a) and (1b) into Eq. (3b) gives
Ce - oc7 () = Cphenol (t) + Ceyctohexanone (£) + Ceyclohexanol (£)
+ Ceyclohexane (t) (30
and
Ci - addition (t) = C2 - methoxy - cyclohexanol (t) (3d)

We note that Cj(t) is linearly proportional to the yield of the
specific route of either C>—0C” or H-addition.

Fig. 1a shows the total product concentrations for Route
C2—0(7 versus Route H-addition at any instantaneous clock time,
C @ _ o (£) VS. Cy - aqdition (t), for a series of experiments with varying
initial guaiacol concentration (9.1 x 1073-9.3 x 1072 M) at 423 K
and 30bar H,. These Cj(t) values remain proportional to each
other, irrespective of the initial guaiacol concentrations and con-
version levels. Fig. 1b shows these values for a constant initial gua-
iacol concentration but at different H, pressures (10-55 bar). For
each H; pressure, C. _ o (t) remains proportional to Cy - sddition (£)-
These strict linear relations between C. _o(t) and Cy - aqdition(t)
further confirm that the C>—0C’ cleavage and H-addition routes
are truly independent from each other; in other words, the prod-
ucts from both routes do not interconvert. As H, pressure
increases, the slopes of these linear correlations decrease mono-
tonically, an indication that the selectivity towards Route
C?>—0(C7 decreases with increasing H, pressure. In contrast, the
slopes and the related selectivity do not vary with guaiacol concen-
tration, irrespective of the extent of reaction, as shown from these
strict linear relations in Fig. 1a and b. For each H; pressure, these
slopes, y(Py,), reflect the Ce _ o (t)-to-Cy - aqdition(t) ratios and
acquire the following expression, as derived from expanding the
Cez _ oc7 (£)-t0-C - addition (t) Tatios with Eq. (3b):

Co _ 7(t)
7(Py,) = =0
/( HZ) CH _addition(t)

_ keff‘ ¢ -oc Py )/fcz,oc7*/}H—additlon

Kefr, 1 - addition

t
. / [Cegy (ot (0cH, ) (£) ] 7207~ -addiion g (4)
Jo
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Fig. 1. Sum of the products’ concentration formed via Route C2-0C’? [Ce2 o7 (t)] as a function of that of the product formed via Route H-addition [C; - aqdition (f)] at (a) initial
guaiacol concentrations of 9.1 x 10~> M to 9.3 x 10~2 M and 30 bar H, (dash line from linear regression) and (b) initial guaiacol concentration of 4.0 (+0.2) x 10~2 M and 10-
55 bar H; (dash lines from linear regressions); (c) Parameter y(Py, ) (Eq. (5)), derived from slopes of linear relations in Fig. 1a and b, plotted as a function of Py, (dash line from
non-linear regression by using Eq. (5) as the objective function) during guaiacol-H, reactions (9.1 x 107> M to 9.3 x 10~2 M guaiacol and 10-55 bar H,) on 1 wt% Ru/C (14 nm

of cluster size) in the aqueous phase at 423 K.

As shown in Fig. 1a and b, y(Py, ) remains insensitive to both the
guaiacol concentration [Ccgn,(onyocH,) (t)] and t, for each H, pres-
sure. Such insensitivities could occur only when the effective reac-
tion orders towards guaiacol are identical for both of the routes
(02 - oc7 = Ol - addition)- IN this case, Eq. (4) simplifies to

k (P, b2 _oc?
V(PH2> o Cc2 .0c7(t) eff, > - o’ ( Hz) (5)

B = B —
Chi - addition () Kefr, 1 - aadition - (PHZ)/“'““"‘““

where y(Py,) is a single-valued function of H, pressure (Py,). Fig. 1c
shows that the y(Py,) values, determined from the slopes in Fig. 1a
and b, decrease with increasing Py,. A non-linear regression of this y
(Py,) and Py, relation against Equation (5) as the objective function
leads to a rate constant ratio for C2—0C’ cleavage to H-addition
[Keit. @ - oc7 - (Kest, 1 ,addmon)’]] of 3.0+0.5 and a difference in the
effective H, order between the two routes [f. o7 — By - addition] Of
—0.5 £ 0.0, as summarized in Table 2.

Although the effective reaction orders to guaiacol for both
routes are identical (¢ _ 7 = 0in - aqdition), their exact values have
yet to be determined. The total product concentrations Cez_oq (t)
and Cy - aadition(£) vary with the initial guaiacol concentration,
Ce,H,(0H)(0cH;) (0), and reaction time according to the integration of
the rate expression in Eq. (3a) to reaction time t at a constant o;

Table 2

value. The following relation derived from solving Eq. (3a) analyt-
ically by integration, after substituting Eq. (5) into Eq. (3a), accord-
ing to the derivation in Section S1 of Supporting Information

1-04

[Ceghyomioct,) (0)] 7 = [CcsH4<0H><OCH3>(0) - 25G(®)
(1—04) - [1+7(Py,)]

B H - additi
- Keft, 1 - addition - (P, )" * 7" - ¢t

= SRu.,surf

(6)

where >°.C ;(t) denotes the product concentration sum via Route j
(j=C?>—0C” or H-addition). At a given H, pressure, terms

CegHy(0H)0CH;) (0), Srusurs Ph,» and Kefr, 1 - addition - (PHZ)/f f-adtion in Eq.
(6) are constants; terms > .C;(t) [sum of Ca_go(t) and
Ch - aadition (t)], t, and (Py,) values are measurable. This leaves o; as
the only unknown. This treatment resembles the kinetic analysis
method previously developed for obtaining the reaction order
numerically for a homogeneous catalytic reaction that selectively
produces one product in a batch reactor (i.e., variable time normal-
ization analysis [27]). We, however, take the analysis further by
applying the method to treat this multiphase heterogeneous cat-
alytic system with gas, liquid, and solid phases and multiple, con-
comitant pathways. We also derive from such analysis the

Rate parameters determined from non-linear regressions of rate data (in Figs. 1 and 2) during aqueous phase guaiacol-H, reactions on dispersed Ru clusters at 423 K (9.1 x 103
M to 9.3 x 102 M guaiacol, 10-55 bar H,, 1 wt% Ru/C, 14 nm mean Ru cluster diameter) with the proposed rate equations (Egs. (2), (5), (6), and (7b)).

a b d c d
Parameters Keit 2 _oc7 a ﬁc2 _oc? — B - addition % ket H - addition” keff_c2 ~oc’ BH - addition /jC2 -oc’
Ketr, 1 - addition
Unit - - - (mol (5H4(0H‘LOCH3\>U7S‘]—DZZ (mol csH410H‘,‘ocH3:)uw‘]—022 - -
mol g, ‘.,rf-hvbar' 4 mol g, m,,-h-barogz
Values 3.0£0.5 —-0.5+£0.0 0.22 +0.02 98+ 15 291 +91 1.46 £ 0.04 0.93 +0.09

4 Non-linear regression of results in Fig. 1 by using Eq. (5) and an objective function.
b Non-linear regression of concentrations in Fig. 1a and b by using Eq. (6) and an objective function.

