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ABSTRACT: The kinetics for surface-catalyzed alcohol dehydration reactions often depends on the structure of the alcohol. 
Studies of structure-activity relations across primary, secondary, and tertiary alcohols can provide fundamental information on 
the nature of active sites on the surface. Here, we investigated the dehydration of 1-butanol, 2-butanol and tert-butanol over 
TiO2 anatase catalysts modified with various phosphonic acid (PA) self-assembled monolayers (SAMs). As a response to the 
presence of PAs, the three C4 alcohol isomers showed different dehydration rates, with 1-butanol dehydration being enhanced 
to the greatest extent by PA modification. Furthermore, the fluorinated, more polar 4-fluorobenzyl phosphonic acid out-
performed alkyl PAs across all alcohols. Steady-state kinetic measurements and temperature programmed desorption studies 
indicated that PA SAMs significantly lowered the dehydration activation barrier; the extent of reduction in the barrier was 
sensitive to both the substitution of the alcohol and the charge distribution on the PA in a way that was consistent with 
stabilization of a carbenium-like transition state. Overall, the effect of PA modifiers on alcohol dehydration rates was found to 
be determined from a balance between transition state stabilization and active site blocking effects, with the potential to tune 
activity and selectivity based on the structure and coverage of the SAM.  

1. INTRODUCTION 
Interest in synthesis of olefins from alcohol dehydration 
over metal oxide catalysts has risen in the last decade 
because of its key role in the upgrading of biomass derived 
products1–5. Due in part to the complexities of metal oxide 
surfaces, the mechanism for reactions of alcohols is not 
fully understood. Oxides such as Al2O3 and TiO2 are well-
known dehydrogenation and dehydration catalysts6,7. It is 
generally agreed that on oxides with Lewis acid sites, the 
metal acts as an electron acceptor during dehydration, thus 
bonding to a partially charged hydroxyl group, and lattice 
oxygen atoms bind to H atoms, as depicted in Scheme 1. 
Previous studies of alcohol dehydration on alumina8,9 and 
titania10 agree that a sequential mechanism is unfavorable. 
Instead, a concerted elimination mechanism with a 
partially charged carbocation has been proposed (Scheme 
1), implying that the degree of substitution of the alpha 
carbon plays a determinant role in the reaction outcome 
through charge stabilization11.  

The use of organic ligands as selectivity modifiers has been 
reported for a number of reactions12–16, including alcohol 
dehydration on metal oxides. An advantage of the use of 
self-assembled monolayer (SAM) modifiers is that the 
ligands can be tuned to understand key aspects of the 
reaction mechanism. Ellis et al. studied the reactions of 
primary alcohols over TiO2 anatase and showed a large 
increase in the selectivity toward dehydration over 
dehydrogenation after SAM deposition17. Furthermore, the 
dehydration rate was found to be strongly correlated to the 
dipole moment of the organophosphonic acid layers. A 
recent publication explored the behavior of other metal 
oxides under the same conditions18. Intriguingly, only 
materials that fell in a certain range of metal – oxygen bond 
strength, including TiO2 anatase, were positively affected 
by the presence of phosphonate SAMs. 
 
It has previously been proposed that the electrostatic field 
caused by the presence of SAMs stabilizes the transition 
state for alcohol dehydration. Specifically, density 
functional theory calculations indicated that the imposition 
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Scheme	1:	Concerted	dehydration	mechanism	for	1-
butanol.	
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of electric fields changed the lengths of the Cb - H and Ti - 
Oalcohol bonds to change the “lateness”, and therefore 
energy, of the transition state17. The extent of transition 
state stabilization would be expected to be dependent on 
the structure of the alcohol. For example, it is known that 
through hyperconjugation tertiary alcohols can more easily 
stabilize the alpha carbon charge than primary alcohols, 
making the former much more reactive than the latter10,19. 
Therefore, the elongation of the Cb - H bond, which places 
more charge on this same carbon and thus stabilizes the 
localized positive charge in the carbocation, should prove 
more beneficial to alcohols with a lower substitution 
degree. These factors we hypothesized to lead to a 
promoting effect of the SAM that differs for primary, 
secondary, and tertiary alcohols. The work described here 
examined this relationship between alcohol structure and 
extent of SAM promotion as a means to probe the 
mechanism for alcohol dehydration. 

2. EXPERIMENTAL METHODS 
Catalyst Synthesis. 
Anatase phase TiO2 powder (³99% metal basis, ~325 
mesh, Sigma Aldrich) was functionalized with: 4-
fluorobenzyl phosphonic acid (4-FBPA, ³98.5%, Sigma 
Aldrich), methyl phosphonic acid (MPA, ³98%, Sigma 
Aldrich) or octadecyl phosphonic acid (ODPA, ³97%, Alfa 
Aesar) by submerging the TiO2 powder into a 10mM 
solution of the phosphonic acid in tetrahydrofuran (THF) 
(³99.9% anhydrous, Sigma Aldrich) and allowing to mix 
overnight. The solids were centrifuged and then annealed 
at 120°C for 6 hours. After cooling to room temperature, 
the powders were rinsed with tetrahydrofuran and 
centrifuged three times to remove any physisorbed 
phosphonic acids. 
 
