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DOI: 10.1039/x0xx00000x Relative strengths of surface interaction for indial carbon atoms in acyclic and cyclic
hydrocarbons adsorbed on alumina surfaces are miieted using chemically resolvetfC
nuclear magnetic resonance (NMR) rElaxation times. The ratio of relaxation times fbe
adsorbed atoms;T4sto the bulk liquid relaxation time {T,x provides an indication of the
mobility of the atom. Hence a low; I4{T; puik ratio indicates a stronger surface interaction.
The carbon atoms associated with unsaturated bondise molecules are seen to exhibit a
larger reduction in Ton adsorption relative to the aliphatic carborssistent with adsorption
occurring through the carbon-carbon multiple bon@ike relaxation data are interpreted in
terms of proximity of individual carbon atoms toethalumina surface and adsorption
conformations are inferredFurthermore, variations of interaction strength amdlecular
configuration have been explored as a function ddoabate coverage, temperature, surface
pretreatment, and in the presence of co-adsorbates. This relaxatiome analysis is
appropriate for studying the behaviour of hydrocard® adsorbed on a wide range of catalyst
support and supported-metal catalyst surfaces offieds the potential to explore such systems
under realistic operating conditions when multigleemical components are present at the
surface.

www.rsc.org/

1 Introduction altering the degree of chemical shielding experienced by the
. ) ) . nucleus. A largechemical shift change AJ indicates stronger
The ‘adsorption Of_ molecules onto active Sfurface sites IS‘aci’sorptiong. This interpretation can be complicated by external
fundamental step in -heterogeneo'us Catf_ilyS'S' To d_evel()pfa?&ors such as the change of polarisation within an adsorbed
improved understanding of catalytic reaction mechanisms ORBleculé and the variation with surface coverdge.
molecular level it is necessary to identify the Conﬁguratiqqevertheless, this method has been used to study the
adopted by molecules upon adsorption, the nature of the Surf&?&misorption of hydrogen on Pt and Pd surfaces udhg
interaction, and the strength of this interaction. For instance, HI‘I@IR] and of fluorine-containing adsorbates on a variety of
geometry occupied by reactant molecules is critical in diCtaﬂggrfaces, including aluminas, usifdF NMRE *C NMR ha

bo.th their a_c_t|V|ty _and reaction kinetics, while the efficacy (Heen used tinvestigate oligomers grafted onto silica surfates,
chiral modifiers is known to be dependent upon the

] 1 . ) idnic surfactants adsorbed on silitand in applications to
conformation on a catalyst surfacélany techniques applied catalysis; for example, hydrocarbon adsorption on zedlites.

both under high vacuum and at realistic process conditions hq,y]% use of3C NMR has practical advantages over NMR
be_:en employed prevg%l;sly to probe the interaction of adsorbaé?&niﬁcant line broadening of the spectral resonances occurs
W'th catglyst surfaces. There remaln_s, hoyvever, a lack o¥or adsorbed species as a result of differences in magnetic
|nforr'nat|on. on thée molecular - configuration - of mOIeCUIa§usceptibility at the liquid-solid interface. This line broadening
species at interfac S . can prevent the identification of individu# resonances due
Nua_:lear magr.1et|c resonance (NMR) ‘Fechnlqges offer t&? the limited chemical shift range associated with the
potential for probing adsorbate-adsorbent interactions. PreviQUs.cus. In contrast. the much larger chemical shift rangicof
studies have focused on the change in the chemicalasbift means that it is possible to distinguish the individual resonances

the NM_R spectral line assoc@ed with E_m at_om that OCCUrS QL for the broadened lines of adsorbed molecdfilesnce the
adsorption. When a chemical species is adsorbed, the