¢ Non-linear regressions of results in Fig. 2a, b, and c.

4 Non-linear regression of results in Figs. 1 and 2 by using Eqgs. (5) and (7b) and objective functions.
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analytical solution in Eq. (6), which upon non-linear regression
against the rate data in Fig. 1 provides the effective reaction orders
with respect to guaiacol for both routes, ot _gand oy - aqdition, Of
0.22 + 0.02 at 30 bar H,.

From Eq. (2), the standard guaiacol turnover numbers [#(Py,.t)]
via Route H-addition at any H, pressure and reaction clock time,
when carrying out such reaction in a hypothetical, continuous stir-
rer tank reactor (CSTR) to maintain the guaiacol concentration at
the standard concentration of 1 M (C°) and H, pressure to be Py,
throughout the entire reaction time, is

t
1 (Pn,, t) :/ (TH - addition)dt
0

t
= / [keff. H - addition * [CO}”‘ H - addition (pHZ)/‘ H—addi[ion] dt
0
= Keff, 1 - addition - (PHZ)/; H -addition ¢ [CO]“H-addinon (7a)

Dividing both side of the Eq. (6) by Sgusuf and substituting the

resulting expression of Kefr k- addition * (PHZ)/f H-addiion + and the gua-
iacol reaction orders (e _ o7 = O - aadition = 0.22 £0.02) into Eq.
(7a) lead to

1 (Ph,, t) = Kefr, 1 - addition - (PHZ)/f foaddiion g [CO}O'ZZ

[Ceiomocy (0)]"7° - [CCGH4<0H><OCH3>(0) = 25C()
(1 - (xj) : [1 + N))(PHZH 'sRu‘surf

‘ [CO]O.ZZ (7b)

] 0.78

Fig. 2a shows the guaiacol turnover number, #(Py, ,t), at 30 bar H,
and various initial guaiacol concentrations (Ccgu,om)oct;)(0) =
9.1 x 1073 t0 9.3 x 1072 M) as a function of reaction time t; Fig. 2b
shows similar trends for #(Py,,t) values, but for different H, pres-
sures (10-55 bar), while keeping the initial guaiacol concentration
constant at 4.0+ 0.2 x 1072 M. These 1(Py,,t) values increase lin-
early withreaction time t, as predicted from Eq. (7b). These strict lin-
ear relations, irrespective of the initial guaiacol concentration and

the operating H, pressure, confirm that the reaction orders to guaia-
col for both routes, o _ o7 and o4 - aadition, are indeed constant and
remain at 0.22 over a wide range of H,-guaiacol molar ratio, span-
ning from 26 to 1133. From Eq. (7b), the slopes from these linear
relations between 7(Py,,t) and t equal ke, u - addition - (PHZ)ﬁ“’““““‘“":
the product of Kef n-aadition, the effective rate constant, and

(PHZ)”“'““““’" (i.e., the H, dependency term) for Route H-addition.

Fig. 2c¢ plots these Kefr 1 - addition - (PHZ)””'“““"“ values as a function
of H, pressure, and a non-linear regression of these data gives ke,
H-additions the rate constant, of 98+15

-1
078 1022 1.46
(m01C5H4(OH)(OCH3)) L (mOlRu.surf -h-bar ) and PB-additions

the effective H, dependence, of 1.46 + 0.04 for Route H-addition.
These rate parameter values, taken together with the rate constant

ratio [k @ o7 - (Kefr, _addition)’ll of 3.0 £ 0.5 (Table 2) and effec-
tive H, order differences (B _ g7 — B - addition) 0f —0.5 £ 0.0(Table 2),

give keff. c _oc? of 291 +£91 (mol C6H4(OH)(OCH3))O.78'

-1
L022. (mol Rusurf - N - baro‘%) and . o of 0.93%0.09. Table 2

summarizes these Kes, j, o;, and f; values for both routes. These
parameter values, when substitute into Eqs. (4) and (6), give the pre-
dicted product concentrations Cez_ge (t) and Cy - aqdition(t), as also
included as dotted lines in Fig. 3a and b, respectively, for a direct
comparison to the measured data. Fig. 3a and b provide the parity
plots of these predicted versus measured concentrations for Routes
C2—0C7 and H-addition, respectively. Perturbation analyses in Sec-
tion S3 of Supporting Information show that Parameters f;and Kegr, -
addition are highly sensitive to local variations. For example, a change
in their values by +10% would cause a change in the sum of the
squares of residuals by more than 68%. In contrast, Parameters o;
and k,; 2 o are much less sensitive to local variations-a change

of +10% would lead to a commensurate change of the sum of the
squares of residuals by more than 16%. This is expected, because
(i) the effective guaiacol orders are close to zero (o; = 0.22 £ 0.02),
thus a change in their values by +10% would not cause significant
changes in the predicted C = oo (t) and C y - aqdition (£) values, and
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Fig. 2. Parameter 7(Py,,t) (Eq. (7b)) plotted against reaction time ¢ at a) initial guaiacol concentrations of 9.1 x 107 M to 9.3 x 102 M and 30 bar H, (dash line from linear
regression) and b) initial guaiacol concentration of 4.0 (20.2) x 1072 M and 10-55 bar H, (dash lines from linear regressions); c) term e H - aadition - (Py, )ﬁ‘*'““‘“““’“, derived from
the slopes of linear relations in Fig. 2a and b, plotted as a function of Py, (dash line from non-linear regression) during guaiacol-H reactions (9.1 x 103Mt09.3 x 102 M
guaiacol and 10-55 bar H) on 1 wt% Ru/C (14 nm of cluster size) in the aqueous phase at 423 K.
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Fig. 3. Parity plots for the (a) sum of the products’ concentration formed via Route C2—0C” [C» o (t)] and (b) sum of the product concentration formed via Route
H-addition [Cy _ adition (t)] during guaiacol-H, reactions (9.1 x 1073 M to 9.3 x 10~2 M guaiacol and 10-55 bar H,) on 1 wt% Ru/C (14 nm of cluster size) in the aqueous phase

at 423 K.