Catalyst Characterization 
Brunauer-Emmet-Teller (BET) surface areas were 
determined for the metal oxides using a Micrometrics 
(Norcross, GA) Chemisorb 2720. The samples were 
pretreated for 1h at 200ºC in 30% N2 / 70% He. The 
reported surface areas were determined from the 
desorption peaks. Triplicate measurements were 
performed on each substrate. (Supporting Information, 
Table S1). 
 
Diffuse reflectance infrared Fourier transform 
spectroscopy (DRIFTS) was performed using a Thermo 
Scientific Nicolet 6700FT-IR and confirmed the presence 
of the monolayers on the oxide. The experiments were 
performed at room temperature. Both C-H and C-F 
stretching regions were analyzed to capture the 
characteristic vibrational modes of all the monolayers used 
in this study. (Supporting Information, Figure S1). 
 
Reaction Studies 
1-Butanol	 (1-BuOH)	 (Fisher	 BioReagents),	 2-butanol	
(2-BuOH)	 (Anhydrous	 ³99.5%,	 Sigma	 Aldrich),	 tert-
butanol	 (t-BuOH)	 (Certified,	 Fisher	 Chemical),	 and	
water	 (HPLC	 Grade	 Submicron	 Filtered,	 Fisher	
Chemical)	 were	 used	 in	 these	 experiments.	 All	

reactions	were	performed	in	a	continuous	flow	reactor,	
where	 the	 catalyst	was	placed	 in	between	glass	wool	
inside	a	0.5’’	diameter	Pyrex	tube.	The	catalyst	powder	
was	purged	at	room	temperature	with	He	 for	15	min	
and	heated	to	reaction	temperature	in	the	same	inert	
gas.,	 prior	 to	 introducing	 the	 alcohol	 in	 the	 system.	
Reaction	rates	were	measured	at	230	ºC	for	t-BuOH	and	
at	250ºC	for	1-BuOH	and	2-BuOH.	Apparent	activation	
energies	were	determined	using	different	temperature	
ranges:	 250	 –	 310ºC	 for	 1-BuOH,	 210	 –	 290ºC	 for	 2-
BuOH	and	150	–	230ºC	for	t-BuOH,	with	measurements	
at	 intervals	 of	 20ºC.	 Pressure	 was	 always	 kept	 at	
atmospheric	levels.	Helium	was	used	as	the	carrier;	it	
was	bubbled	through	the	liquid	phase	reactant	inside	a	
temperature-controlled	 bath.	 The	 temperature	 of	 the	
bath	was	kept	at	10ºC	for	1-BuOH	and	2-BuOH,	while	it	
was	kept	at	25ºC	for	t-BuOH,	due	to	its	higher	melting	
point.	 These	 temperatures	were	 held	 constant	 for	 all	
apparent	activation	energy	experiments.	
	
In	 order	 to	 change	 the	 alcohol	 concentrations	 to	
determine	 apparent	 reaction	 orders,	 the	 bath	
temperature	was	set	at	5,	10	and	15	ºC	for	1-BuOH	and	
2-BuOH;	 25,	 30	 and	 35	 ºC	 for	 t-	 BuOH.	 For	
determination	of	reaction	orders	with	respect	to	water, 
the amount of co-flowed water covered a range of at least 
1 to 3 times the stoichiometric amount produced by the 
dehydration reaction of each alcohol at steady state. 
 
The	 flow	 rate	 was	 kept	 at	 15	 sccm,	 and	 all	 He	 flow	
passed	 through	 the	 bubbler	 except	 for	 the	 tertiary	
alcohol,	which	required	a	split	flow	of	2	sccm	through	
the	 bubbler	 and	 a	 13	 sccm	 makeup	 stream	 of	 pure	
helium	to	achieve	a	desired	reactant	concentration.	The	
outlet	of	the	reactor	was	connected	to	an	Agilent	7280A	
GC	 for	 online	 analysis.	 The	 chromatograph	 was	
equipped	 with	 a	 30m	 x	 0.250mm	 Agilent	 DB-WAX	
capillary	 column	 and	 a	 flame	 ionizer	 detector.	 All	
experiments	were	run	for	200	min	to	ensure	a	reliable	
steady	state	measurement.	
	
All	rates	were	measured	keeping	a	differential	(<15%)	
conversion.	 Apparent reaction orders have been 
determined by fitting the data in a linear regression on a 
logarithmic plot. 
	
