
Subscriber access provided by UNIV OF YORK

ACS Catalysis is published by the American Chemical Society. 1155 Sixteenth Street
N.W., Washington, DC 20036
Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.

Article

Correlating Heat of Adsorption of CO to Reaction
Selectivity: Geometric Effects vs. Electronic Effects

in Neopentane Isomerization over Pt and Pd catalysts
David Childers, Arindom Saha, Neil M. Schweitzer, Robert M. Rioux, Jeffrey T Miller, and Randall J. Meyer

ACS Catal., Just Accepted Manuscript • DOI: 10.1021/cs400527p • Publication Date (Web): 20 Sep 2013

Downloaded from http://pubs.acs.org on September 24, 2013

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a free service to the research community to expedite the
dissemination of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts
appear in full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been
fully peer reviewed, but should not be considered the official version of record. They are accessible to all
readers and citable by the Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered
to authors. Therefore, the “Just Accepted” Web site may not include all articles that will be published
in the journal. After a manuscript is technically edited and formatted, it will be removed from the “Just
Accepted” Web site and published as an ASAP article. Note that technical editing may introduce minor
changes to the manuscript text and/or graphics which could affect content, and all legal disclaimers
and ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors
or consequences arising from the use of information contained in these “Just Accepted” manuscripts.



1 

 

Correlating Heat of Adsorption of CO to Reaction Selectivity: Geometric Effects 

vs. Electronic Effects in Neopentane Isomerization over Pt and Pd catalysts 

 

David Childers
1
, Arindom Saha

2
, Neil Schwetizer

3
, Robert M. Rioux

2
, Jeffrey T. Miller

3
, Randall 

J. Meyer
1 

 

1
Department of Chemical Engineering, University of Illinois at Chicago 

2
Department of Chemical Engineering, The Pennsylvania State University 

3
Division of Chemical Sciences and Engineering, Argonne National Laboratory 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*Corresponding author email: rjm@uic.edu 

 

Key Words: Particle size effects, neopentane, hydrogenolysis, isomerization, calorimetry 

 

 

Page 1 of 33

ACS Paragon Plus Environment

ACS Catalysis

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



2 

 

Abstract 

Silica-supported Pt and Pd nanoparticles from 1 to 10 

nm in diameter were evaluated for neopentane 

conversion (hydrogenolysis and isomerization). 

Characterization of the catalysts was conducted 

utilizing scanning transmission electron microscopy 

(STEM), diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) of adsorbed CO, 

x-ray absorption spectroscopy (XAS) and isothermal calorimetry of CO adsorption to determine 

how geometric or electronic structure effects can explain changes in reactivity. Isomerization 

selectivity of Pt was much higher than Pd for all particle sizes.  There is a pronounced effect of 

particle size on selectivity, with the highest isomerization selectivity achieved over catalysts 

containing the largest particle size for both Pt (57%) and Pd (26%) catalysts. For both Pd and Pt 

catalysts, DRIFTS showed a decrease in the ratio of linear-to-bridge bonded with particle size, 

while isothermal calorimetry of CO adsorption shows that both Pt and Pd enthalpies of 

adsorption decrease with increasing particle size. The isomerization selectivity was found to 

correlate inversely with the strength of CO adsorption for all catalysts suggesting that the 

chemisorption energy an no the particle size, coordination geometry or ensemble size is the most 

important factor for increasing the isomerization selectivity.   
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1. Introduction 

The demand for fossil fuels will continue to grow as demand for mobile energy sources 

increase rapidly in emerging markets.  Therefore, advances in naphtha reforming processes will 

remain an important area for the foreseeable future.
1
  Aside from increased demand, stricter 

regulations will require refining processes to adjust in response to mandated higher quality 

standards.  Selective isomerization and aromatization of alkanes (inclusive of normal and 

branched hydrocarbons) is an important process to improve the quality of transportation fuels.  

Cracking or hydrogenolysis reactions occur in parallel with isomerization; therefore, minimizing 

selectivity to hydrogenolysis products is an important quality of improved catalysts for this class 

of reactions.  

Catalytic naphtha reforming is a major reaction in petroleum refining which involves the 

conversion of straight-chain n-alkanes to branched alkanes, the dehydrogenation of cycloalkanes 

and the dehydrogenation and cyclization of alkanes to aromatics.
2
  The main purpose of naphtha 

reforming is to increase the octane number of a naphtha feedstock for the production of gasoline.  

The primary components of typical catalysts for hydrocarbon reforming are late d-band transition 

metals such as Pt; while commercial catalysts are often complex alloys comprised of late d-band 

transition metals and selectivity promoting metals such as Sn and Re.  The study of real naphtha 

reforming on a laboratory scale is difficult due to the number of products and the experimental 

difficulties associated with multi-phase systems.  Therefore, the conversion of neopentane was 

investigated in order to gain a general understanding of how paraffins undergo ring closure or 

hydrogenolysis to undesirable light gas products.
2-3
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Neopentane hydrogenolysis has been widely used as a model reaction for the 

characterization of noble metal catalysts.
4-10

  Neopentane conversion has two possible reaction 

pathways as shown in Figure 1.
3, 11-12

   

 

Figure 1: Reaction pathways for neopentane conversion.  The two pathways – isomerization and 

hydrogenolysis – occur both in parallel and in series.  Isomerization products can undergo 

hydrogenolysis after isomerization.   