(ii) the selectivities towards Route C>—0C’ are much smaller than
Route H-addition, thus the regressed k. 2 _ o value remain small
and insensitive to its perturbation.

The effective reaction orders o; and g; in Table 2 are direct con-
sequences of the surface elementary steps, their reversibility, their
kinetic relevance, and the identity of the most abundant surface
intermediates. The low reaction order towards guaiacol
(o ;=0.22£0.02) indicates that guaiacol-derived species must
occupy most of the Ru sites. On such surfaces, effective H, depen-
dence of Route C*—0C’, S o, is near unity (0.93 +0.09) and
smaller than that of Route H-addition (B _ ,4qition = 1.46 £ 0.04)
by 0.5. The positive H, dependence for both routes suggests that
guaiacol activation requires the addition of one or more
H-adatom (H*), which is formed via H, dissociative adsorption. For
each H* addition step, it would cause the rate expression to acquire

a 0.5 order dependence on H, pressure, as term (PHZ)O'5 presents in
the numerator of the rate expression [23]. Since f _o is smaller
than By _ adition DY 0.5, this indicates that the guaiacol turnovers via
Route C>—0C” require one less H' than that via Route H-addition.

3.3. Elementary steps of C’—0C’ cleavage and H-addition during
guaiacol and H, reaction at water-Ru cluster interfaces

We propose a mechanistic framework for guaiacol-H; catalytic
sojourns at the water and Ru interfaces, consistent with the effec-
tive dependencies o; and f; (Table 2), rate data (Figs. 1 and 2), car-
bon selectivities (Table 1 and Fig. 1), relative reactivities of
intermediates and products (Table 1), and overall reaction network
(Scheme 1). We then probe and confirm the reversibility of H*
addition step via H-D isotopic exchange studies with guaiacol-
H,-D,0 mixtures in Section 3.4. The proposed framework remains
consistent also with H-D isotopic exchange results of aromatic
compounds (e.g., benzene [28] and phenol [29]), adsorption config-
urations of aromatics on Ru(000 1) surfaces with HREELS [30],
TPD [30], and LEED [30-32] studies under ultra-high vacuum,
and reaction energies derived from DFT calculations on Ru
(000 1) surfaces under ultra-high vacuum [20,21].

Scheme 2 shows the proposed mechanistic framework. H; disso-
ciatively adsorbs as two H-adatoms (denoted as H', Step 1). H,0
molecule from the solvent adsorbs either molecularly as H,0" (Step 2)
or dissociatively as H" and OH" (Step 3) [21,23]. Each H', H,0', or
OH’ intermediate occupies a Ru site. In contrast, guaiacol adsorbs
on an ensemble of Ru sites. Previous studies have established that
benzene, the parental structure of guaiacol, occupies three Ru sur-
face atoms and adsorbs in parallel to Ru(0 0 0 1) surfaces, irrespec-
tive of its surface coverage, as shown from: (i) high resolution
electron energy loss spectroscopy (HREELS) experiments, which
show insignificant dynamic dipole moment perpendicular to the
surface and the absence of dipole moment enhancement of the
in-plane modes, especially C-H vibrational stretching (vc.y), over
all benzene coverages [30]; (ii) LEED patterns, which correspond
to benzene predominantly occupying three Ru sites at all coverages
[30-32]; (iii) DFT calculations on Ru(0 0 0 1) surfaces under ultra-
high vacuum, which give benzene adsorption in planar configura-
tions on three Ru sites as the most stable species [21]. Comparing
to benzene, the adsorption of guaiacol and guaiacol-derived species
require additional Ru site(s), because of their additional hydroxyl
and methoxy substituents. In fact, DFT calculations suggest that
guaiacol-derived aromatic intermediates occupy approximately
four Ru ensemble sites on Ru(000 1) surfaces at all coverages
[21]. For the molecular guaiacol adsorption, C2, C*, C5, and hydroxyl
oxygen atom of guaiacol directly bind atop of four Ru atoms,
whereas the oxygen atom of methoxy group resides closer to the
hcp hollow site and becomes tilted away from Ru surfaces under
ultra-high vacuum [21]. In fact, Ab Initio Molecular Dynamic (AIMD)
simulations have shown that guaiacol adsorbs in parallel to Ru
(000 1) surfaces on approximately four Ru ensemble sites at high
guaiacol surface coverages (0.083 ML), in the presence of water lay-
ers at 423 K [33]. These surface science studies, DFT calculations,
and AIMD simulations led us to propose that an adsorbed guaiacol,
denoted here as C6H4(OH)(OCH3)—X*, occupies an ensemble of Ru
sites with  number of Ru atoms (y > 3).

C6H4(OH)(OCH3)—X* intermediates undergo a series of H* addi-
tion events onto their benzylic ring, which break their aromaticity.
Some of these H  addition events must be reversible, as demon-
strated previously from: (i) the detection of D-H exchanged
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Shared elementary steps

OH
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Step 3
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ile Jt s{— * %* *
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m times H*
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Scheme 2. A proposed sequence of elementary steps for guaiacol-H, reactions in the aqueous phase on Ru clusters. (" refers to a Ru surface site, -I denotes I number of Ru sites in a
surface ensemble (I= y, p, or q); —, =—, —., and .:@-_’ denote an irreversible step, a reversible step, lumped, irreversible H-addition steps, and a quasi-equilibrated step,

respectively).

benzene (CgDg xHyx, X = 1-6) from the surface reactions between H*
and adsorbed, deuterated benzene (CgDg) on Ru(0 0 0 1) surfaces in
temperature programmed desorption-mass spectrometry (TPD-
MS) experiments [28], and (ii) the formation of CgDs..HOH
(x=1-5) from deuterated phenol (CgDs0OD) and H, reactions in
D,0 on 5 nm Ru clusters supported on TiO, at 573 K [29]. Under
ultra-high vacuum, previous DFT calculations on uncovered Pt
(111) have shown that the adsorbed phenol undergoes four H'
addition steps [34] and for p-cresol, which is basically a phenol with
an additional methyl group, three of the steps [35], forming a par-
tially hydrogenated phenolic intermediate prior to their respective
kinetically relevant C—OH bond cleavage reaction [34,35].