distribution of electrons within the molecule is distorted,
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surface interaction of each individual carbon atom in amportant to consider a ratio, as different carbon atoms within a
adsorbed hydrocarbon can be examined. molecule can have different Values in the bulk phase and it is
An alternative NMR probe of surface interaction is théhe variation of T on adsorption that reveals the relative
longitudinal relaxation time T The nuclear spin relaxationstrength of surface interaction.
behaviour of a chemical species adsorbed onto a surface isTo date**c T, measurements of adsorbed species have not,
modified by the strength of that interactitit® The molecular to the best of our knowledge, been exploited as a tool for
motion (translation and rotation) of the adsorbate the comparing the relative surface interaction strengths of each
adsorbent surface is described by the autocorrelation functdambon in an adsorbed hydrocarbon molecule and hence used as
G(z) averaged over the time intervalThe Fourier-transform of an indicator for adsorbate configuration. We have inferred
this function is proportional to the longitudinal relaxation timeformation previously on the relative strength of adsorbate-
T,. The autocorrelation function of the molecule will change ardsorbent interactions from two-dimensiondd relaxation
adsorption, and hence a change inisTobserved. In general,analysis (without chemical shift information) in catalytic
energetically stable adsorption conformations (correspondingsistems-* Here, we demonstrate the use of chemical shift
reduced mobility of the surface-bound species) are associaesblved**C NMR T, measurements to probe the adsorption of
with stronger surface interactions. The ratio qf rélaxation individual carbon atoms within their parent molecules. These
times for surface adsorbed to free diffusing (bulk) moleculeseasurements are straightforward to conduct and analyse, and
T1,20d T2 puik €Can therefore be used as an indicator of the relatiyield direct information on the molecular configuration and
strength of surface interaction. A low; Ji{T;1pux ratio is relative adsorption strength of adsorbate molecules; the
associated with low mobility and hence strengdsorption. technique is described in Section 2. In Section 3.1 we present a
Previously, we have used the ratio of longitudinal ®tudy of the adsorption of a series of acyclicadd cyclic G
transverse relaxation times/T, to probe the relative strengthshydrocarbons orb-Al,O; and y-Al,Os. Acyclic Cs molecules
of interaction between chemical species in liquid saturatptbvide a proxy for molecules of interest in many industrially-
porous catalysts using two-dimensiondH relaxometry relevant catalysed reactions, such as hydrogenation or
techniques? In a fully saturated porous medium, this ratio domerisationt’ Cyclic C; species are important as
relaxation times is preferable as it removes the influence iofermediates in the processing of petrochemical feedst8cks.
pore geometry that would be significant in, say, thedT:,ux These NMR data are supported by conventional Diffuse
ratio. Here, we do not need concern ourselves with tReflectance Infrared Fourier-Transform Spectroscopy
geometric effects because we are probing only a monolayer(bRIFTS) results. The influences of surface coverage, surface
the pore surface and as such can directly compare the relaxgti@atreatment, and temperature on the geometry of adsorbed
time of the adsorbed liquid molecules to those in the bulk. Aldgydrocarbons are explored in Section 3.2. To highlight the
the use of T relaxation time measurements is suboptimal irersatility of the NMR technique, we explore the conformation
these high-field NMR experiments because the magnetic 1-pentene when co-adsorbed with carbon monoxide and
susceptibility differences between theidpland the adsorbedother hydrocarbons (see Section 3.3). It is not possible to
liquid and vapour phases may prevent accurate interpretatiorclodracterise the surface geometry of co-adsorbed species using
the results? it is established that ;Trelaxation times are conventional techniques such as DRIFTS. The presence of a co-
independent of such artefadfs. adsorbate allows us to consider how the interaction of the
The inference of adsorption properties from NMRIlkene with the active surface sites might be modified during a
relaxation parameters has been investigated previously dajalytic reaction where products and solvents will be present
Monduzzi et al. with regard to the interaction of cyclialongside the reactant. Two cases are considered; the solid
molecules, including pyrrole, with the surface of zeofifek. phase used i8-Al,O; in both cases. First, we consider the co-
was observed that the C3 carbon atoms of pyrrole (i.e. thasksorption of species representative of those relevant to
furthest from the nitrogen heteroatom) had a shortgfysT industrially catalytic processes of interest. In particular, the c
relaxation time than the C2 carbon atoms. This was explairastsorption of CO or 2-butyne is considered. Thedsorption
as a loss of mobility for the C3 carbons due to thedf CO with 1-pentene has been selected because of its relevance
involvement in the solid-liquid interaction. Molecularto the industrial semi-hydrogenation of acetylene where CO is
modelling calculations confirmed that the species binding to tadded as a co-adsorbate to improve selectVitfhe co-
surface through the C3 carbons represented the madsorption of 1-pentene and 2-butyne allows us to explore the
energetically stable configuration. Elsewhere, Popova and palative strength of triple-bond and double-bond interactions. In
workers have employetfC NMR in order to investigate theboth cases, two experiments are performed. In the first
variation in T, along the carbon-chain of a surfactant insidexperiment, 1-pentene is pre-adsorbed prior to admitting the
porous SiQ.° In this case the pore space was filled with liqui€O or 2-butyne to the system. In the secemgderiment, the
surfactant and hence the adsorbate-adsorbent interaction evesr of adsorption is reversed, with 1-pentene adsorption
not probed directly; it was modified by molecular exchangecurring after adsorption of CO or 2-butyne. The second case
with bulk liquid in the pore. As neither of these studiesonsidered was the adsorption of 1-pentene following
considered the ratio of the measured relaxation time against Husorption of cyclohexane or benzene; these cyclic species
of the bulk liquid, only general trends could be established. Itvi®re chosen as models for soft and hard coke, respectively.
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2 Materials and Methods was repeated for each of thg &hd G hydrocarbons on both
Al,O; and y-Al,O;. Surface coverages were calculated
assuminga uniform distribution of the hydrocarbon, estimating
the surface area occupied by an individual molecule from the