TPRS and TPD experiments 
Temperature	 programmed	 reaction	 spectroscopy	
(TPRS)	 was	 performed	 in	 a	 continuous	 flow	 reactor	
with	a	He	carrier	gas,	similar	to	that	used	in	the	reaction	
studies.	 The	 outlet	was	 continuously	monitored	 by	 a	
Pffeiffer	 Vacuum	 Prisma	 quadrupole	 mass	
spectrometer,	 where	mass	 fragments	 relevant	 to	 the	
alcohols,	olefins,	aldehydes,	ketones,	ethers	and	water	
were	 tracked.	 To	 ensure	 a	 strong	 enough	 signal,	
approximately	100	mg	of	native	material	and	250	–	300	
mg	of	coated	material	were	used	for	these	experiments.	
After	annealing	under	flowing	He	at	250ºC	for	2	hours,	
the	samples	were	saturated	with	alcohols	at	50ºC	and	
the	 reactant	 flow	 was	 stopped	 when	 the	 signal	



remained	constant.	The	system	was	purged	for	20	min	
again	with	helium	to	remove	any	physisorbed	material.	
The	20ºC/min	temperature	ramp	started	at	50ºC	and	
continued	to	550ºC.	
	
All	 MS	 signals	 have	 been	 normalized	 according	 to	 a	
standard	measured	 for	 a	 set	 flow	 rate	 of	 the	 alcohol	
from	 the	 same	 day,	 to	 remove	 any	 day-to-day	
fluctuations.	Additionally,	the	olefin	signal	(m/z	=	41)	
was	 also	 a	 fragment	 of	 the	 reactant.	 Two	 peaks	
appeared	in	the	product	signal	and	the	position	of	the	
low-temperature	 peak	 always	 matched	 that	 of	 the	
unreacted	alcohol	desorption	peak.	Hence,	the	spectra	
were	 deconvoluted	 by	 subtracting	 a	 constant	
proportion	of	the	reactant	signal	(m/z	=	31,	45	and	59	
for	 1-BuOH,	 2-BuOH	 and	 t-BuOH,	 respectively)	 from	
the	 olefin	 signal,	 effectively	 removing	 the	 secondary	
peak. The experiments were repeated twice and the 
observed peak positions remained constant, within ± 10ºC. 
	
For	water	 desorption	 experiments	 the	 surfaces	were	
not	pretreated.	Instead,	water	was	dosed	on	the	fresh	
samples.	 For	 these	 experiments,	 100	 mg	 of	 catalyst	
were	 loaded	 for	 both	 the	 native	 and	 SAM-coated	
materials.	 The	 same	 ramp,	 flowrate	 and	 dosing	
procedure	 used	 for	 the	 TPRS	 studies	 were	 used	 for	
water	TPD	experiments.	

3. RESULTS 
Catalytic Performance 
A series of catalysts—unmodified TiO2 along with TiO2 
modified by 4-FBPA, MPA, and ODPA—were evaluated 
in a flow reactor for reactions of the various C4 alcohols. 
Over native TiO2 anatase, the main pathway for 1-BuOH 
was dehydrogenation, though dehydration and some minor 
condensation was also observed. 2-BuOH also underwent 
both dehydration and dehydrogenation, but with an 
increased selectivity for dehydration as compared to the 
primary alcohol.  The tertiary alcohol t-BuOH only yielded 
dehydration products due to the inability to form an 
aldehyde group without undergoing C-C cleavage. 
Deposition of phosphonates led to major changes in 

reaction rates and selectivities. Those differences in 

performance are summarized in Figure 1. All the 
phosphonic acids promoted 1-BuOH dehydration, with the 
fluorinated ligand exhibiting the greatest enhancement. 
This result is consistent with previous reports17. For 2-
BuOH and t-BuOH, 4-FBPA still promoted the 
dehydration reaction, but to a smaller extent. For the 
substituted alcohols, ODPA and MPA no longer promoted 

Figure	2:	Dehydration	product	selectivity	as	a	percentage	of	
the	total	produced	for	a)	1-butanol	and	b)	2-butanol,	mole	
basis.	

a) 

b) 

Figure	1:	Ratio	of	dehydration	rates	for	functionalized	to	
native	TiO2	for	various	alcohols.	Reactions	performed	at	
230ºC	for	tert-butanol,	250ºC	for	1-,2-butanol.	 Figure	 3:	 Apparent	 dehydration	 activation	 energies	 for	 1-

butanol,	 2-butanol	 and	 tert-butanol	 over	 native	 and	
functionalized	 TiO2,	 as	 a	 function	 of	 the	 carbenium	 ion	
stability	(CIS).	



dehydration, but instead weakly suppressed it. Thus, it can 
be seen that the substitution of the alcohol led to a 
weakening of the ability of PAs to promote the reaction. 
 
Interestingly, dehydrogenation rates went down for both 
the primary and secondary alcohols (Supporting 
Information, Figure S2), giving rise to the enhancement in 
the selectivity shown in Figure 2. Selectivity towards 
dehydration increased across all temperatures for the PA-
functionalized catalysts. Over all catalysts, there was a 
preference for dehydrogenation at lower temperatures for 
both 1-BuOH and 2-BuOH, which is in agreement with 
previous observations of other short chain alcohols on 
TiO27, and indicates a higher apparent activation barrier for 
dehydration. 
 