DFT studies have shown that the sequential H-addition and ring
saturation events on aromatic species progressively decrease the
size of the metal ensemble required for the adsorption of partially
hydrogenated benzylic intermediates: (i) on Ru(0 0 0 1) surface, m-

cresol adsorbs on ~five Ru sites, whereas the hydrogenated pro-
duct, 3-methylcyclohexanone, adsorbs on ~ two Ru sites [36]; (ii)
on Pt(11 1) surface, phenol (CcHsOH) adsorbs on four vacant Pt
sites, whereas its progressively hydrogenated species CgH;OH,
CsHgOH, and CgH;;0H (cyclohexanol) adsorb on three, two, and
one vacant Pt site(s), respectively [37]; (iii) On Pt(11 1) surface
that are either uncovered or partially covered with H-adatoms,
benzene, the parental structure of phenol, when hydrogenates, also
decrease its ensemble site requirements from about three vacant
Pt sites to one vacant Pt site [38].

H-D isotopic exchange studies with benzene [28] and phenol
[29], DFT studies on m-cresol [36], phenol [37], and benzene
[38], and the measured effective H, dependences that are larger
than 0.5, taken together, suggest that CgH4(OH)(OCHs)-y  under-
goes a series of quasi-equilibrated H* addition events to form par-
tially hydrogenated guaiacol intermediates, as shown in Steps 5,
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C?>—0(” and 5, H-addition of Scheme 2. In each of these H" addition
events, an H-adatom adds to an aromatic carbon atom (one of the
carbons in C'—C®), forming C—H bond and thus increasing the
degree of ring-saturation. The number of Ru sites required to
accommodate the partially hydrogenated guaiacol intermediates
ranges from 1 to y () > 3) and decreases as the reaction proceeds
further along the reaction coordinate, as the benzylic ring becomes
increasingly saturated. Quasi-equilibrium assumptions require
that these intermediates to be treated as a chemical lump, before
the sequential, kinetically relevant step that either cleaves their
C?>—0C” bond or accepts H-adatoms in Routes C>*—0C? or H-
addition, respectively.

For Route C>—0C’, CgH4(OH)(OCHs)-" undergoes m number of
quasi-equilibrated H-addition events (0 < m < 6), forming a reac-
tive C5H4+m(OH)(OCH3)—p* (p denotes the number of Ru sites
required to adsorb the partially hydrogenated species, 1 <p < )
intermediate (Step 5, C>—0C”) before the sequential, kinetically rel-
evant C>—0C” cleavage (Step C>—0C’) that forms a CgHa.m(OH)-p’
and surface methoxy (CH30"), as shown in Scheme 2. We rule out
the alternate C>—0C” cleavage step that requires an H (Step
C2—0C7, 11, Section S4 of Supporting Information), because this step
is 74 k] mol~! more endothermic than Step C2—0C’ and most likely
has a much higher barrier. The CgH.m(OH)-p” undergoes a series of
kinetically irrelevant H additions, with its C'—0 bond either intact
or cleaved, forming an adsorbed cyclohexanone (CgH00’, Step 6)
and then an adsorbed cyclohexanol (CgH;;0H’, Step 7) or forming
an adsorbed cyclohexane (CgHj,, Step 8), respectively. The desorp-
tion of CgH100", CgH110H', and CgHj» in Steps 9, 10, and 11, respec-
tively, completes the catalytic cycle for C>—0C’ cleavage. Direct
cleavage of the C'—0 bond in the partially hydrogenated intermedi-
ates does not occur, because methoxycyclohexane remains unde-
tectable during guaiacol-H, reactions (Table 1, Section 3.1).

For Route H-addition, CsH,(OH)(OCH;)-%" undergoes n number
of quasi-equilibrated H" addition events (0 < n < 5) that form a
reactive CgHa.n(OH)(OCHs)-q" (g denotes the number of Ru sites
required to adsorb the partially hydrogenated species, 1 <q < y)
intermediate (Step 5, H-addition), before its reaction with another
H' in a kinetically relevant step to evolve CgHs.n(OH)(OCH3)-q"
(Step H-addition), as shown in Scheme 2. CgHs:n(OH)(OCH3)-q"
then undergoes rapid, kinetically irrelevant hydrogenation, leading
to an adsorbed 2-methoxy-cyclohexanol [CgH;o(OH)(OCH;)', Step
12], which desorbs as 2-methoxy-cyclohexanol (Step 13), complet-
ing the catalytic cycle.

Aside from these -catalytic cycles, chemisorbed guaiacol
[CeH4(OH)(OCH3)-x'] may also cleave its O—H bond, forming
adsorbed, deprotonated guaiacol and H' (Step 14). DFT calculations
have shown that this O—H bond cleavage step is exothermic with a
small activation barrier (heat of reaction of —77 kJ-mol~! and bar-
rier of 28 k]-mol~! [21]) on uncovered Ru(0 00 1) surfaces under
ultra-high vacuum, leading to the formation of adsorbed, deproto-
nated guaiacol that has the same footprint with chemisorbed gua-
iacol, occupying about four Ru ensemble sites. We denote the
adsorbed, deprotonated guaiacol as CgH4(O)(OCHs3)-%". We specu-
late that CgH,(0)(OCH;)-y " is a spectator that adsorbs and titrates
Ru sites, because anisole, a comparable molecule without the
hydroxyl functional group and thus is unable to deprotonate, turn-
overs ~3 times faster than guaiacol at similar conditions (Entry 2
vs. Entry 1 of Table 1, Section 3.1).