Both 0-Al,O; (Johnson Matthey, BET surface area 120grh
BJH pore volume 0.52m® g%) andy-Al,O; (Johnson Matthey,

-1 3 ~-1
BET surface area 190 g™, BJH pore volume 0.70n g”) excluded molecular area of n-pentane (410%° m?) for the G

were supplied as trilobe extrudates of approximag{as(m)at(_:.S and 2-butyne, and cyclohexane (40% m?) for
dimensions 10 mm x 1 mm (length x width). The adsorbatttf:l% G adsorbates and benzefiéor example, 3.5 g gfAl,O,
studied include a series of acyclig Bydrocarbons (of purity): has a total surface area of 668 nand can therefore

L-pentene (98%), 1-pentyne (99%), cis-2-pentene (98%), raScommodate 1.58 x ¥omolecules of n-pentane, equivalent to
2-pentene (99%), and 1,4-pentadiene (99%). For referdmee 2.6 x 10° moles. Therefore, in order to obtain a theoretical

bond structures and carbon numbers are portrayed for eadeo?/ferage approximating but not exceeding 1 monolayer (ML),

these molecules .|n Fig. 1(a-e). Addrgonal studies Weé%proximatelyzx 10° moles of the §species were introduced
conducted on a series of unsaturated cychbiydrocarbons (of into the alumina trilobes. NMR measurements were also

purity): cycloh(_exene (99%), 1,4-cyclohexadiene (97%), arEB((i:rformed on individual liquid species in order to obtain the
1,3-cyclohexadiene (97%); the bond structures and carb]on

i R puk Values. For these studies, the hydrocarbons were dosed
numbers of these cyclic molecules are represented in Fig. ﬁﬁa empty glass baskets as received. Co-adsorption

h). Benzene (99%), 2-butyne (99%), and cyclohexane (9gg/§}3eriments were performed withpgatene on 6-Al,Os. For
were used in the co-adsorption studies. All the hydrocarbocn
were obtained from Sigma-Aldrich at the stated purities. Q&

(99%, < 5 ppm HO, Air Liquide) was used without further

lohexane and benzene, adsorption of 0.5 ML of 1-pentene
as performed after 0.9 ML of the co-adsorbate was dosed on
the alumina. In the case of 1 pentene and CO, and 1-pentene

purification. and 2-butyne, 0.5 ML of 1-pentene was adsorbed, followed by
0.5 ML of the co-adsorbate, and vice-versa. Ak relaxation

3 5 i 1 time for CO in the gas phase could not be determined due to the

a :/\/ f 2 1 low °C density at atmospheric pressure. Consequently, the
1 2 4 T1.aad T1puik ratio of physisorbed CO was not obtained.

4 3 2 The NMR experiments were performed on a Bruker DMX
— 7N 3 spectrometer with a vertical bore 7 T superconducting magnet.
1—2 3 5 5 The radio frequency (r.f.) excitation and detection was achieved

using a birdcage resonator tuned 6 MHz for ¥C. T,

N 1 1 relaxation properties of both bulk liquid and adsorbed
c hydrocarbons were measured using the standard inversion-

1 2 3 5 1 1 . . . .
recovery pulse sequence, with signal acquired in the presence
4 2 of 'H broad-band decoupling.; Walues were determined by
d ——— ~ fitting a single-component exponential recovery function to the
1 2 3 5 h 3 data. Due to the limited homogeneity of the applied r.f.
3 3 1 magnetic field, it was necessary to acquire 1@ spectral

o — 7 S— information in two separate experiments spanning chemical
1 2 2 1 1 2 shift ranges of 0-100 ppm and 100-200 ppm. The experiments
2 were performed at 20°C, unless reported otherwise. The spectra

3 .
Fig. 1 Structure and carbon numbers of (a) 1-pentene, (b) 1-pentyne, (c) cis-2- WEre referenced to thé C resonance of tetfamethy|5l|ane
pentene, (d) trans-2-pentene, (e) 1,4-pentadiene, (f) cyclohexene, (g) 1,4- (TMS). The errors associated with fitting the bulk pJk
chlohexadlerlf, and (h) 1,3-cyclohexadiene. Carbons are numbered according to relaxation times were all within 205, whilst the errors
independent ~°C NMR resonances. ) ) _ . )

associated with fitting the adsorbed,Jsrelaxation times were
haél within £5%. Therefore, the total errors on the T pui
ratios are considered to be less than +7%. The measurements

For the NMR relaxation time measurements of t

adsorbates in the adsorbed statg,qdl the hydrocarbons were'”. )
adsorbed onto the aluminas via a glass vacuum line (Soh"z\;{%1 1-pentene were repeated several times on fresh samples