In order to assess the effect of the monolayers on the 
reaction kinetics, apparent activation barriers were found 
for all combinations of reactants and catalysts (Figure 3 
and Figure S3). Here, on the horizontal axis, each alcohol 
reactant is reported based on its carbenium ion stability 
(CIS), previously reported in the literature.11 This stability 
refers to the proton affinity of the alkenes involved in the 
reaction, as shown in Equation 1, where E values represent 
the energies for the subscripted species, CnH2n corresponds 
to the neutral alkene, and CnH2n+1+ corresponds to the 
corresponding carbenium ion. The CIS represents the 
stability of the cation that forms after the removal of the 
OH group, and has been shown to correlate linearly8 to the 
dehydration barriers. 
 

			CIS	 = 	 |E!!""#$%
# −	E!!""#|    (1) 

 
PA-modified surfaces have lower barriers for all 
dehydration reactions. MPA had the lowest effect on the 
apparent barrier, while ODPA and 4-FBPA caused a 
greater activation energy reduction. These observed 
reductions decreased with alcohol substitution. For all 
catalysts, the activation energies decreased as the degree of 
alcohol substitution was increased, as expected11. Based on 
bond dissociation enthalpies in the gas phase reported in 
the literature, Cb-H bonds weaken when the carbon is 
multiply substituted, while C-OH bond enthalpies remain 
nearly constant8,20. Thus, the general trend in the barriers 
can be explained by making the proton transfer being 
involved in the rate-limiting step8. 
 
We also measured apparent reaction orders in the reactant 
(Table 1). The order for the primary alcohol increased from 
negative-order to near zero-order in the presence of SAMs, 
consistent with previously reported measurements during 
1-propanol dehydration17. 2-BuOH exhibited a positive-
order dependence on the reactant concentration, with 
values close to 0.48, the partial reaction order for 
dehydration that Rekoske et al. observed at 548K with 2-
propanol7, with no great changes after functionalization. 
Orders for t-BuOH were only positive in the presence of 
SAMs. On the unmodified catalyst, the reaction order was 
slightly negative, indicating a change in the surface caused 
by PAs.  Thus, there was a general trend of PA SAMs 

increasing the alcohol reaction order, though the extent of 
this increase varied depending on the alcohol. 
 
The reaction orders with respect to water were also 
measured, since water has been suggested to often play an 
important role as a surface species10. Over TiO2, alcohols 
have been shown to compete with water for active sites10, 
thus making the water desorption process important in 
controlling the rate. Accordingly, the presence of water 
resulted in a decrease of the dehydration rates, the 
magnitude of which was proportional to the degree of 
substitution of the alcohol. The presence of 4-FBPA 
dramatically reduced the negative impact of water in 
alcohol dehydration: reaction orders were found to be close 
to zero across reactants (Table 2). 
Table	1:	Apparent	reaction	orders	for	1-butanol,	2-butanol	and	
tert-butanol	 dehydration	 over	 functionalized	 and	 non-
functionalized	 TiO2	 anatase.	 Uncertainties	 represent	 the	
standard	error	calculated	based	on	linear	regression.	

 
 
Table	 2:	 Apparent	 reaction	 orders	 for	 water,	 co-fed	 with	 1-
butanol,	2-butanol	and	tert-butanol	over	native	TiO2	anatase.	
Uncertainties	represent	the	standard	error	calculated	based	on	
linear	regression.	

 
 
Over both native and SAM-modified materials, the 
alcohols showed different behaviors in the recorded time 
on stream (TOS) data that led to the steady state 
(Supporting Information, Figure S4). The primary alcohol 
deactivated the catalyst, and the TOS data described an 
inverse exponential curve. The secondary and tertiary 
alcohol exhibited an apparent activation in the TOS data, 
which mostly followed a decaying exponential trend. The 
catalyst activation period was more pronounced for the 
tertiary alcohol. 
 
TPRS and TPD studies 
Temperature programmed reaction spectroscopy (TPRS) 
experiments were carried out on the various catalysts as a 
means to quantify sites and elementary reaction step 
barriers. We focused on temperatures below 400ºC 
because PAs were found to decompose above 400ºC on 
TiO221. 
 
The most relevant mass fragments for the native and coated 
catalysts are presented in Figure 4. Over native TiO2, 
desorption of unreacted 1-butanol and 2-butanol occurred 

1-Butanol 2-Butanol Tert-butanol

Native -0.58 ± 0.04 0.37 ± 0.04 -0.20± 0.03

4-FBPA -0.02 ± 0.03 0.67 ± 0.06 0.46 ± 0.07

MPA -0.15 ± 0.01 0.51 ± 0.05 0.65 ± 0.07

ODPA 0.14 ± 0.00 0.64 ± 0.05 0.68 ± 0.02

Water + 1-BuOH Water + 2-BuOH Water + t-BuOH

Native 0.09 ± 0.01 -0.25 ± 0.01 -0.51 ± 0.02

4-FBPA 0.06 ± 0.01 -0.08 ± 0.01 -0.09 ± 0.01



at ~150 ºC; tert-butanol (e) desorbed at roughly 120ºC. 
Phosphonic acids lowered the desorption temperature of 
these species by no more than 10°C. A single peak was 
observed, likely representing a single population of weakly 
bound alcohols. Upon functionalization, the amount of 
reactant desorbing from the surface dropped to less than 
half due to site blocking and steric hinderance. 
 