As illustrated in Figure 1, the primary products include methane and iso-butane for 

hydrogenolysis and isopentane for isomerization.  In both cases, further reaction steps can occur 

to produce secondary products, such as propane and additional methane.  Each hydrogenolysis 
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step produces one mole of methane per mole of n-alkane.  Further isomerization of the primary 

isomerization product, isopentane, can lead to formation of n-pentane.  Isomerization involves 

ring closure-ring opening through a cyclopropyl intermediate to produce isopentane.
5
  The 

selectivity for ring closure in naphtha reforming is important for the production of aromatics 

from paraffins, while hydrogenolysis leads to liquid yield loss.
1, 3, 13

 Properties leading to higher 

isomerization selectivity for neopentane to isopentane, generally lead to higher aromatic 

selectivity for naphtha reforming catalysts.   

Neopentane (also known as 2,2-dimethylpropane) cannot form olefins or carbenium ions 

prior to isomerization which occasionally are observed as deleterious side reactions occurring 

over the metal oxide catalyst support in hydrocarbon reforming processes.
8-9

  Only metal-

catalyzed reactions are possible and selectivity studies are much easier to perform.  In addition, 

neopentane hydrogenolysis and isomerization is a popular test reaction due to minimal catalyst 

deactivation.
4
 

Neopentane reforming has been studied on both supported Pt and Pd catalysts.
6-9, 14-15

  

Karpinski and Juszczyk examined Pd/SiO2 and found a maximum isomerization selectivity of 

30% for severely sintered (30-50 nm) Pd particles.
14

  This reaction was also conducted over 

Pd/Al2O3 catalysts and a maximum isomerization selectivity of 25% was observed.
7
  Boudart et 

al. studied a series of transition metals (Pt, Os, Ir, Au, Ru, Rh and Pd) for neopentane reforming 

and found that only 5d metals, such as Ir, Pt and Au isomerized neopentane to isopentane.
5
  They 

determined the selectivity and activity depended on the nanoparticle structure (the presence of a 

single type of site or an ensemble of sites) and that there were two possible configurations for 

neopentane to adsorb onto platinum: a η
3
-adsorbed (three bonds to the surface) and η

2
-adsorbed 

(two bonds to the surface) intermediate with a lower rate of hydrogenolysis for the η
3
-adsorbed 
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intermediate.  Their results supported a mechanism previously proposed by Anderson and Avery, 

in which the adsorbed hydrocarbon is [(1,3-η)neopentane]platinum with one sp
2 

carbon forming 

a double bond with a surface atom, from which isomerization occurs through a ring closure – 

ring opening mechanism on the surface.
15

  This mechanism requires a minimum of two surface 

sites to bind a neopentane molecule.
5
   

Foger et al. performed a particle size study of Pt on silica to confirm the mechanism 

proposed earlier by Anderson and Avery.
6
  At the largest size studied, around 20 nm, the 

isomerization selectivity was about 70%.  They found the isomerization selectivity increased 

with particle size from 1 to 20 nm (0 to 70%).  This change in selectivity was attributed to the 

relative increase in the proportion of Pt surface atoms composing (111) terraces.  On the low 

surface energy (111) surface, the isomerization pathway dominates.  They also proposed the 

hydrogenolysis pathway only needs a single Pt site (in contrast to previous results) and that 

lower coordinated Pt atoms would be the favored site for this reaction.
5-6, 16-17

  Smaller particle 

sizes will have a greater proportion of these lower coordination sites on the surface compared to 

larger particles.  Ponec et al. conducted a particle size study (1 to 14 nm range) on Pt using 2,2-

dimethylbutane as the probe molecule, which also has isomerization and hydrogenolysis 

pathways, and found that there was an increase in isomerization selectivity with increasing 

particle size.
10

  

In this study we confirmed the Pt particle size study done by Foger et al. and used various 

characterization techniques to determine the importance of geometric and electronic effects on 

neopentane conversion and selectivity.  By keeping the support the same for all catalysts as well 

as the reaction conditions, the effect of particle size was isolated.  In addition, we compared the 

activity and selectivity results for neopentane hydrogenolysis to CO adsorption by infrared 
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7 

 

spectroscopy and also calorimetry, in order to determine the properties of the catalyst which are 

most influential in controlling selectivity to hydrogenolysis versus isomerization products.  

2. Experimental Methods 

2.1. Synthesis of Platinum and Palladium Catalysts 

Platinum and palladium samples were synthesized on a silica (Davisil A60) support.  

