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Abstract The activation energies for alkene formation

via dehydration of alcohols on bridge-bonded oxygen

(BBO) vacancy sites of TiO2(110) is found to correlate

with the inductive electron donating effect of alcohol alkyl

groups as measured by the Taft parameter. Based on this

correlation we conclude that the reaction involves a single

transition state that undergoes concerted rupture of the

C–O bond of the alkoxide and a C–H bond of the alkyl

group attached to the b-carbon.

Keywords Alcohols � Heterogeneous catalysis �
TiO2(110) � Dehydration � Oxygen vacancies

1 Introduction

Reactivity of adsorbates with titania is typically influenced

by the presence of surface oxygen vacancy defects [1–3].

For alcohols, it is well-established that their dissociation on

bridge-bonded oxygen vacancies (BBOV’s) of a prototyp-

ical TiO2(110) surface proceeds via heterolytic cleavage of

the RO–H bond [4, 5]. The resulting intermediates are

alkoxide (RO) that fills the BBOV and a proton that binds

to a neighboring bridge-bonded oxygen (BBO) anion

[6–10]. Except for methoxide, these alkoxides dehydrate at

elevated temperatures (well above 300 K) via b-hydride

elimination to form alkenes [6, 9, 10]. In some cases, the

dehydration is accompanied by a minority dehydrogenation

channel yielding aldehydes [6–9].

In homogeneous reactions, the reaction rates for a series

of organic species with a common functionality, have,

historically, often been correlated using empirical Taft

parameters [11]. Here, we show that this correlation can be

extended to a heterogeneous system, namely, a series of

alkoxides, primary, secondary and tertiary, bound to a

single crystal rutile surface, TiO2(110). From the linear

correlation of the experimental activation energies for

alkene formation with tabulated values of the Taft induc-

tion parameter, r* [11], we conclude that the reaction

transition state connecting the adsorbed reactant, alkoxide,

and the gas phase product, alkene, is a structure involving

concerted elongation of the C–O bond of the alkoxide and a

C–H bond of the R group attached to the b-carbon.

2 Experimental

The experiments were performed in an ultra-high vacuum

(UHV) molecular beam scattering chamber (5 · 10–11
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Torr) described previously [12]. A rutile TiO2(110) single

crystal (10 · 10 · 1 mm3, Princeton Scientific) ceramic-

glued on a Ta plate [6], was cleaned by repeated cycles of

Ne+-sputtering (1.5 kV, 10 lA/cm2) at 300 K and anneal-

ing at 850–900 K (~3 min) to show a sharp 1 · 1 low

energy electron diffraction (LEED) pattern and no con-

tamination (typically K, Ca, and C) as determined using

Auger electron spectroscopy (AES). H2O TPD spectra

from 1 mL of H2O dosed on TiO2(110)-1 · 1 were further

used to evaluate the surface morphology [13, 14] and

quantitatively determine the concentration of BBOV sites

(here 3–4%) [13, 15].

The alcohols cleaned by the freeze-pump-thaw cycles

were dosed with a triply differentially pumped, quasi-

effusive, 300 K molecular beam (13 mm diameter) on the

TiO2(110) sample held at 100 K. Temperature pro-

grammed desorption (TPD) spectra were subsequently

obtained with a line-of-sight quadrupole mass spectrometer

(UTI). Repeated adsorption/desorption cycles didn’t leave

any carbon contamination on the TiO2 and identical doses

gave reproducible alkene yields.

3 Results and discussion

Figure 1 shows a coverage dependent series of desorption

spectra for alkenes formed by dehydration of their parent

alcohols dosed on TiO2(110). For all alcohols except

t-butanol, two reaction channels, one at high temperature

(HT) due to dehydration on BBOV sites [6, 9, 10] and the

other at low temperature (LT) due to dehydration on Ti4+

sites were observed [6]. The LT channel (300–450 K) has

been discussed in detail for the case of 2-propanol in our

previous publication [6] and since it is not relevant to the

ideas presented here it will not be further described.

The alcohol molecules shown in Fig. 1 were selected to

illustrate how both the number and length of the alkyl

groups attached to the a-carbon of the alkoxy groups affect

the rate of HT (480–640 K) dehydration. The HT desorp-

tion feature shifts systematically from ~640 K for ethanol

(primary alcohol) to ~565 K for 2-propanol (secondary

alcohol) and, finally to ~480 K for t-butanol (tertiary

alcohol). For both primary and secondary alcohols, alkene

desorption occurs at lower temperatures for alcohols with

longer alkyl substituents; butenes from 1-butanol (2-buta-

nol) desorb at 628 K (554 K), which is 5 K (16 K) lower

than propene from 1-propanol (2-propanol). In this study,

no chain-length comparison is made for the case of tertiary

alcohols.

The effect of various alkyl groups on the activation

energy, ED, for alcohol dehydration on TiO2(110) is further

analyzed in Fig. 2. We use Redhead analysis based on the

experimentally observed maximum-desorption-rate tem-

perature, Tmdr, from the TPD spectra in Fig. 1 to extract the

activation energy, ED, for alkene formation [16].1 In Fig. 2,

both Tmdr and ED are plotted vs. tabulated Taft parameters,

r* for the various alcohols [11]. This parameter has been

extensively used to quantify the electron-donating induc-

tive effect of the alkyl groups on the reaction rate observed

in homogeneous organic reaction studies [11]. In hetero-

geneous reactions, the inductive effect of substituent

groups has also been observed, specifically, in dehydro-

genation reactions of alkoxides on ZnO-Cr2O3 [17], van-

adia supported on ceria and titania [18], and Cu(111) [19,

20]. In these studies the Taft parameter was used to cor-

relate the inductive effects of alkyl substituents with the

activation barrier for dehydrogenation. It was concluded

the transition state involves heterolytic cleavage of the

a-Cd+–H bond [17].