In absence of PAs, desorption of 1-butene, 2-butene and 
isobutene (b, d, f) occurred at approximately 345, 260 and 
190 ºC, respectively. All three SAMs decreased these 
desorption temperatures. In particular, 4-FBPA reduced 
the desorption temperature by 30-40ºC (Table 3). Alkyl 
SAMs had a milder impact, with reductions ranging 
between 5-30 ºC. Olefins bind much more weakly22 to the 
surface of metal oxides than alcohols, due to the lack of 
polar groups. Hence, these changes in the desorption 
temperature were attributed to a change in the dehydration 
activation energy. Calculated energies agree with those 
observed in Figure 3. 
 

Table 3: Peak temperatures and activation energies of alcohol 
desorption and dehydration reactions, based on Redhead23 model 
assuming first order desorption and a standard pre-exponential 

factor of 1013 s-1. 

 
A single peak was observed for the desorption of the 
olefins. Because olefin production is reaction-limited, this 
suggests that dehydration is catalyzed by a relatively 
homogeneous set of sites10,11,24. However, under the 
experimental conditions, deposition of SAMs severely 
reduced the amount of accessible sites for the dehydration 
reaction channel, as seen by the peak area reductions in 
Figure 4. 
 
Dehydrogenation products were measured for 1-butanol 
and 2-butanol (Supporting Information, Figure S5). A site 
loss comparable to that of dehydration was observed, but 

Catalyst Tp (ºC) Ea
(kJ/mol)

∆Ea
(kJ/mol) Peak Area*

1-
Bu

ta
no

l

Re
ac

ta
nt

Native 150.4 ± 3.2 118.2 ± 0.9 - 1.00

4-FBPA 143 ± 1.4 116.1 ± 0.4 2.1 ± 1.4 0.43 ± 0.05

MPA 143.4 ± 1.8 116.2 ± 0.5 2.0 ± 1.5 0.31 ± 0.05

ODPA 142 ± 3.2 115.8 ± 0.9 2.4 ± 1.9 0.30 ± 0.05

O
lef

in

Native 345.1 ± 2.5 174.4 ± 0.7 - 1.00

4-FBPA 319.6 ± 5.6 167.0 ± 1.7 7.4 ± 2.4 0.24 ± 0.06

MPA 324.2 ± 10.2 168.3 ± 3.0 6.1 ± 3.8 0.16 ± 0.01

ODPA 318.5 ± 6.1 166.7 ± 1.8 7.7 ± 2.6 0.15 ± 0.05

Al
de

hy
de

Native 355 ± 9.4 177.2 ± 2.8 - 1.00

4-FBPA 362.8 ± 5.6 179.5 ± 1.7 - 2.3 ± 1.7 0.53 ± 0.05

MPA 358.8 ± 4.0 178.4 ± 1.2 -1.1 ± 1.2 0.34 ± 0.17

ODPA 370.8 ± 6.0 181.8 ± 1.8 -4.6 ± 1.8 0.46 ± 0.09

2-
Bu

ta
no

l

Re
ac

ta
nt

Native 157.6 ± 12.0 120.2 ± 3.5 - 1.00

4-FBPA 143.1 ± 5.9 116.1 ± 1.7 4.1 ± 5.3 0.44 ± 0.03

MPA 148.6 ± 5.0 117.6 ± 1.5 2.5 ± 5.0 0.27 ± 0.16

ODPA 137.8 ± 1.8 114.6 ± 0.5 5.6 ± 4.0 0.51 ± 0.22

O
lef

in
Native 263.6 ± 3.6 150.8 ± 1.1 - 1.00

4-FBPA 230.4 ± 2.4 141.2 ± 0.7 9.6 ± 1.8 0.14 ± 0.04

MPA 250.3 ± 3.8 146.9 ± 1.1 3.9 ± 2.2 0.07 ± 0.03

ODPA 249.8 ± 4.3 146.8 ± 1.3 4.0 ± 2.3 0.06 ± 0.03

Ke
to

ne

Native 373.4 ± 1.4 182.6 ± 0.4 - 1.00

4-FBPA 365.2 ± 2.3 180.2 ± 0.7 2.4 ± 1.1 0.41 ± 0.28

MPA 380.4 ± 9.2 184.6 ± 2.7 -2.0 ± 3.2 0.25 ± 0.17

ODPA 368.1 ± 3.1 181.1 ± 0.9 1.6 ± 1.3 0.38 ± 0.30

Te
rt-

Bu
ta

no
l Re

ac
ta

nt

Native 124.2 ± 6.6 110.6 ± 1.9 - 1.00

4-FBPA 122 ± 5.2 110.0 ± 1.5 0.6 ± 3.5 0.17 ± 0.08

MPA 117.8 ± 6.6 108.8 ± 1.9 1.8 ± 3.9 0.35 ± 0.05

ODPA 118 ± 6.0 108.9 ± 1.8 1.8 ± 3.7 0.18 ± 0.03

O
lef

in

Native 187 ± 3.8 128.7 ± 1.1 - 1.00

4-FBPA 140.8 ± 2.0 115.4 ± 0.6 13.3 ± 1.7 0.31 ± 0.04

MPA 180.6 ± 7.4 126.8 ± 2.2 1.9 ± 3.3 0.08 ± 0.04

ODPA 159.1 ± 2.1 120.7 ± 0.6 8.0 ± 1.7 0.05 ± 0.03

*Peak areas are normalized by the native signal.