Scientific Ltd.). A glass basket containing 3.5 g of,@y and found to be consistent. The repeat data fell within the errors
trilobes was attached to the vacuum line and evacuated t8u8t8d here. The theo.retlcal founQatlon which enables us to
pressure 402 mbar. The liquid hydrocarbon was degassed vgrrelate  TaadTipux with adsorption strength has  been

: ; ; !
several freeze-evacuate-thaw cycles and admitted to %%cussed in detail elsewhere:

vacuum line in the gas-phase at a known pressure. The sampIQRIFTS measurements were acquired for the adsorp.tlon of
basket was cooled using liquid nitrogen to condense r}fé)entene oveR-Al20, gnd v-Al20; powders. The alumina

hydrocarbon onto the alumina surface. Adsorption W(Iirgobes were cr.ushed in order to prepare the sample as a
confirmed by a corresponding reduction in pressure in tngder. Adsorption of the alkene over KBr was also performed

vacuum line. The basket was then flame-sealed. This procté)sgro‘{'de a reference spectrum for the 1-pentene on ? non-
adsorbing surface. All spectra were recorded at 4~ cm

This journal is © The Royal Society of Chemistry 2012 Phys. Chem. Chem. Phys., 2015, 00, 1-3 | 3



resolution, using a Bruker Equinox 55 spectrometer equipped The observed 1Lg{T1 puk ratios are lower, consistently, for
with an MCT detector. The alumina samples were treatedspecies adsorbed @rAI,O3, Fig. 2(squares), than anrAl,O;,

situ to partially dehydroxylate the surface, prior to adsorptioneig. 2(circles). This result implies stronger adsorption on
the alkene to partially dehydroxylate the surface. This treatméml,O;, as expected from the higher surface Léwiand
consisted of heating to 500°C with a 10%i® Ar atmosphere Brgnsted® acidities ofg-Al,O; compared tg-Al,O3. However,
flowing at 100 ml mift, holding for 1 hour at 500°C, and therit is important to note that, for a given molecule, the same
cooling to 35°C under Ar flow. The 1-pentene was theageneral trends in Lq{T1pux ratio are seen on both surfaces
adsorbed onto the alumina at 35°C. Once the alumina surfaten compagd on an atorrby-atom basis. Therefore, the type
was saturated (detected by no further change in the spectra)pthénteraction and molecular configuration adopted upon
feed was switched to Ar at 20 ml rifirand desorption of the adsorption is similar on the two forms of alumina.

alkene was monitored. During desorption, spectra were

recorded every 15 s. 0.2l é T : é é ]
°
3 Results and Discussion 01Fm e 0 -
3.1 Conformation of adsor bed hydrocar bons 0 1 2 3 4 5
3.1.1 AcvcLiC HYDROCARBONS The measured 1GadTy pui 02l b ' ‘ ' "]
ratios for the individual carbon atoms within acyclic C5 species S
adsorbed orf-Al,0; andy- Al,O3 are shown in Fig. 2. In all 01r 8 8 i
cases, the 1LadTipuk ratios associated with olefinic or » 0 —1! ; 3 ; 5
acetylinic carbons, i.e., those atoms linked by unsaturated E : : ‘ . :
carbon-carbon double or triple bonds, are consistently lower E: 0.2rc 8
than the T ,4{T1 puk ratios associated with the aliphatic carbons ~o1le . 9 8 |
(those linked by a saturated carbon-carbon single bond) in the 8 M
same molecule. Considering cis-2-penten®-#,0;, Fig. 2(c, 5 0 1' é : ﬁll é
squares), as a typical example, the olefinic C2 and C3 carbons , r : , ;
exhibit T, .qdT1puk ratios of 0.048 and 0.043, respectively. 0.2 d SN
These values are lower than for the aliphatic (C1, C4 and C5) 01F 8 ° ® 8 2
carbon atoms where;I3{T; puk ratios of 0.109, 0.065, and . T T . .
0.133 are observed, respectively. Therefore, it is concluded that 0 1 2 3 4 5
the olefinic carbon atoms experience a relatively stronger . T T T T
; ; ; ; ; . 0.2+ e R
interaction with the alumina surface than the aliphatic carbons. o
The terminal aliphatic carbon (C5) shows the weakest 01r8 : u 1
interaction. These data suggest that for cis-2-pentene, and oL ) ‘ ) )
indeed all the acyclic molecules studied, adsorption occurs 1 2 3 4 5
primarily through the unsaturated carbon-carbon multiple bonds carbon number