Pseudo steady-state treatments carried out on all intermediates
involved in the catalytic cycles in Scheme 2 result in the following
rate expressions for Routes C*—0C? (ro ,~) and H-addition
(T'H - addition, derivation in Section S5 of Supporting Information):

05]™M
Te o =ke ocKaKs @ oo aegm,omocny) (t) |:(K1fHZ) } 0P+

(8)

05 n+1
rH-addition:kH-additionK4K5.H-additionaC5H4(0H)(OCH3)(t)[(Klsz) } 03“ (8b)

-1
where ey, omyoc;) (£) = Ceghyomocnsy) (£) - (C°) (8¢)

and fy, =Py, - (P°)" (8d)

where kj, K, 0, denote the intrinsic rate constant of Step j, equilib-
rium constant of Step x (x =1, 4, or 5, j), and the fractional coverage
of vacant Ru site, respectively, as defined in Scheme 2; P° denotes
the standard pressure; dcgu,om)ocH,) (t) and sz denote the activity
of guaiacol and fugacity of H,, respectively, assuming that the activ-
ity coefficients of guaiacol and H; equal unity.

Since the effective guaiacol and H, dependencies remain insen-
sitive to conversions and thus to the concentrations of all products
(Section 3.2), the coverages of intermediates formed after the
kinetically relevant steps [e.g., CgHio0", C¢H1;OH', CgHi», and
CeH1o(OH)(OCH5)'] must remain insignificant. Under ultra-high
vacuum, DFT calculations have shown that the initial H additions
onto the benzylic ring of adsorbed guaiacol, CgH4(OH)(OCH3)-y,
on uncovered Ru(0001) surfaces that form the adsorbed
CeHs(OH)(OCH3)-y~ species is endothermic with negligible reac-
tion entropy change (e.g., AH=47 kj mol~' and AS=—1]mol ! -
K~! on C! [21]); the coverage ratio of [CgHs(OH)(OCHs)-y ]-to-
[CeHa(OH)(OCH3)-x ] is

HCGHs(OH)(OCHQ—x* HE;HA(OH)(QC%),X* = Kinitial Hsx - addition <K1f]-[2> (9)

where Ocgu,om)ocH;) -z and Ocgh,oHyocH,)—¢« denote the fractional
coverage of CgHs(OH)(OCHs)-%~ and CgH4(OH)(OCH3)-), respec-
tively. Kinitial He - addition aNd K; denote the equilibrium constants for
the initial H addition onto the benzylic ring of adsorbed guaiacol
and for H, dissociative adsorption, respectively. Literature has
reported these Kinitial Hs - addition and K; values to be 4.6 x 10~¢ and
6.79 x 107, respectively, at vacuum-Ru(0001) interface and
473 K, calculated based on energies derived from DFT calculations,
statistical thermodynamics, and van’t Hoff Equation [21]. Assuming
that the reaction enthalpies and entropies do not vary with the tem-
perature, we extrapolate these equilibrium constant values to 423 K
and obtain the Kinitial b - addiion and K7 values of 1.21 x 10~¢ and
4.78 x 10°, respectively. Our DFT study shows that explicit H,O sol-
vent layers do not significantly affect the reaction enthalpies of ini-
tial H' addition on CgH4(OH)(OCH3)-x" on Ru(0 0 0 1); for example,
the reaction enthalpies for H™ addition on C°> (Scheme 1) of
CeH4(OH)(OCHs)-% at vacuum-Ru(0001) and water-Ru(000 1)
interfaces are 40 k] mol~! and 36 k] mol~! respectively, at 0.083
ML [33]. In addition, solvation free energy from water to H, [39]
and surface H-adatom [40] are near zero. These reasons, together
with the assumption that water does not alter the entropies of
adsorption, lead Kipiar He - addition and K; values to remain nearly
identical for the cases with or without the water solvent. These
Kinitial o« - addition @and Ky values, together with the H, pressure used
for the reactions (<55bar at 298 K), lead to a fcgu,oH)ocH;) -1~
t0-Ocgh,(om)(ocH,) -y« COverage ratio that ranges from 0.3 (+0.1) to
0.6 (£0.3). Therefore, the coverages of partially hydrogenated guaia-
col are smaller than that of molecularly adsorbed guaiacol on Ru
surfaces in the aqueous phase.

In terms of the deprotonated guaiacol, the coverage ratio of
deprotonated guaiacol to guaiacol on the surfaces,

9C6H4(0)(OCH3)'X*HE;H4(OH)(OCH3)—Z* [where Ocgu,0)0cH,)-z denotes the
fractional coverage of C¢Hy(O)(OCH3)-y |, is

K
—1 14
OcsHa(0)(0CHs)-1+ Ocgh, (OH)OCH 1 = 7 <05 (10

(1<1sz ) 05
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Literature has estimated K;4 value, derived from DFT calcula-
tions, statistical thermodynamics, and van’t Hoff equation, to be
1.43 x 108 at vacuum-Ru(0 0 0 1) interface and 473 K [21]. Assum-
ing that the reaction enthalpy and entropy of Step 14 (Scheme 2)
do not vary with temperature as well as the present of water sol-
vent, we extrapolate the equilibrium constant value from 473 to
423 K and obtain a Ky4 value of 1.51 x 10°, using a DFT derived
reaction enthalpy (—77 k]-mol~! of Step 14 [21]). The K; and K4
values, together with the H, pressures used for the reactions
(10—55 bar at 298 K), lead to 6C6H4(0)(0CH3)'X*QE;H‘;(OH)(OCH;)—Z* cover-
age ratios that range from 3 (22) x 10% to 7 (24) x 103. These cov-
erage ratios suggest that the surface coverages of adsorbed
guaiacol and partially-hydrogenated guaiacol must be much smal-
ler than those of the adsorbed, deprotonated guaiacol [CgH4(O)
(OCHs)-%'] on Ru surfaces in the aqueous phase.

Multi-site Langmuirian adsorption model [41-43] gives the site
balance, by assuming that the coverages of guaiacol, partially-
hydrogenated guaiacol, and also the intermediates formed after
the kinetically relevant steps remain insignificant and all Ru sites
are identical, of (derivation in Section S6 of Supporting
Information):

0. = !