Incipient wetness impregnation (IWI) and strong electrostatic adsorption (SEA) were the two 

methods used.
18

  IWI is the most widely used industry technique and also the simplest.  During IWI, 

a support is contacted with just enough metal-precursor solution to fill the pore volume.  All of the 

metal precursor solution contacts the surface due to the incipient amount of liquid used; however, 

there can be significant particle growth during drying and pretreatment.  In contrast, SEA uses excess 

solution with a controlled pH to favor uptake of the metal precursor.  The use of excess solution does 

not necessitate that all of the metal precursor will adsorb to the surface of the catalyst support.  The 

SEA method requires an appropriately charged metal precursor based on the point of zero charge 

(PZC) of an oxide support and the pH of the solution.  The hydroxyl groups on the surface of the 

oxide support will protonate or deprotonate depending on the pH of the solution relative to the PZC 

of the support.  Precursors can then be selected that have the opposite overall charge as the support at 

a certain pH value; the electrostatic interaction between the support and the precursor leads to strong 

binding of the metal precursor to the surface. This allows for strong monolayer adsorption and can 

inhibit sintering during the post-treatment steps.18  

For the Pd catalysts, both Pd(NO3)2 and Pd(NH3)4(NO3)2 were used as precursors.  IWI 

was the method of synthesis for catalysts with medium to large size particles while SEA was 

used in order to obtain a catalyst with small particles.  Samples were calcined and reduced at 

different temperatures in order to influence the final particle size. The Pt samples were made by 
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the SEA method in one large batch using Pt(NH3)4(NO3)2 as the precursor. For the Pt catalysts, 

we varied the calcination temperature from no calcination to 525
o
C in order to synthesize 

catalysts with various particle sizes.  Catalyst reduction was accomplished in a 4% H2/He 

mixture at the final temperature for 1 hr.  Synthesis method and treatment steps are given in 

Table 1. 

Table 1: Catalyst precursors and treatment steps 

Sample 
Synthesis 

Method 
Precursor 

Calcination 

Temperature 

(
o
C) 

Reduction 

Temperature 

(
o
C) 

3%Pd/SiO2_1nm SEA Pd(NH3)4NO3 ---- 165 

2%Pd/SiO2_2.5nm IWI Pd(NH3)4NO3 125 225 

2%Pd/SiO2_3nm 
IWI Pd(NO3)2 225 225 

2%Pd/SiO2_8.1nm 
IWI Pd(NO3)2 300 225 

1%Pt/SiO2_1.2nm 
IWI Pt(NH3)4(NO3)2 ---- 300 

1%Pt/SiO2_1.5nm 
IWI Pt(NH3)4(NO3)2 300 300 

1%Pt/SiO2_6.6nm 
IWI Pt(NH3)4(NO3)2 425 300 

1%Pt/SiO2_10nm 
IWI Pt(NH3)4(NO3)2 525 300 

 

 2.2. Scanning Transmission Electron Microscopy (STEM) 

STEM images were obtained at UIC’s Research Resources Center facility using the 

JEOL-ARM 200CF aberration corrected microscope (70 pm spatial resolution and 300 meV 

energy resolution).  Samples were dispersed into isopropyl alcohol and sonicated for 20 min.  A 

drop of the suspension was added drop-wise to a holey-carbon copper grid and dried under a heat 

lamp for 20 min.  Images were taken using the High Angle Angular Dark Field (HAADF) mode 
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9 

 

and particle size was counted using the Particule2 program.  A minimum of 100 particles were 

counted to get an accurate representation of the particle size distribution for each catalyst. 

 2.3. Extended X-ray Absorption Fine-Structure Spectroscopy (EXAFS) 

X-ray absorption spectroscopy (XAS) measurements at the Pd K (24350 eV), and Pt L3 

(11564 eV) edges were made on the bending magnet beam line of the Materials Research 

Collaborative Access Team (MRCAT) at the Advanced Photon Source (APS), Argonne National 

Laboratory.  Measurements were made in transmission mode.  A platinum or palladium foil 

spectrum was acquired through a third ion chamber simultaneously with each measurement for 

energy calibration.   

 Samples were prepared by grinding the catalysts into a fine powder and pressing them 

into the sample holder.  The sample holder is a metal cylinder capable of holding up to six 

individual samples.  The sample holder is then placed in a quartz tube with ports on each end to 

flow gases or isolate the sample after treatment.  The sample thickness was chosen to give a total 

absorbance at the Pt L3 or Pd K edge between 1-2 absorption lengths and edge steps around 0.3-

0.5.  Samples were reduced at 250ºC in a 4% H2/He mixture (50 cm
3
/min) at atmospheric 

pressure.  After reduction, the samples were purged with He at 100 cm
3
/min and cooled to room 

temperature in He flow.  Trace oxidants in He were removed by a Matheson PUR-Gas Triple 

Purifier Cartridge containing a Cu trap.  All EXAFS spectra were obtained at room temperature 

in He. 

 2.4. Neopentane Hydrogenolysis and Isomerization 

Neopentane hydrogenolysis and isomerization was studied using 0.05-0.15 grams of 

catalyst diluted with 0.9 grams of silica and loaded into a 0.5” OD quartz plug flow reactor.  
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Glass wool was used for the bottom 2 cm of the bed. A 0.5 cm silica layer was placed on top of 

the glass wool before the catalyst and silica mixture was added to the reactor resulting in a 

catalyst bed height of 3 cm.  The system was purged with He for 5 min before each run.  The 

reactor was purged with He for 5 min before each run, and the catalyst was reduced in 4% H2/He 

as the temperature was increased to the reaction temperature, 271 ± 2°C.  This temperature 

enabled differential (conversion) operation for all of the catalysts tested.  A K-type thermocouple 

was inserted from the bottom of the reactor into the lower portion of the catalyst bed.  Once the 

reaction temperature stabilized, the pre-mixed reactant feed gas consisting of 0.35% neopentane 

and 3.5% H2 balanced in He was passed through the reactor. The flow rate of the feed gas was 

varied from 25 to 100 cm
3
/min to obtain differential conversion (0.5–6 %).  Each flow rate was 

run for at least 1 hr to ensure steady-state conversion had been reached.  An Agilent 6890N gas 

chromatograph with an FID detector was used to analyze the products.  The GC column (a J&W 