as expected. Although previous studies have observed fige The ratio of surface to bulk relaxation times Ty au/Topux for the individual
. . cFrbon atoms in (a) 1-pentene, (b) 1l-pentyne, (c) cis-2-pentene, (d) trans-2-
existence of a di-c bond between alkenes and metq d (o) 1.4 di dsorbed on B-ALO d v-ALO
523 - - pentene, and (e) 1,4-pentadiene adsorbed on 6-Al,0; (squares) and y-Al,03
SUffaceg, “ only a weak molecular interaction was observaércles). The carbon numbers correspond to the schematic diagrams in Fig. 1.
between the adsorbate and the alumina surface for the sysﬁ?ﬁqssymbols represent olefinic or acetylinic carbons associated with the
. . . . turated bon-carb bonds, d bol t aliphati
studied here, as confirmed by DRIFTS studies, see Fig. 3 dfjf """ oneamen bonds, and open symbols represent aiphatic

discussion below. A di- bond would also result in the loss of
ST 3
the olefinic lines from thé&C NMR spectrum due to the change The use of3C NMR to study individual carbon atoms

in the electron 3distribution and hence degree of chémicgg,ys additional information to be obtained. Notably, the
shielding on thé®C nucleus; loss of the olefinic resonances t?eometry occupied by the adsorbate on the adsorbent surface

not observed. can be considered. Since i associated with the strength of

Comparing an alkene (1-pentene, Fig. 2a) and an alkyne;flaraction of an atom with the adsorbent surface, it can also be

pentyne, Fig. 2b), we see a more pronounced differengg,y as a qualitative indicator of the distance between the atom
between the ilaTypuk ratios of the acetylenic and aliphatiG,ny the surface. Again considering cis-2-pentene as a
carbons in the alkyne than between the olefinic and aliphaii;resentative example, the olefinic C2 and C3 carbons have
carbons in the alkene. This variation corresponds to the gregl@ryreatest surface interaction and so are assumed to be located
adsorption strength of alkynes through the carbon-carbon trigigser to the surface than the aliphatic carbon atoms. The
bond compared to alken.es through the carbon-carbon douyfe.rent To.a0dTopuk ratios of C1 and C4 suggests the molecule
bond, as has been established previotfsly. does not adsorb in a planar (symmetric) fashion around the
double-bond. This interpretation is consistent with the

4 | Phys. Chem. Chem. Phys., 2015, 00, 1-3 This journal is © The Royal Society of Chemistry 2012



molecular configuration proposed for alkene adsorption éwllowing adsorption. This observation is consistent with the
catalytically-relevant surfaces from other spectroscopielaxation time data in Fig. 2 which suggests that the olefinic
studies®?*?” Buchbinder and co-workers employed broadbarmmrbons interact more strongly than the aliphatic carbons with
vibrational sum-frequency generation spectroscopy (SFG)the surface, with C1 and C2 haviagvery similar interaction
study the adsorption of molecules including 1-pentene and agength. DRIFTS was used to follow desorption of 1-pentene
2-pentene on an-Al,O; (0001) surfacé.The results reported from the saturated surface. Bands due to 1-pentene were no
in this paper are consistent with the conclusions from SHkahger observed after approximately 10 minutes for desorption
spectroscopy. However, the latteredmot provide information from y-Al,O;, whereas or-Al,O3, the v(C=C) band was still
on individual carbon atoms but rather explores the behaviourdetectable after 20 minutes. These data support th&Th puik
functional groups, e.g., methyl or methylene functionalitieanalysis that suggest that 1-pentene adsorbs more stron@ly on
Analysis of the NMR data can yield additional information, i&l,O3thany-Al,Os;.
more straightforward to interpret and is not dependent upon 3.1.2 CycLIC HYDROCARBONS Figure 4 shows the
selection rules that render vibrations in particular plan@&s,q{T; pux ratios for cyclohexene, 1,4-cyclohexadiene, and 1,3-
undetectable. Furthermore, the NMR experiments argclohexadiene adsorbed 6+Al,O; andy-Al,Os. In each case,
conducted over adsorbates in an industrially relevant physioaly three distinct resonances are observed in the NMR spectra
form, while a single crystal surface has to be employed as #%e a result of molecular symmetry. The singlg,qd times
adsorption surface in the SFG studies. associated with each resonance line indicate that the equivalent
The data fo 1,4-pentadiene are shown in Fig. 2(e). Thearbon atoms experience similar interactions with the surface.
symmetric nature of the molecule means that only three distinet

carbon resonances are observed in the bulk liquid. On 0.2k é ' ]

adsorption, a single; 4 relaxation time was observed for the Q g

aliphatic carbons, consistent with the molecule adsorbing 0.1 : )

symmetrically. If the olefinic carbons adsorbed to different o— . .

extents, a two-component relaxation time for one or both of the ? 1| ‘? ?