R L R =
(Kifi,) (Kf3.) (11)
O 0 1 0
0.0 01—1*0;1 Z'OCGH,(O)(OCH-,H‘ -0 01—110*0;l OUH‘O:I

where K, denotes the equilibrium constant of Step x in Scheme 2
(x=1, 2, 3, 4, or 14), au,o the activity of H,0, and 6, the fractional
coverage of surface species z (z =H’, H,0', or OH"), respectively.
Each term in the denominator of Eq. (11) represents the coverage
ratio of the surface species z'-to-vacant Ru site or the coverage ratio
of C6H4(O)(OCH3)—X*—to—vacant Ru site, as indicated directly under-
neath the equation.

At high H, pressures (10-55 bar), the coverage ratio of vacant
sites to those occupied by H’ (0.05]) is negligible [23]. Since the
effective reaction orders to guaiacol, o o7 and o - addition, are
constant and remain at 0.22 for a wide range of H,-to-guaiacol
ratios (from 26 to 1133, Fig. 2), guaiacol derived species must be
the most abundant surface intermediates, and those of H™ and
OH" must remain insignificant. H,0" coverages also remain small,
because they adsorb much more weakly than guaiacol (heat of
adsorption of 57 kJ-mol~! vs. 237 kJ-mol~! on uncovered Ru
(000 1) surfaces) [21]. Taking these relative coverages of H', OH’,
H,0', and CgH4(O)(OCHs)-y  into consideration, simplifying
Eq. (11) and substituting the simplified Eq. (11) into Eqgs. (8a)
and (8b) lead to the rate expressions for Routes C*—0C” (rz _o7)
and H-addition (1 - aqdition ):
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T'H-addition = K - addition K4 K5 H - addition K7 " ](AK14K4) * [aC‘,HA(DH)(DCHQ(t)} B (fHZ)

(12b)
Comparing Egs. (12a) and (12b) with Eq. (2) leads to:

+1
0.5m-+E

i - il
ket o7 = ker o KaKs @ o KO (1K1aKa) ™7 (P°) ( Z>(c°)”Z '
(13a)

gl —05(n+1)+8L a1
Kett 1 -acdition = K- adtionK a5 1 -adaition K0 > (7K14K )~ 7 (P°) [ ! +2/} (K
(13b)

py—1-PF1_q_at1 (13¢)
X X
p+1
ﬁcz oc? = 0.5m +72X (]3(1)
+1
B - aadition = 0.5(n + 1) +p (13e)

2x

The regressed o; and f; values in Table 2 give (p+1)/y,
(@q+1)/x, m, and n of 0.78+0.02, 0.78£0.02, 1.0+0.1, and
1.0 £ 0.2, respectively, as summarized in Table 3. The m and n val-
ues are identical and equal to unity, confirming that chemisorbed
guaiacol, CgH4(OH)(OCH3)-)', undergoes one quasi-equilibrated
H' addition to form a common surface intermediate, CgHs(OH)
(OCH3)-p’, prior to the kinetically relevant step of either C>—0C’
cleavage (Step C>—0C”) or H" addition (Step H-addition). In what
follows, we confirm the reversibility of both the H,0" dissociation
(Step 3) and initial H" addition (Step 5, j) steps that occur prior to
the two Kkinetically relevant steps with H-D isotopic exchange
studies.

3.4. Reversibility of initial H-adatom addition onto the benzylic ring of
guaiacol probed by guaiacol-D,0-H, reactions

Guaiacol [CgH4(OH)(OCHs), 4.3 x 1072 M]-D,0-H, (30bar at
298 K) reaction on 10 mg 1 wt% Ru/C (14 nm Ru clusters size) leads
to deuterated guaiacol. Electron ionization mass spectrometer
analysis of guaiacol gives its parental molecular ion at a mass-to-
charge ratio, m/z, of 124. Any increase in this m/z ratio signifies
the incorporation of D-atom onto its benzylic ring, hydroxyl group,
and/or methyl group. Aside from its parental molecular ion, guaia-
col also loses its methyl group upon electron ionization, giving a
base ion at 109 m/z [44,45]. The mass-to-charge ratio of 109 + x
(where x = 0-5) relative to 109 reflects the extent of D-atom incor-
poration onto the benzylic ring and hydroxyl group. The intensity
ratio of 124 to 109 m/z and of (124 +x) to (109 + x) m/z remains
identical to each other (Fig. S3, Section S7 of Supporting Informa-
tion) irrespective of the extent of deuteration, confirming that
the mass of the leaving methoxy group remains identical as
—OCHS;. This result confirms that H-D exchange does not occur
on the methyl group, but instead on the hydroxyl and benzylic
ring.

On phenol, a parental structure of guaiacol, kinetic analyses and
'H nuclear magnetic spectroscopy (NMR) show that proton cat-
alyzes the H-atom exchange between its hydroxyl group and H,0
readily at 298 K with a second-order exchange rate constant and
activation barrier of 1.5 x 107 M~! s~! and 23 k] mol~!, respec-
tively [46]. Due to the structural similarity, we assume that the
rate constant of H-atom exchange between the hydroxyl groups
of guaiacol and H,O0 is similar to that between the hydroxyl groups
of phenol and H,0. The H-atom exchange rate constant of phenol
(298 K), its activation barrier, together with the deuteron concen-
tration calculated from the D,O self-ionization equilibrium con-
stant of ~7.9x 1077 M at 423K [2], provide an estimated
homogeneous H-D exchange rate of 2.8 x 10> mol-h~! for reactions
between the H-atom of the hydroxyl group in guaiacol with the
D-atom of D,0 at 423 K.

At the reaction temperature (423 K), the estimated homoge-
neous hydroxyl proton exchange rate is more than six orders of
magnitude larger than the guaiacol turnovers on Ru clusters
(1.2 x 103 mol-h~!, 10 mg 1 wt% Ru/C). In fact, after an hour of
homogeneous guaiacol-D,0 reactions (with neither the Ru catalyst
nor H,) at 323K, ~70% of the CgH4(OH)(OCH3) converts to
CsH4(OD)(OCHs). These results suggest that, during guaiacol-D,0-
H, reactions at 423 K, the hydroxyl proton of guaiacol exchanges
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Table 3
Parameters derived from parameters in Table 2 and Egs. (13c)-(13e).
Parameters pila gila m® n‘
4 4
Values 0.78 £ 0.02 0.78 £ 0.02 1.0£0.1 1.0£0.1

? Derived from «; value (0.22 + 0.02, Table 2) and Eq. (13c).
b Derived from B - ocr value (0.93 £0.09, Table 2) and Eq. (13d).
¢ Derived from By _ aqdition Value (1.46 = 0.04, Table 2) and Eq. (13e).

with the deuteron from D,O0 much more readily than the H-D
exchange at the benzylic ring. Thus, this step remains kinetically
irrelevant.