Scientific GS-Alumina column) was equipped with a back pressure regulator to hold the system 

at a constant pressure of 9 psig.  Each experimental run was completed within 6 hrs for 

consistency and multiple runs for each catalyst were performed.  No appreciable deactivation 

was observed in any of the catalysts over this period of time.  The maximum error of any 

selectivity measurements was 6%, with most of the data being reproducible within 2%.  

Turnover rates were calculated based upon the number of active sites determined by the 

dispersion measured by STEM (the dispersion was estimated to be 1/particle diameter (nm)). 

Using the EXAFS data or CO chemisorption determined dispersion data to determine the number 

of active sites gave only slight differences with regard to the turnover frequency values and does 

not alter any of the conclusions reached below. 

2.5. Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) 
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Infrared spectra were obtained with an ABB Laboratory FTLA2000 FTIR spectrometer.  

Samples were ground to a very fine powder using a mortar and pestle, and packed into the 

sample chamber to create the most uniform surface possible.  The chamber was purged with He, 

and then the gas was switched to H2 and the temperature was raised to 250°C and held for 15 

min.  After reduction of the catalyst, the gas was switched back to He and the temperature was 

reduced to 25°C.  A background scan was then recorded, which was averaged over at least 256 

scans with 4 cm
-1

 resolution.  The sample was then exposed to 1.6% CO/N2 for 20 minutes to 

saturate the sample.  The flow was then changed back to He and a final set of scans were taken 

once the intensity of the adsorbed CO peaks were invariant with time, which took anywhere from 

2 to 6 hours depending on the catalyst.   Linear to Bridging ratios were taken from the integrated 

intensities of the absorption spectra without further correction. It should be noted that the 

sensitivity of the intensity to linear CO and bridging CO do vary due variations in the strength of 

the dipole in the C-O bond on different sites. Therefore the L:B ratios should be taken as a 

qualitative measure of the relative populations only.
19-22

 

2.6. CO Heats of Adsorption 

The heat of adsorption measurements for CO adsorption on the Pd and Pt catalysts were 

carried out using a volumetric adsorption apparatus (Micromeritics ASAP 2020C) that has been 

interfaced with a differential scanning calorimeter (Setaram Sensys EVO differential scanning 

calorimeter (DSC)).  Pd catalysts were re-reduced at 200°C in pure H2 for 1 hr, subsequently 

purged with He that had been passed through an Oxytrap at 200°C for 1 hr prior to cooling to the 

adsorption temperature (35°C).  The Pt catalysts were subjected to a similar treatment sequence, 

except that the pre-reduced catalysts were re-reduced at 275°C for 1 hr in pure H2 and purged 
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with oxygen-free He for 1 hr at the same temperature before cooling to the adsorption 

temperature (35°C). 

The combined volumetric adsorption–calorimetry experiments were designed so that a 

significant number of low pressure data points were collected in order to measure the differential 

heat of adsorption at low coverage.  Heat flow due to adsorption is measured simultaneously 

with measurement of adsorption uptake, such that a differential heat of adsorption, ∆H(θ) can be 

determined by dividing the measured heat flow by the amount adsorbed determined by the 

Micromeritics adsorption apparatus.  The uncertainty for these measurements are given as ±5 

kJ/mol due to instrument error based on the standard deviation of repeat analysis (N = 5) on one 

of the supported Pd/SiO2 catalysts.   

3. Results and Discussion 

3.1 Particle Size Analysis 

Particle size was determined using STEM imaging. A STEM image for the 1% 

Pt/SiO2_1.2 nm sample and the corresponding size distribution are shown in Figure 2; the 

average particle size is 1.2 nm.  The STEM particle size of the Pt and Pd catalysts are 

summarized in Table 2 and Figure S1. 
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Figure 2: 1% Pt/SiO2_1.2 nm sample image and particle size distribution determined by STEM 

EXAFS spectroscopy was also used to evaluate particle size using the K edge of Pd and 

L3 edge of Pt.  The EXAFS component of the data was fit to obtain a coordination number and 

an interatomic distance (See Table S1 of the Supplemental Information).  The coordination 

number, N is used to estimate the particle size based on a hemispherical geometry and the lattice 

constant derived according to the equation:
23

   

log ����� 	 	�0.132	 � �������� � 2.58	 

This equation has been checked against STEM and other size data and is applicable to Pd 

adjusting the parameters by 0.5% to account for the difference in lattice constants.  Table 2 

shows the results of the STEM, EXAFS and chemisorption particle size analysis and demonstrate 

there is generally good agreement between the three techniques.  All three techniques indicate 

the average particle size of Pt and Pd varies between 1-10 nm. 