Ty agsvalues for the C1 and C2 carbons would be observed. E—: 0.2 b g

o}
—

i % 01 @ i .
log(1/R) = 1 : ot , ‘
ogll/ = C=C [ 1 o

0.2f ¢ ' o ]
o1f * o o -
L] L]
U 1 1 1
1 2 3

carbon number

Fig. 4 The ratio of surface to bulk relaxation times Ty .4s/T1,puk for the individual

carbon atoms in (a) cyclohexene, (b) 1,4-cyclohexadiene, and (c) 1,3-

cyclohexadiene adsorbed on 6-Al,03 (squares) and y-Al,O3 (circles). The carbon

numbers correspond to the schematic diagrams in Fig. 1. Solid symbols represent

3500 3{]‘00 2500 3(]'()0 15'()() 1(;0(] olefinic carbons associated with the unsaturated carbon-carbon double bonds,
wavenumber / cm ™! and open symbols represent aliphatic carbons.

Fig. 3 DRIFTS of 1-pentene adsorbed over (a) KBr, (b) 8-Al,03, and (c) y-Al,0sat
35°C. There is no significant change in band position with surface and the v(C=C) A stronger interaction is observed for the adsorbed olefinic
H -1 = . . . .
barLd is observed at 1647 cm. in all ca5§s. Th-e'v(C—O) bénd o?ser.ved at 1705 carbons than for the allphatlc carbons in the CyClIC
cm’™ over 6-Al,0; may be attributable to impurities or partial oxidation of the 1- . L. i .
pentene. The v(OH) band is observed on both alumina surfaces even after hydrocarbons. There is no indication in the NMR SpeCtra of the
treatment to remove hydroxyl groups. Spectra are displayed as log(1/R), where R Cg hydrocarbons that the double-bonds break, suggesting that
is the ratio of the relative reflectance of a surface with 1-pentene adsorbed to adsorption occurs again via a weak interaction with surface OH

the relative reflectance of a clean surface. i . . .
groups. A more detailed examination of the relative strength of

In addition to NMR relaxation time analysis, the adsorptidﬂ(;eracu_on of feach _carbon t:n a glver; molecule aIIovx:g
of 1-pentene adsorbed on KB6-Al,O; and y-Al,O; was adsorption conformations to be proposed. For many cyclic

investigated by DRIFTS studies. Comparison of the spectran&(?lecu_les’ a number of d|ffer§nt adsorp_t|on ge_ometngs are
thgoretlcally possible and experimental evidence is required to

1-pentene over the KBr and the alumina surfaces in Fig. ) hich ; ' ] ) ;
shows no significant change in position or relative intensity ggtermme which - conformation exists on a given surface.

the 1-pentene bands. The loss of OH groups from the alum%%{mdermg 1z4-cyclor.1exad|ene adsorptlon. ®RI0;, the
surfaces (indicated by negative bands in Fig. 3) suggests are con§|stent with "’,1 poat conformation whgre the C1
the alkene interacts with the OH groups via H-bdid3 The carbons are in close proximity to the surface whilst the C2

WC=C) band is present at 1641 Enover all the surfaces carbons are slightly further from the surface. In a similar
indicating that there is no perturbation of the C=C bord@aNner. the data for adsorbed cyclohexene suggest addi-

This journal is © The Royal Society of Chemistry 2012 Phys. Chem. Chem. Phys., 2015, 00, 1-3 | 5



conformation. The implied geometries of all three cyclic @&hemical shielding effects around that nucleus. If that change
species are consistent with conclusions reported previously adeztron distribution is influenced by factors other than the
result of experimental surface science and theoreti@sorption interaction, airect correlation between AJd and
investigations on Pt(11%{° adsorption strength will not hold. Further, the much broader
In a comparison of Figs. 2 and 4, similar,fT; puk ratios linewidths associated with the nuclei of molecules in the
are obtained in the acyclic and cyclic compounds. For examadsorbed state introduces additional uncertainties in the precise
the olefinic carbons in cyclohexene adsorbed ®AI,O; value of AS characterising a given system. Overall, we conclude
exhibit T aqdTipuk = 0.044, comparable to an averagéhat T, ,q{T1 pux Offers a more direct indication of the surface
T1,20dT1puk = 0.046for the olefinic carbons in cis-2-penteneinteraction strength than Ad in these systems.
Similarly, the aliphatic carbons in cyclohexenefeAl ,O; have
an average 1laadTipuk = 0.112, comparable to an averag C3 C4 C5

c2 C1
T120dT1puk = 0.102 for the aliphatic carbons in cis-2-penten
These data suggest that the bonding mechanisms, and rel: 2
strengths of the bonds, are similar for both types of orgal -
molecule. 5 ‘ ) | J