no compensating barrier reduction resulting from SAM 
deposition was found. This is consistent with the uniformly 
decreased dehydrogenation rates measured in steady-state 
experiments. Numerical results can be found in Table 3. 
 
Temperature programmed desorption (TPD) of water from 
the various surfaces revealed lower water coverages, along 
with a slight upward shift in desorption temperature for the 
modified catalysts (Supporting Information, Figure S6). 
However, desorption temperatures for water were found to 
be similar to those reported in previous studies7,24,25 of 
TiO2.  This suggests that the PAs adsorbed in such a way 
that weaker water adsorption states were preferentially 
suppressed or new strong adsorption sites involving the PA 
group were created. Irreversible surface dehydration was 
observed at high temperatures on the native surface, a 
reported behavior for reducible metal oxides such as 
TiO226. However, at the studied temperatures of up to 
500ºC, no defects were created when the surface contained 
PAs, which could be indicating that the PAs increased the 
metal-oxygen bond strength through charge transfer 
effects27. 
 

4. DISCUSSION 
We found that PAs have a different overall effect on the 
dehydration rates of each alcohol. After functionalization 
with 4-FBPA, dehydration rates of all alcohols increased, 
especially for the primary alcohol. MPA and ODPA 
improved dehydration rates for 1-BuOH, but had an overall 

negative effect in the rates of 2-BuOH and t-BuOH (Figure 
1). In the following discussion, we consider the roles of 
several factors in controlling the mechanism of alcohol 
dehydration: (i) the alcohol functional group position 
within the reactant, which dictates both the steric demands 
and the electronic properties of the transition state; (ii) the 
phosphonic acid head group, which can block TiO2 sites 
and potentially introduce new sites on the catalytic surface; 
and (iii) the tail of the self-assembled monolayer, which 
governs the surface coverages and the strength of the near-
surface electrostatic fields through its dipole moment. 
 
Influence of reactant structure on reaction barriers  
It is generally agreed that dehydration over metal oxides 
occurs through a concerted mechanism, where the proton 
transfer limits the process8,28, with carbenium ion stability 
of the putative transition state correlating with the activity 
of the reactant for the elimination reaction11. Based on this 
description of the transition state, more substituted 
alcohols have lower dehydration barriers (as observed in 
Figures 3 and 4). 
 
As shown in Figure 3, PA SAMs reduced the dehydration 
barriers for all alcohols; the extent of barrier reduction was 
found to be inversely related to the alcohol substitution. 
Similar trends were observed in the TPRS experiments 
(Figure 4): dehydration product peak temperatures were 
generally found to decrease for all alcohols on PA-coated 
surfaces, but the decrease was largest for the primary 
alcohol 1-BuOH. Previous modeling studies have 

Figure	4:	Temperature	programmed	desorption	results	for	1-butanol	(a,	b),	2-butanol	(c,	d)	and	tert-butanol	(e,	f).	(a,	m/z	=	31),	(c,	
m/z	=	45)	and	(e,	m/z	=	59)	correspond	to	the	unreacted	alcohols.	(b),	(d)	and	(f)	correspond	to	the	dehydration	product	(m/z	=	41).	
Flowrate	=	25	sccm;	b	=	0.333	s/K.	*	2-butene	(Saytzeff	olefin)	is	the	main	product	of	the	reaction	over	TiO2	anatase10.	

 

a) c) 

b) d) 

e) 

f) 



indicated that PAs may decrease the barrier for primary 
alcohol dehydration in part via dipole interactions that 
stabilize the dehydration transition state.17 This dipole 
stabilization effect would be expected to diminish for more 
highly substituted alcohols, which stabilize the localized 
charges of their C atoms in the transition state through 
inductive effects29 (Scheme 2). 
 
We note that, in contrast to alcohol dehydration, the 
activation energies for dehydrogenation obtained in the 
same experiments (Table 3) showed no dependence on the 
presence of PAs on the surface. This indicates that PAs 
have a negligible effect on the transition state of this 
undesired reaction, though they do lower the reaction rate 
significantly, likely through site blocking.  
 