Table 2: Particle sizes determined by STEM, EXAFS and CO chemisorption  

Sample Particle Size by Particle Size by Particle Size by COirr 
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STEM (nm) EXAFS (nm) chemisorption (nm)
a,b
 

3%Pd/SiO2_1nm 1.0 ± 0.2 1.0 ± 0.1 1.7 ± 0.2 

2%Pd/SiO2_2.5nm 2.5 ± 1.1 2.5 ± 0.3 4.3 ± 0.4 

2%Pd/SiO2_3nm 3.0 ± 0.8 5.0 ± 0.5 3.8 ± 0.4 

2%Pd/SiO2_8.1nm 8.1 ± 1.7 10 ± 1.0 9.9 ± 1.0 

1%Pt/SiO2_1.2nm 1.2 ± 0.2 1.1 ± 0.1 1.5 ± 0.2 

1%Pt/SiO2_1.5nm 1.5 ± 0.8 1.5 ± 0.2 1.3 ± 0.1 

1%Pt/SiO2_6.6nm 6.6 ± 2.6 5.0 ± 0.5 5.8 ± 0.6 

1%Pt/SiO2_10nm 10 ± 5.2 8.0 ± 0.8 8.3 ± 0.8 

a
Monolayer uptake (extrapolated to P = 0) at 35°C using the dual isotherm technique assuming a 

CO:Pds (or Pts) stoichiometry of unity.  

b
Based on d (nm) = c/D, where c is constant and equal to 0.994 for Pd and D is the dispersion, or 

ratio of the number of surface atoms to the total number of atoms in the catalyst sample. 

3.2 Reactivity results 

Figure 3 shows the effect of conversion on selectivity (under differential conversion) for 

the 1%Pt/SiO2_1.2nm catalyst.  Product selectivity was plotted and the selectivity extrapolated to 

0% conversion, these numbers are reported in Table 3 along with the calculated turnover rate 

(TOR). The turnover rates presented  are based on the molecules of neopentane converted per 

surface site and so activity has been normalized per surface atom.    Products with non-zero 

selectivity at 0% conversion are considered primary products while products that have 0% 

selectivity at 0% conversion are considered secondary products.  For both Pd and Pt, the amount 

of methane produced decreases as the particle size increases, suggesting selectivity for 

hydrogenolysis decreases with increasing particle size. 

Table 3: TOR and product selectivity for the Pt and Pd catalysts 

Catalyst 
Dispersion 

(by STEM) TOR 

Initial Product Distribution (%) 

CH4 C2H6 C3H8 n-C4H10 i-C4H10 i-C5H12 n-C5H12 
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3%Pd/SiO2_1nm 1.0 1.0 × 10
-3

 55 1 13 0 28 3 0 

2%Pd/SiO2_2.5nm 0.40 1.0 × 10
-3

 49 1 5 2 33 9 0 

2%Pd/SiO2_3nm 0.33 7.7 × 10
-4

 40 0 1 1 34 24 0 

2%Pd/SiO2_8.1nm 0.12 1.1 × 10
-3

 39 1 2 1 32 26 0 

1%Pt/SiO2_1.2nm 0.83 1.4 × 10
-3

 33 11 2 0 28 29 0 

1%Pt/SiO2_1.5nm 0.67 1.0 × 10
-3

 29 6 2 0 25 38 0 

1%Pt/SiO2_6.6nm 0.15 8.0 × 10
-4

 23 3 2 0 20 53 6 

1%Pt/SiO2_10nm 0.10 2.3 × 10
-4

 19 2 2 0 16 57 5 

 

However, the data in Table 3 also suggests the simple reaction scheme in Figure 1 may not be 

completely accurate since propane and ethane are observed at zero conversion.  For example, in 

Figure 3 (1% Pt/SiO2_1.2nm), the initial selectivity to both ethane (11%) and propane (2%) are 

non-zero.  This implies multiple surface reactions occur on the small Pd and all Pt catalysts 

before products desorb.  On the Pt catalysts with ~1-2 nm particle size, the high ethane 

selectivity implies there is an initial isomerization to a chemisorbed isopentyl intermediate 

followed by selective hydrogenolysis to give ethane, but little propane.  This suggests the propyl 

fragment is strongly bound to the surface and undergoes further reaction to ethane and methane.  

Unlike small Pt nanoparticles, for 1 nm Pd the selectivity to propane (13%) is greater than ethane 

(1%), suggesting that after the initial hydrogenolysis reaction there is second hydrogenolysis of 

the isobutyl surface intermediate.  Davis et al. examined the conversion of neopentane over Pt 

single crystal surfaces and found that the (100) and (13,1,1) surfaces produced significantly more 

ethane and propane than the (111), (10,8,7) and (332) surfaces.  The formation of these products 

was attributed to a skeletal isomerization step preceding hydrogenolysis.
24

  Similarly, the 

presence of n-pentane in the limit of zero conversion over large Pt nanoparticles indicates that 
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adsorbed neopentane can also undergo two isomerization steps before desorbing.  Davis et al. 