3.1.3 COMPARISON OF RELAXATION TIME AND CHEMICAL
SHIFT Surface adsorption has been probed previously
observing the change in chemical shifi that occurs when a
molecule bonds with a surface. Given the line broadening tl
occurs when a liquid is adsorbed onto a heterogeneous surf
due primarily to the difference in magnetic susceptibilitie
between the adsorbent and adsorbate, obtaining accug@tg 3C spectra for 1-pentene (top) as bulk liquid and (bottom) adsorbed on 6-
chemical shift information in these samples can be difﬁCUN]203. The dashed lines correspond to the position of the resonance lines in the
Notwithstanding, aAd per atom for the acyclic 5CTT'IO|ECU|ES bulk liquid to indicate the change in chemical shift that occurs on adsorption.
adsorbed on both th®-Al,O; and y-Al,O; surfaces was
estimated. An example of the chemical spectrum (po8t2Influenceof physical factorson the conformation of
processed with a peak fitting algorithm) obtained for 1-penteagsor bed hydrocarbons

adsorbed on6-Al;0; is shown in Fig. 5; the bulk liquid 32 1 SyrracE covERAGE The results reported in Section 3.1.1
spectrum is included for comparison. The aliphatic carboggscribed the adsorption of acyclic species with approximately
have the smallest chemical shifts whereas the olefiniconarb 1 v of surface coverage. In order to investigate the influence
have larger chemical shifts. It is interesting to note that the gdg rface coverage on molecular configuration, the adsorption
and C4 carbon atoms exhibit almost no change in chemical shjft 1-pentene ond-Al,O; has been further investigated at
on adsorption, even though C1 is associated with the °|eﬁﬁ'}§proximately 05ML and 0.2ML. Fig. 6 shows the
bond and hence is expected to interact with the alumina surfqtggd[rlybulk ratios determined for these samples. It is apparent
via its bonding electrons. The resonance corresponding to Cgl the overall strength of adsorption of 1-pentene decreases
shifted downfield byAd = 3 ppm; this relatively small shift is yith increasing surface coverage. Consider, for instance, the C3
consistent with a weak interaction of the double-bond Wiy hon where the EadT1 buk ratio changes from 0.049 at 0.2
surface Bransted acid sifesC3 has a smaller shift & <1 | 0 0.113 at 1 ML. The surface 6fAl,0; is heterogeneous
ppm. The terminal carbon C5 exhibits an upfield shift @§ nature with a number of different adsorption sites available
Ad =-1 ppm. The same trends @ have been noted previouslyincluding Lewis acid (AlY) and Brensted acid (OH) sit&s.
in *C NMR studies of alkane adsorption on zeolftes. Both the NMR chemical shift and DRIFTS data suggest that the
Thus, while significant information on the nature Ofiominant interaction is via the Brensted acid sites. It is
adsorption can be revealed through measurements of Ad, We expected that the strongest adsorption sites are populated
suggest that the use of atom-specifiGal Ty pui ratios provides jpjtially, followed by weaker sites. As the coverage increases, it

a more detailed and less ambiguous description of the surfac§essonable to assume that the average strength of the
interaction. For instance, no changeiis observed (suggestingagsorption decreases as the alkene molecules are forced to
negligible surface interaction) for the olefinic C1 carbon in Jo'ccupy surface sites in which they experience a weaker surface

pentene (Fig. 5), whereas the .J{Tipux ratio indicates a jnieraction. An additional factor may be the disruption of the
stronger interaction of the C1 carbon with the alumina surfagRene-alumina interaction through steric effects on

compared to the aliphatic carbons (Fig. 2a), as expected.gfhroaching saturation of the surfdde.
general, changes in chemical shift upon adsorption do correlate

with adsorption strength but the change dn unlike the

relaxation time analysis which is sensitive only to molecular

mobility, will be determined by the change in electronic

configuration introduced by the adsorption interaction of the

nucleus of interest which results in a modification to the

/ arb. ur

intensity

150 125 100 75 50 25 0
5 / ppm
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The results in Fig. 7 indicate that 1-pentene adsorption via
the double-bond is negligibly affected by temperature in the
range 0-20°C. The interaction of the alkyl chain with the
surface is very similar at 0 and 10°C, but a significant decrease
o A in interaction with the surface is observed in increasing the
temperature from 10 to 20°C. These results imply a decrease in
the alkyl chain mobility with decreasing temperature, consistent
with an increase in lateral molecule-molecule interactions, as
observed during adsorption of propane-propylene mixtires.