Here, we use this parameter to correlate the stabilization

effect of electron-donating alkyl groups with the energetic

Fig. 1 Coverage dependent (0.1–1 ML) temperature programmed

desorption (TPD) spectra of alkene molecules formed by dehydration

of their parent alcohols dosed on TiO2(110) at 100 K. The net alkene

desorption rates (RD) were obtained by subtracting the contribution of

the molecular alcohol fragments obtained from the multilayer TPD

spectra of corresponding alcohols. All spectra were obtained using a

linear ramp rate of 1.8 K/s and normalized to their saturation peak

intensities (1 monolayer, ML)

1 This simplified analysis assumes a first-order reaction kinetics and a

typical value of pre-exponential factor of 1013 s–1.

2 Y. K. Kim et al.

123



barrier of the alcohol dehydration on BBO sites of

TiO2(110). An excellent linear dependence of ED on r* of

the alkyl substituents is clear from the linear fit shown in

Fig. 2. The heterolytic nature of the Cd+–O bond is ex-

pected to be enhanced at the transition state where the

Cd+���O bond is elongated. Since r* is correlated with the

stabilization of the positively charged carbon atom,

the stabilizing effect is greater at transition state than in the

adsorbed reactant. This explains why an alkyl substituent

with a higher electron donating capacity (higher r*) results

in a lower activation barrier, ED. Thus, our data suggest

that C–O bond cleavage occurs via a heterolytic mecha-

nism; the transition state involves heterolytic Cd+–O bond

cleavage stabilized to different degrees by the electron-

donating effect of the alkyl substituents.

The nature of the transition state can be further explored

by employing alcohol molecules with isotopically labeled

hydrogen. In our recent study of 2-propanol on TiO2(110)

[6], we have observed that the dehydration of deuterated

2-propanol ((CD3)2CDOD) to propene (C3D6) occurs at

temperatures 8–13 K higher than that for hydrogenated

2-propanol ((CH3)2CHOH) with the significant difference

in desorption rates (k(C–H)/k(C–D) = 2.4) at the same

temperature indicating that C–H bond cleavage is also in-

volved in the transition state. Further, exclusive formation

of CD2CH2 from partially deuterated ethanol (CD3CH2OH)

shown in Fig. 3 demonstrates that the dehydration proceeds

via b-C–H elimination as already suggested in the literature

[6, 9, 10].

As argued above, the linear dependence of ED on r* is a

clear indication of heterolytic bond cleavage during alcohol

dehydration on TiO2(110) and as such r* reflects the

change of charge/electron density when going from the

initial to transition state. In contrast, a radical dehydration

mechanism was previously proposed to explain the gen-

erally observed preference for alcohol dehydration over

dehydrogenation, which is unlikely when we consider that

the abstraction of a-hydrogen leading to the dehydroge-

nation is energetically less costly than the abstraction of

b-hydrogen [9]. Based on our systematic studies of pri-

mary, secondary, and tertiary alcohols, we conclude that

the preference for dehydration over dehydrogenation stems

from stabilization of the transition state likely due to it’s

5-membered cyclic structure involving O���Cd+–C���H���BBO

as illustrated in the inset of Fig. 2.

4 Conclusions

Based on the arguments presented above, we conclude that

alcohol dehydration is an E2-type reaction [21, 22]

involving concerted C–H and C–O bond breaking of the

alkoxy group and attendant H-BBO and C=C bond

formation. Compared to the rather large effect of alkyl

substituents on ED (as much as 40 kJ/mol in Fig. 2),

deuteration results in a relatively small perturbation

(2–3 kJ/mol) on the overall barrier. This is expected, given

the correlation (Fig. 2) between reaction energy barrier and

the inductive electron donating effect (r*) of alkyl groups.

Fig. 2 Temperature of maximum desorption rate (Tmdr) and activa-

tion energy for alkene formation (ED) for high-temperature dehydra-

tion of alcohols adsorbed on TiO2(110) plotted against Taft inductive

parameter (r*) of alcohol alkyl groups.[11] The inset shows a

schematic of the high-T dehydration of alkoxide bound to BBOV.

r* is scaled to set ethanol to 1.0

Fig. 3 Coverage dependent (0.1–1 ML) temperature programmed

desorption (TPD) spectra of ethene formed by dehydration of

isotopically labeled ethanol dosed on TiO2(110) at 100 K. The net

ethene desorption rates (RD) were obtained by subtracting the

contribution of the ionization cracking fragments obtained from the

multilayer TPD spectra of the corresponding ethanol isotopes. All

spectra were obtained using a linear ramp rate of 1.8 K/s
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Within the framework of a concerted reaction, this suggests

that the transition state geometry is characterized by a

C–Cd+–O bond that is near the dissociation limit, a partially

formed C=C bond and a C–H bond that is stretched toward

an incipient bonding configuration with a BBO in the

titania substrate.)
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