found significant n-pentane production (12-14%) on the (100) and (13,1,1) surfaces and 

attributed the high selectivity to n-pentane to two rearrangements occurring during a single 

adsorption to the surface.
24

  In our previous study of neopentane hydrogenolysis over Pt, Pd and 

PdPt bimetallic catalysts, n-pentane formed over the monometallic Pt and the bimetallic catalysts 

with a particle size of ~1-2 nm.
25
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Figure 3: Selectivity for the 1% Pt(1.2nm)/SiO2 catalyst at differential conversion.  Reaction 

conditions were 0.35% neopentane, 3.5% H2, balance He and 271°C.  The straight lines are 

included as a guide.  Methane (black squares■), Ethane (red circles●), Propane (pink side 

triangles◄), Isobutane (blue diamonds♦) and Isopentane (green triangles▲) 
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Figure 4 shows both the Pt and Pd particle size effect on selectivity to isopentane, the 

primary product of the isomerization pathway.  The selectivity to isopentane over Pt catalysts is 

in good agreement with the previous work of Foger et al. over a comparable particle size range.  

Pd catalysts exhibit the same trend although the selectivity to isopentane is ~30% lower than the 

selectivity of a Pt catalyst with the same particle size.  The isomerization selectivity (only 3%) 

was very low for the smallest Pd particles but increased to a maximum of 26% for the largest 

particle size (8 nm).  The smallest Pt particles had a higher selectivity to isopentane (29%) than 

the largest Pd (26%), but both metals exhibited a similar trend: isomerization selectivity 

increased with increasing particle size.  This result seems to support Anderson and Avery’s 

mechanism which postulates the η
3
-adsorbed state is the necessary surface intermediate for 

isomerization and therefore it could be expected that larger (111) surface facets promote 

isomerization selectivity.
5
  As the particle size increases there will be a greater fraction of low 

energy (111) surface sites as opposed to smaller particles which will contain more corners and 

edges that disfavor adsorption of neopentane in the η
3
-adsorbed state.  Conversely, edges and 

corners are known to favor C-H and C-C bond cleavage, required events for hydrogenolysis.
26

  

While this model suggests selectivity is related to the presence (or absence) of particular sites on 

the surface and can explain the selectivity trend for a single metal, it does not account for the 

changes in absolute selectivity values between metals (i.e. Pt > Pd by about 30%). 
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Fig 4: Isopentane selectivity as a function of particle size for silica-supported Pd (□) and Pt (∆). 

Reaction conditions were 0.35% neopentane, 3.5% H2, balance He and 271°C.  

 Figure 5 demonstrates the TOR of Pd catalysts (square) for neopentane conversion varies 

little with particle size, while the Pt catalysts (triangle) display a steady decrease in activity with 

increasing particle size.  
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Figure 5: Overall TOR for Pd (□) and Pt (∆) catalysts.  Reaction conditions were 0.35% 

neopentane, 3.5% H2, balance He and 271°C. 

The turnover rates for isomerization and hydrogenolysis for Pd catalysts are shown in 

Figure 6.  For Pd, the TOR for hydrogenolysis (circle) is invariant or decreases slightly with 

increasing particle size, similar to the trend for the overall TOR.  However, the isomerization 

TOR appears to increase with increasing particle size.  The increase in the TOR for isomerization 

correlates with the increase in the surface area of the (111) faces.  However, the magnitude of the 

isomerization TOR is not very significant compared to the TOR for hydrogenolysis so any trend 

for isomerization is obscured by the variance in the measured hydrogenolysis rate.  
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Figure 6: Isomerization (□) and hydrogenolysis (○) TOR for silica-supported Pd catalysts.  

Reaction conditions were 0.35% neopentane, 3.5% H2, balance He and 271°C.  

Figure 7 shows the isomerization (square) and hydrogenolysis (circle) TORs for the Pt 

catalysts.  In contrast to Pd, there is a decrease in hydrogenolysis TOR with increasing particle 

size, similar to the decrease in overall TOR shown in Figure 5B.  In addition, the isomerization 

TOR does not follow the same trend as found for Pd.  From the data, one cannot conclude there 

is an increase in the isomerization TOR with increasing size.  For both metals, the 

hydrogenolysis TOR mirrors the overall TOR.   
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Figure 7: Isomerization (□) and hydrogenolysis (○) TOR for silica-supported Pt catalysts.  

Reaction conditions were 0.35% neopentane, 3.5% H2, balance He and 271°C.  

3.3  Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) 

Figure 8 shows the compiled DRIFTS spectra of adsorbed CO on the Pd catalysts.  For the 

catalyst with the smallest Pd particle size, there is a large absorbance around 2090 cm
-1

 which is 

attributed to linear bound CO, and another peak at ~1950 cm
-1

 assigned to bridge-bonded CO.
27-

29
  As the particle size increases there is a sharp decrease in the linearly adsorbed CO (~2090 cm

-

1
). The absorbance of the bridge-bonded CO peak (~1950 cm

-1
) decreases with particle size but 

the overall linear-to-bridging ratio still decreases with increasing particle size (Table 4).  At 

larger Pd sizes (> 1 nm), the bridge-bonded CO peak at ~1950 cm
-1

 splits into two distinct peaks.  