Influence of PA modifiers on adsorption strength 
TPD studies of the various alcohols (Figure 4) showed a 
slight but consistent weakening of the alcohol-surface 
interaction energy caused by PA deposition, as indicated 
by a shift in desorption peaks to lower temperature (Table 
3). There are also indications from the kinetic studies that 
PA deposition decreased the adsorption energy of alcohols 
and alcohol-derived intermediates. The increase in 
apparent reaction orders for 1-butanol dehydration (Table 
1) suggests a lower fractional site occupation by butanol-
derived surface intermediates associated with a decrease in 
binding affinity. Orders for 1-butanol increased from -0.58 
to close to zero-order after PA deposition (Table 1). This 
increase in reaction orders is usually linked to a decrease 
in the fractional coverage of strongly adsorbed reactant-
derived species on active sites. Also consistent with a 
general decrease in surface intermediate coverages is the 
fact that the condensation rates for 1-butanol were reduced 
by a factor of ~ 4 when MPA was deposited, with similar 
effects for the other two PAs. Ellis et al. observed the same 
effect with 1-propanol, and attributed it to the lack of the 
necessary adjacent sites caused by the interruption of the 
catalytic surface17. 
 
In the absence of PA modifiers, the t-BuOH reaction order 
was found to be only slightly negative, suggesting a 
decreased propensity for alcohol-derived intermediates to 

block reactant sites. Again, modification with PAs 
increased the reaction order, in this case to a significant 
positive order (Table 1). Previous work showed that 
alcohols can coordinatively adsorb in groups of 2 or 3 
around an oxide active site on acid metal oxides, resulting 
in a reduction of the site activity30,31. Because reaction 
orders increased after deposition of the organophosphonic 
layers, and went from slightly negative to positive (Table 
1), we assume that PAs could be sterically hindering this 
clustering process. 2-Butanol orders followed a similar but 
weaker trend, that could be attributed to the same 
phenomenon. 
 
It is also important to consider how the coverages of other 
species, including the reaction product water, affect 
reactivity. Carrizosa and Munuera showed that water can 
adsorb onto the same centers that perform dehydration 
reactions10 and therefore can limit the reaction. Moreover, 
they also reported that the ability to displace water was the 
highest for ethanol, followed by 2-propanol and tert-
butanol. The measured partial reaction orders for water 
showed a strong inhibition of t-BuOH dehydration, a lower 
inhibition for 2-BuOH, and almost no effect on 1-BuOH. 
The fact that the desorption temperature for water on TiO2 
anatase is 270ºC, 10 and that the olefin peaks in Figure 4 
appear at roughly 340ºC, 270ºC and 180ºC for 1-BuOH, 2-
BuOH and t-BuOH, respectively, supports the claim that 
water desorption should be more competitive for the more 
substituted alcohols. We note that slow displacement of 
water may be responsible for significant induction periods 
observed over the native catalyst during t-BuOH 
dehydration. 
 
Interestingly, 4-FBPA suppressed the steady-state effect 
that water had on dehydration, as almost no dependence 
between the rates and water concentration was found 
(Table 2). These findings suggest that the presence of the 
monolayer allows for a faster displacement of water from 
the active site. Given the constant production of water in 
the system, faster water desorption would increase the 
observed rates, which can partly explain the promotion of 
dehydration activity by the presence of SAMs. Given the 
similar chemisorption behavior of water over all three 
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Scheme	2:	Effect	of	the	near-surface	electrostatic	fields	induced	by	PA	at	the	TiO2	surface	on	the	Cb	-	H	bond.	Polarization	of	the	bond	
creates	a	partial	charge	that	stabilizes	the	carbocation.	



modified surfaces (Figure S7), we theorize that the steady 
state behavior of water in presence of the alkyl SAMs 
should be similar to that of 4-FBPA, and therefore we 
consider the head group to be mainly responsible for this 
observed phenomenon. 
 
Effect of coatings on active site density 
Another key effect of PA modification is the potential to 
decrease the number of active sites through site-blocking 
effects. Previous work has shown that PA modification of 
TiO2 introduces some new Brønsted acid sites (as 
measured by infrared spectroscopy after pyridine 
adsorption), but sharply decreases the total number of 
(Lewis) acid sites as measured by ammonia TPD18,32. 
Perhaps the clearest indication of a decrease in the number 
of available active sites comes from the TPRS experiments. 
As shown in Figure 4, both unreacted alcohol desorption 
yield and (especially) the dehydration product yield were 
substantially decreased by the PA SAMs. Although the 
relationship between alkene yield and the nature of the tail 
group was not found to be consistent for all alcohols, 4-
FBPA modification was generally associated with higher 
yields than ODPA, especially for the dehydration of t-
BuOH. 
  
Self-assembled monolayer packing and surface density 
depends on the nature of the tail groups12. On TiO2, 4-
FBPA has been found to have a coverage of 3 
molecule/nm2, 17 while alkyl PAs have been reported to 
have higher coverages26. On Al2O3, MPA and ODPA had 
the highest coverages among many other PAs, with 5.6 and 
4.9 molecule/nm2, respectively33. The lower 4-FBPA 
coverage can be attributed to the spatial requirements34 of 
the benzyl rings in 4-FBPA. The ability of the tail group to 
govern the maximum coverages for the different tested 
species likely plays an important role in the overall 
outcome of the reactions. 
 