During CgH4(OH)(OCH3)-D,0-H, reactions (4.3 x 102 M guaia-
col, 30 bar) with the Ru catalyst, H-D isotopic exchange occurs on
the benzylic ring, forming CsHy4-,D,(OD)(OCH3) (y =1 or 2, ~13% of
remaining guaiacol, Table 4). The reaction forms 2-methoxy-
cyclohexanol, the product of Route H-addition, with all extents
of ring deuteration (92.7% of 2-methoxy-cyclohexanol contains
D-atom on its carbon ring), ranging from non-deuterated (H;oDo)
to near complete deuteration (H;Dyg) of its carbon ring, as shown
in Fig. 4. In a separate experiment with the identical amount of cat-
alyst (10 mg) and at 423 K, cyclohexanol (1.1 x 10~" M CgH;;0H)-
D,0-H, (30 bar H;) reactions form less than 2% of H-D exchange
products on the carbon ring, as C¢HoDOD, after one hour; the cor-
responding to H-D exchange rate constant of cyclohexanol, esti-
mated by the initial H-D exchange turnover rate normalized to
the initial concentration, is at least 5 times smaller than that of
guaiacol. These results indicate that the sequential ring-
deuteration of 2-methoxy-cyclohexanol, after hydrogenation of
guaiacol, is negligible, as its concentration remains low during
CgH4(OH)(OCH5)-D,0-H, reactions (Fig. 4, <1.1 x 1072 M). The
wide deuteration extents of 2-methoxy-cyclohexanol (Fig. 4) must
therefore occur during guaiacol hydrogenation and reflect the
reversibility of the partially hydrogenated guaiacol intermediates,

Table 4

before their eventual saturation and desorption as 2-methoxy-
cyclohexanol. As these intermediates undergo forward catalytic
sojourns, they also recombine with D" adatoms and desorb as
deuterated guaiacol. Meanwhile, the forward catalytic steps of
these deuterated guaiacol form the deuterated 2-methoxy-
cyclohexanol. This condition also requires that both H and D-
adatom (D") co-exist on Ru surfaces with H,-D,0 co-reactants, con-
sistent with the proposed reversible water dissociation step (Step
3, Scheme 2).

From guaiacol, the formation of a 2-methoxy-cyclohexanol
requires six consecutive H or D" addition events (Scheme 2). That
being said, the formation of each non-deuterated 2-methoxy-
cyclohexanol would require six sequential H addition events,
without any D" addition. The relatively large fraction of non-
deuterated 2-methoxy-cyclohexanol (~7%, Fig. 4) has further
inferred that the H™ coverages must be much larger than the D
coverages. The molar ratio of non-deuterated to deuterated 2-
methoxy-cyclohexanol depends on the (i) H'-to-D coverage ratio,
(ii) H-D equilibrium isotope effects (EIEs) of quasi-equilibrated
H-addition events (Step 5, H-addition and Step 12), and (iii) H-D
kinetic isotope effect (KIE) of Step H-addition. The EIEs of H™ addi-
tion are lower than unity {e.g., 0.64 of H™ addition on carbon atom
of CO during CO—H, reaction on Co(0 0 0 1) surfaces [47]}, as C—D
bond has a lower zero-point energy than C—H bond by a difference
of ~—4.8 k] mol~! [48]. These EIEs compensate the normal H-D
kinetic isotope effect (KIE) of Step H-addition, which is ~3 at
423 K on Ru clusters [33]. Based on these values, we further
assume that the EIEs compensate completely the KIE during these
H" addition events and estimate the relative abundance of H'-to-D°
from the deuterium distributions in 2-methoxy-cyclohexanol. The
molar fraction of non-deuterated 2-methoxy-cyclohexanol (~7%,
Fig. 4), overall six H or D" addition events (Scheme 2), and bino-
mial distribution of H-atom and D-atom incorporations in 2-
methoxy-cyclohexanol lead to an estimated H'-to-D~ coverage
ratio of ~2.

Summary of guaiacol turnover rates via ring deuteration and Route j (j = C20C” or H-addition) during guaiacol-H,-D,0 reactions on Ru clusters at 423 K.

Reactant  Solvent Guaiacol concentration (M) Gas phase Gas pressure (bar, at 298 K)  Catalyst (mg) Guaiacol turnover rates Guaiacol turnover rates
via ring deuteration® via route j*
N 0D 0 oo C2—0o(C’ H-addition
b I _
Ao~ D% o
4.9 x 1072 H, 30 10 9.7 x 10° 8.8 x102 1.1 x 10* 2.4 x 10*

c.
o

@ Turnover rate has a unit of molguaiaw,~(m01Ru_5u,.f-h)’1.

20%

15%

10% |
5% I |
0%

2-methoxy-cyclohexanol molar fraction (%)

H10D0 HQDI HSDZ H7D3 H6D4

H;D; H,Ds  H;D; H,Dy H;D,

Fig. 4. H-D isotope distributions of H-atoms on the carbon ring of 2-methoxy-cyclohexanol (ten hydrogen atoms in total, derived based on the molecular ion of 2-methoxy-
cyclohexanol from mass spectrometer analysis) after one hour of guaiacol (4.3 x 10~2 M guaiacol)-D,0-H, (30 bar) reaction on 10 mg 14 nm 1 wt% Ru/C at 423 K.
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This estimated H'-to-D" ratio (~2) is much higher than 0.017,
the expected ratio when H,-D,0 exchange reaction attains chemi-
cal equilibrium (derived from the H,-D,O0 initial molar ratio, Sec-
tion 2.2). Without guaiacol molecules, H,-D,0 exchange reaches
chemical equilibrium much more rapidly at 373 K, a much lower
temperature, on the same catalyst [23]. The deviation of H,-D,0
from equilibrium in the presence of guaiacol, even at a higher tem-
perature (423 K), indicates that deprotonated guaiacol as the most
abundant surface intermediate prevents the H,-D,O chemical
equilibration, because it titrates the available Ru sites (Section 3.3),
consistent with the negligible H', H,O', and OH" coverages con-
cluded in Section 3.3.