These two peaks can be attributed to bridge-bonded CO on terraces and bridge-bonded CO on 
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corner and edge sites.
30-31

  These results are consistent with an increasing ratio of large, flat 

surfaces (represented by bridge-bonded CO) as particle size increases. These results are 

consistent with those by Bradley et al.
29
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Figure 8.  DRIFTS spectra of the adsorption of carbon monoxide on silica-supported Pd 

catalysts at room temperature.  1.0 nm (black line), 2.5 nm (blue line), 3.0 nm (red line) and 8.1 

nm (green line) 

Figure 9 shows the DRIFTS spectra for adsorption of carbon monoxide on the silica-supported Pt 

catalysts.  There is a very sharp peak at ~2050 cm
-1

, which is assigned to linear-bonded CO, and 

a much smaller and broader peak centered at ~1800 cm
-1

, assigned to bridge-bonded CO.
32-37
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Similar to the Pd samples, there is a dramatic decrease in the absorbance of the linear-bonded 

CO adsorption peak with increasing particle size while the bridge-bonded CO peak shows a 

smaller decrease in absorbance over the particle size range examined.  Similar to Pd, the linear-

to-bridge bonded CO absorbance ratio decreases with increasing particle size.  A similar trend 

emerges for both the Pt and Pd catalysts, although the linear peak for the Pt samples remains 

more prominent than Pd at the larger particle sizes.  These results for Pt are also consistent with 

those by Singh et al. and Bradley et al.
34, 36

  The linear-to-bridged bonded ratios (determined by 

area) for both Pt and Pd samples are given in Table 4. 
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Figure 9: DRIFTS spectra of the adsorption of carbon monoxide on silica-supported Pt catalysts 

at room temperature.  1.2 nm (black line), 1.5 nm (blue line), 6.6 nm (red line) and 10 nm (green 

line). 

3.4 Heat of adsorption of CO determined by isothermal calorimetry 

Just as in the case of the DRIFTS experiments mentioned in the previous section, we have used 

CO as a probe molecule to examine how the heat of adsorption may relate to the activity and 

selectivity for neopentane conversion.  Since neopentane adsorbs weakly at 35
o
C (Kao et al. 

reported that neopentane desorbs from both Pt and Pd (111) surfaces at 200 K) we have chosen 

to use CO as a surrogate molecule.
38-39

  There is ample literature data on the heat of adsorption of 

CO on both Pt and Pd for comparison with the values determined in this work.
40-52

  The 

enthalpies of CO adsorption for Pt and Pd nanoparticles of different size are given in Table 4.  

The initial heats of adsorption of the Pd samples are similar to those reported in the literature.
53-55

  

Chou et al. performed a heat of adsorption study on Pd particles of various sizes supported on 

silica; the values reported by Chou et al. are similar to the values reported in Table 4.  Sen et al. 

performed a study of CO heat of adsorption on Pt/SiO2 catalysts of different sizes and 

determined little to no size effect though the values obtained are similar to the ones reported 

here.
42

  This conclusion was based mainly on the fact that the change was not as drastic as the 

one found for Pd; however their data does show a decreasing trend.  For both Pt and Pd 

nanoparticles, the enthalpy of CO adsorption decreases with increasing particle size, although the 

relationship is more pronounced for the Pd samples. 

Table 4: Particle size dependent CO initial heat of adsorption values (±5 kJ/mol) and linear to 

bridging ratio for CO at saturation coverage. 

Sample Initial CO heat of Linear-to-Bridging 
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adsorption (kJ mol
-1

) ratio 

3Pd_1.0nm 139 1.5:1 

2Pd_2.5nm 134 0.19:1 

2Pd_3.0nm 126 0.20:1 

2Pd_8.1nm 113 0.14:1 

1Pt_1.2nm 105 3.5:1 

1Pt_1.5nm 101 3.0:1 

1Pt_6.6nm 97 2.3:1 

1Pt_10.0nm 95 1.3:1 

 

Now that we have established a relationship between particle size and heat of adsorption in a 

similar fashion to the previous observation of selectivity trends with particle size, a correlation 

may be made between the heat of adsorption of CO and isomerization selectivity.  Figure 10 

demonstrates for both Pt and Pd catalysts there is a single correlation between the initial heat of 

CO adsorption and the neopentane isomerization selectivity, and that the lower the heat of 

adsorption, the higher the isomerization selectivity.  It should be noted that this relationship 

between the initial heat of adsorption of CO and the isomerization activity is independent of the 

type of adsorption site as the binding site for CO clearly changes (as seen in the IR experiments 

and reported in Table 4) as a function of particle size.  In addition, the isomerization selectivity 

and enthalpy of adsorption of the 8 nm Pd (26% and 113 kJ/mol) and 1.2 nm Pt (29% and 105 

kJ/mol) nanoparticles are very similar suggesting that the chemisorption energy and not the 

particle size, coordination geometry or ensemble size are the important factor for increasing the 

isomerization selectivity.  Previous models suggest that large (111) surfaces are essential for high 

isomerization selectivity, but the smallest Pt nanoparticles (1.2 nm) are shown to have almost 

identical selectivity to the largest Pd nanoparticles (8.1 nm).  This implies the mechanisms for 

both isomerization and hydrogenolysis are invariant at low-coordinate and high-coordinate sites 

or that the structure of the site is not the most relevant property of the catalyst.  This idea is 
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supported by Davis et al. who performed neopentane conversion over Pt single crystal surfaces 

and found that there was little influence of surface structure on the rate and selectivity of the 

reaction.
24, 56

 Given this strong correlation between selectivity and CO heats of adsorption, it 

would appear that the strength of the metal-adsorbate bond is the dominating factor for tuning 

selectivity.  