The adsorption of 2-propanol on TiO2 (101) has been 
computationally studied, and two distinct non-dissociative 
binding modes were found to be plausible35. The less stable 
binding mode consists solely of an H – O bond of the 
alcoholic H and the lattice bridge oxygen from the metal 
oxide, which has been related to a physisorption state due 
to the calculated small elongations of the bonds. The more 
stable configuration requires an Oalc – Ti bond, while the H 
of the alcohol is attracted to one or two neighboring lattice 
oxygens. When a single oxygen attracts the H, the 
difference in energies between the two described binding 
modes is 35 kJ/mol35. The energies calculated from the 
Redhead model yield a ~30 kJ/mol difference between the 
unreacted alcohol and olefin peaks for 2-butanol (Table 3). 
Hence, the more loosely bound alcoholic species that 
desorbed at ~140 ºC and the more strongly adsorbed 
alcohols that desorbed as olefins at higher temperatures 
(Figure 4) could be linked to the two different binding 
modes reported in the literature.	
	
Overall,	we	find	that	PAs	can	have	a	number	of	effects	
on	 the	 alcohol	 dehydration	 reaction	 mechanism.	 PA	
coatings	stabilize	the	transition	state	for	dehydration,	

with	the	more	significant	stabilization	provided	by	4-
FBPA	attributed	to	 its	stronger	dipole	moment17.	The	
PAs	also	appear	to	decrease	the	fractional	coverage	of	
strongly	bound	surface	intermediates	and	water	under	
reaction	 conditions,	 presumably	 via	 repulsive	
interactions	 with	 neighboring	 species.	 However,	 the	
site-blocking	 effects	 arising	 from	 PA	 deposition	
strongly	reduce	the	number	of	active	sites.	
	
As a quantitative assessment of this idea,	if	kinetics	obey	
an	Arrhenius	temperature	dependence	and	a	Langmuir	
site	 treatment	 is	 assumed,	 at	 the	 studied	 reaction	
temperature	 (~250	 ºC)	 and	 when	 adsorption	 and	
desorption	 steps	 do	 not	 limit	 the	 process	 (Equations	
S1-S2),	 a	 TiO2	 anatase	 native	 surface	 could	
macroscopically	behave	similarly	to	a	surface	with	90%	
fewer	 sites	 and	 10	 kJ/mol	 less	 in	 the	 dehydration	
activation	 energy,	 which	 is	 in	 the	 range	 of	 changes	
observed	 in	 these	 studies.	 However,	 relatively	 small	
shifts	 in	 reaction	 barriers,	 adsorption	 strengths,	 and	
reactions	temperatures	can	influence	whether	coatings	
enhance	 or	 suppress	 reactivity	 (Supporting	
Information,	Figure	S6).	
	
The	 net	 effect	 of	 PA	 modification	 this	 differs	 for	
different	 alcohols	 and	 coatings,	 but	4-FBPA	generally	
appears	 to	 offer	 superior	 dehydration	 activity.	 This	
enhanced	 performance	 is	 attributed	 to	 the	 strong	
dipole	 moment	 and	 somewhat	 lower	 coverage	 of	 4-
FBPA	 compared	 to	 the	 other	 coatings.	 Overall,	 the	
results	suggest	that	design	of	PA-modified	dehydration	
catalysts	 should	 perhaps	 focus	 on	 generating	 lower	
coverages	that	may	better	preserve	the	total	number	of	
active	 sites;	 this	 could	 potentially	 be	 done	 by	
depositing	controlled	sub-saturation	levels	of	FBPA,	for	
example.	

5. CONCLUSIONS 
The	reactions	of	1-butanol,	2-butanol	and	tert-butanol	
over	 native	 and	 phosphonic	 acid-functionalized	 TiO2	
anatase	 have	 been	 studied	 using	 a	 combination	 of	
steady-state	 kinetic	 and	 temperature-programmed	
measurements.	 The	 rate	 of	 alcohol	 dehydrogenation	
was	uniformly	suppressed	by	the	PAs,	apparently	due	
to	site-blocking	effects.	On	the	other	hand,	the	effect	of	
the	PAs	on	alcohol	dehydration	was	found	to	depend	in	
a	synergistic	fashion	on	both	the	PA	structure	and	the	
degree	 of	 alcohol	 substitution.	 Stabilization	 of	 the	
dehydration	transition	state	for	the	primary	alcohol	1-
butanol	was	found	to	be	the	most	significant,	especially	
for	 the	 most	 electron-withdrawing	 PA	 SAM,	 4-FBPA.	
The	 extent	 of	 promotion	 offered	 by	 PA	
functionalization	was	 found	 to	 result	 from	 a	 balance	
between	transition	state	stabilization	and	site	blocking	
effects.	Although	site	blocking	by	PAs	was	significant,	it	
was	also	found	that	they	likely	suppress	the	adsorption	
of	surface	spectators	or	poisons.	
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