Deuterated guaiacol, C¢Ha., D, (OD)(OCH3) (y = 1 or 2), may form
from an initiation step that involves either a H-abstraction, before
the D" addition on C? (b=3, 4, 5, or 6), or vise versa. On aromatic
rings, the H-abstraction occurs much more slower than H' addition
on transition metal surfaces, as previously established by TPD and
HREELS experiments [28], which demonstrate that D-H exchange
between H and deuterated benzene (CgDg) occurs prior to its
dehydrogenation on Ru(0001) [28], and proposed by H-D
exchange reactions of phenol-H,-D,0 and benzene-H,-D,0 on
Ru/TiO, (5 nm Ru cluster) at 523 K [29]. At high H, pressures
(30 bar), we expect that the initial H-abstraction is kinetically for-
midable and thermodynamically unfavorable; guaiacol deuteration
[i.e., C¢H4yDy(OD)(OCH3) formation] most likely occur via an initial
reversible D* addition followed by hydrogen abstraction on C?,
which is consistent with the proposed mechanistic sequence
(Scheme 2).

Table 4 compares the guaiacol forward turnover rates via Route
j (j=C>—0C7 or H-addition) with those of ring-deuteration, after
one-hour CgH4(OH)(OCH3)-D,0-H, (4.3 x 1072 M guaiacol, 30 bar
H,) reactions on 1 wt% Ru/C at 423 K. The ring-deuteration rates
[i.e, 1.1 x 10®° molgyaiacor(Molg,-h™"), Table 4] appear to be an
order of magnitude smaller than the total forward turnover rates,
which include both of the Routes C>—0C’ and H-addition
[4.4 x 10* mOlgyaiacor(mMOlg,-h™!), Table 4]. This is because (i)
D,0" dissociation that forms D is far away from equilibrium, when
Ru surfaces are covered with deprotonated guaiacol, thus fewer D'
adatoms are available for the H-D exchange; (ii) only the initial D"
(H-to-D" ratio ~2) addition can lead to deuterated guaiacol,
whereas both H and D" additions lead to Routes C2—0C” and H-
addition hydrodeoxygenation products (Step 5, j, Scheme 2). A
separate H-D exchange experiment of guaiacol (4.3 x 1072 M
guaiacol)-D, (1 bar)-D,O on 14nm Ru/C shows selective H-D
exchange on C° of guaiacol, and the D" addition rate is much faster
than hydrodeoxygenation rates [33], confirming that Step 5, j is
quasi-equilibrated (Scheme 2).

Previous DFT calculations for the initial H" addition on C' and C?
of guaiacol on uncovered Ru(0 0 0 1) surfaces in high vacuum show
high barriers (>107 kj mol') and thus conclude that guaiacol
hydrodeoxygenation does not initiate via the partial hydrogenation
of its aromatic ring but instead via rapid H-abstraction steps from
its methyl group (—C’Hs) [21]. The calculations, however, do not
consider the initial H addition onto the other carbon atoms within
the benzylic ring (i.e., C3*—C®), which leads to the formation of H-D
exchanged guaiacol during CgH4(OH)(OCH3)-D,0-H, reactions
(Table 4 and Fig. 4). In addition, if the H-abstraction from the
methyl group was to occur before the kinetically relevant steps
of Routes C>—0C” and H-addition, H-D exchange on the methyl
group (-C’H3) would have occur. The H-D exchange on methyl
group, however, remains insignificant during the CgH4(OH)
(OCH3)-D,0-H, reactions (<0.5%) for up to 3.5 h of reaction, which
corresponds to an H-D exchange rate on C” of much less than 103
molguaiamy(molmh”) (Fig. S3, Section S7 of Supporting Informa-
tion). Based on these H-D isotopic exchange results, we conclude
that guaiacol hydrodeoxygenation occurs via an initial hydrogena-

tion on its benzylic ring, as shown in Scheme 2, instead of the
direct H-abstraction(s) from its methyl group. In fact, careful H-D
isotopic exchange results, together with 'H and '*C NMR studies
and first-principle simulations, reveal that the initial H" addition
occurs preferentially on C°, followed by the kinetically relevant
H-addition and C?>—0C’ cleavage steps [33], consistent with the
proposed reaction sequence and surface elementary steps in
Scheme 2.

4. Conclusion

This study describes the reaction network and elementary reac-
tion sequence during guaiacol and hydrogen reactions at the inter-
face of water-Ru clusters, based on time-dependent Kkinetic
measurements and H-D isotopic assessments in a gradientless
semi-batch reactor. On Ru cluster surfaces saturated with deproto-
nated guaiacol, CgH4(OH)(OCH3)—H, reactions begin with a quasi-
equilibrated H-adatom addition step that forms partially hydro-
genated surface intermediate, prior to its sequential reactions of
two independent kinetically relevant steps of C>—0C’ bond cleav-
age and H-addition. The former step leads to phenol, cyclohex-
anone, cyclohexanol, or cyclohexane and the latter to 2-methoxy-
cyclohexanol. Both the C>—0C’ bond cleavage and H-addition
routes acquire identical, near zero dependence with guaiacol con-
centration, an indication that these competitive routes proceed via
the same guaiacol-derived, partially hydrogenated reactive inter-
mediates on Ru cluster surfaces covered with deprotonated guaia-
cols as the spectator species. H-D isotopic exchange and effective
H, dependencies confirm the reversible formation of the common
reactive intermediates, as their formation lead to the H-D exchange
on the benzylic ring of guaiacol in H,-D,0 and positive H, orders
for both C>—0C” bond cleavage and H-addition routes. C>—0C’
bond cleavage route, however, exhibits H, dependence that is 0.5
order less than that of H-addition route, because the C>—~0C” bond
cleavage step occurs on a vacant Ru site (') and requires one less H-
adatom (H') than the competing H-addition step. As a result, the
selectivities towards the desired C2—0C’ bond cleavage products
increase with increasing -to-H™ coverage ratio, which correlates
proportionally to the inverse square root of H, pressure.
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