 Previously, Norskov and co-workers have shown that simple descriptors such as the 

oxygen binding energy can be used to predict reactivity.
57

 In addition, it has been found that 

there is a linear relationship between the location of the d-band center and the adsorption energy 

of simple adsorbates.  For example, Liu and Norskov demonstrated a linear relationship to 

describe the correlation between the d-band center of Pd surfaces and the adsorption energy of 

CO.
58,59

  Similarly, Nakamura and co-workers developed a linear correlation between the binding 

energy of a methyl fragment and the d-band center. 
60

  

Expanding this idea in their study of acetylene hydrogenation, Studt et al. used the heat of 

adsorption of a methyl group as a simple descriptor which is correlated with the heat of 

adsorption of acetylene, and therefore a descriptor of acetylene hydrogenation for a large variety 

of metal surfaces (including Pd and Pd alloys).
61

  Just as in the case of correlating the adsorption 

of one hydrocarbon to another, we suggest here that since both hydrocarbon adsorption and CO 

adsorption are linear functions of the d-band center, then a relationship must exist between CO 

adsorption and hydrocarbon adsorption.  In fact, using the two sets of data correlating the d-band 

center with the adsorption energies of CO and CH3, one can combine these two relationships to 

establish a linear correlation between the adsorption energy of CO and the adsorption energy of 

CH3: 
59-60
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ECO,ads = 0.60 ECH3,ads  -0.09 (energies in eV) 

Therefore since a linear relationship between hydrocarbon adsorption and CO adsorption seems 

evident; the linear relationship in Figure 10 implies that the adsorption energy of neopentane is a 

critical factor in determining selectivity.  However, since relatively little is known about 

neopentane adsorption on metal surfaces, CO chemisorption serves as a more general predictor 

of isomerization selectivity. Correlating selectivity with heat of adsorption has been 

demonstrated by Studt et al. in the hydrogenation of acetylene to ethylene.  While the activity 

decreased as a function of decreasing adsorption energy of acetylene, the selectivity increased as 

the adsorption energy decreased. In this work, the selectivity similarly increases as the 

adsorption energy decreases.  However, it is not clear why the activity does not exhibit a similar 

response as function of the adsorption energy. 
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Figure 10: Isomerization selectivity versus CO heat of adsorption for Pd (triangles) and Pt 

(squares) catalysts 

We can test this correlation by examining literature data for various metals.  For example, 

rhodium is known to perform hydrogenolysis almost exclusively and has an initial CO heat of 

adsorption around 140 kJ/mol which agrees with the correlation in Figure 10.
62-63

 Iridium is 

shown to have some isomerization selectivity (~7%) for n-butane reactions and an initial CO 

heat of adsorption of around 146 kJ/mol.
64-65

 Although this is a slightly different reaction and the 

Ir was supported on alumina rather than silica, this data still falls within our correlation. 

Therefore, if this correlation is true, the value for the CO heat of adsorption should be predictive 

for improving the isomerization selectivity of supported catalysts. Pt alloyed with Sn is widely 

used in industry to improve the selectivity  of Pt catalysts.
49, 66

 Shen et al. performed CO 

adsorption experiments on Pt and PtSn alloys and found a decrease of nearly 20 kJ/mol upon the 

addition of Sn.  Schwank et al. found isopentane selectivities of 75-80% on Pt-Sn alloys 

supported on alumina.
4
 From reported values of CO heats of adsorption of various bimetallics it 

should be possible to predict the neopentane isomerization selectivity. Ultimately, the correlation 

that we observe between the CO adsorption energy and the isomerization selectivity provides a 

simple method for predicting catalysts which may exhibit even higher selectivity than reported 

here.  Further work on specific bimetallic samples will be used test this relation between 

selectivity and bond strength and determine how far one may extend this correlation.  

4. Conclusion 

Both Pt and Pd exhibit a clear particle size effect in terms of neopentane isomerization 

selectivity.  Both metals display increasing isomerization selectivity with increasing particle size 

with Pt having a significantly higher selectivity than Pd at an equivalent particle size.  While 
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such a trend might suggest this change in selectivity results from a geometric effect, the 

correlation between the isomerization selectivity and the initial heat of adsorption of CO 

suggests isomerization and hydrogenolysis selectivity are determined by the strength of the metal 

adsorbate bond independent of the particle size, coordination geometry of the surface atoms or 

the type of metal.  This result implies that the observed selectivity for isomerization is primarily 

a function of electronic effects (i.e. the strength of the bond between the metal surface and the 

adsorbate) and is not a strong function of the coordination of the adsorbate to the surface. In 

addition, for all catalysts, at very low conversion there are reaction products that indicate 

multiple surface reaction before desorption.  These consecutive reactions were especially 

important for nanoparticles of less than 2 nm in size where the enthalpies of adsorption were 

largest. 
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