3.2.3 SURFACE PRE-TREATMENT The effect of pre-treatment
temperature on alumina surfaces has been widely reported in
the literatureto havea significant effect on acid site density and
the Brognsted to Lewis acid site rafié® It is therefore expected
that adsorption of hydrocarbons on alumina will be influenced

i ) ) by pre-treatment temperature. Adsorption of 0.5 ML of 1-
Additional information about the adsorbate-adsorbeaémene was carried out 6pAI,0; following pre-treatment of

interaction is obtained by inspection of the olefinic carbons tjf?e 0-Al,0; by heatingo 400°C at a rate of 2@ mir' and then

Fig. 6. In particular, the ;T,¢dT1 puk ratio of theC2 carbon atom held for 2 h under vacuum. The JidT; o data are shown in

increases significantly as coverage increases. However, a mlgﬂw 8. In addition to 1-pentene, NMR spectral analysis revealed

smaller Cha“.ge 1S qbserved for C1. This indicates that Tlﬂ% presence of trans-2-pentene at a molar ratio of 1:2 trans-2-
nature of the interaction of the carbon-carbon double bond with 11 o 1-pentene. Here, strong adsorption of both molecules
the adsorbent surface is coverage dependent. TPD studies ¥fiplied by the T.adTy pux ratios.In 1-pentene, C2 exhibits
indicated decreasing energy of interaction with increasigg, strongest surface interaction with, Ty pux = 0.002. This
surface coverage in the aQSgrptlon of similar alkéhes. value contrasts with ;a/T; pox = 0.051observed for C2 on -
322 TEMFTERATURE Similarly to the effept of COVErage p|,0, pre-treated at room temperature, Fig. 2(a). The olefinic

upon a}dsorptlon of 1-pentene dmAIZO?, it is _relevant 10 agion of 1-pentene has an averageqdT: pux ratio of 0.006
determine the effect of temperature on interaction strength n the alumina is pre-treated at 400°C, and 0.056 when the

geometry of adsorption. Additional measurements WeLg, nina is prepared at room temperature. Similarly for the
therefore performed on 0.5 ML 1-pentene adsorbef-AhO; aliphatic chain we observe averagg.Ty pux ratios of 0.018

at two additional temperatures: 0°C and 10°C. Figure 7 shoyS, mina pre-treated at 400°C and 0.116 on alumina prepared
the NMR relaxometry results of 0.5 ML 1-pentene®Al:Os 4t 15om temperature. Therefore, a considerably stronger
at all temperatures studied. An increase in surface imeraStiOThteraction is implied when 1-pentene is adsorbed on pre-heated
observed with decreasing temperature. The interaction of Hl]lfr'mina. Pre-treatment of the alumina at high temperatures
olefinic carbons C1 and C2 are insensitive to temperature. THE s in the removal of hydroxyl groupshéercorresponding

o
\S]
T
L

T ags / T1puik
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Fig. 6 The ratio of surface to bulk relaxation times T ,4s/T1,buik for the individual
carbon atoms in 1-pentene adsorbed on 0-Al,03; with a surface coverage of
approximately 1 ML (squares), 0.5 ML (circles), and 0.2 ML (triangles). Solid
symbols represent olefinic carbons and open symbols represent aliphatic
carbons.

aliphatic carbons (_:3'C5 gre sen;itive to temperature With 2 eaqe in Lewis acid site density at the higher tempefature
notable decrease in the interaction of the C3, C4 and %Iains the stronger interaction of 1l-pentene through the

carbons with the surface in raising the temperature frono 10
The most significant change was observed for
terminal carbon €5), where T,qTipux = 0.159 at 20°C

20 °C.

chrbon-carbon double bond. Modification of the Lewis acil sit
sity by the pre-treatment process permits isomerisation of 1-
pentene to trans-2-pentene (no cis-2-pentene was detected).

decreased 10 jkafTipux = 0.099 at 18C, and then 10 gnmarisation of n-butene to butallé® and conversion

Tl,adJTl,bqu =0.084 at 0°C.

;‘0.27 T T T ]
= o
&~
?0.17 5 o 9
= 8]
O | 1 1 1 |
1 2 3 4 b

carbon number

Fig. 7 The ratio of surface to bulk relaxation times Ty .4s/T1,bux for the individual
carbon atoms in 1-pentene adsorbed on 6-Al,0; with a surface coverage of
0.5 ML at 20°C (squares), 10°C (circles), and 0°C (triangles). Solid symbols
represent olefinic carbons and open symbols represent aliphatic carbons.

This journal is © The Royal Society of Chemistry 2012

between n-pentene isoméfshas been reported with alumina
as the catalyst.

0.04 — . ;
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Fig. 8 The ratio of surface to bulk relaxation times Tia4s/T1,buik for the individual
carbon atoms observed on pre-heated 0-Al,0; at 400°C after the adsorption of
0.5 ML 1-pentene. l-pentene (squares) and trans-2-pentene (triangles) were
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identified by chemical shift. Solid symbols represent olefinic carbons and open C2 with the surface. In contrast, when CO is pre-adsorbed,
symbols represent aliphatic carbons. . . . .
v P P whilst the behaviour with respect to the C1-C4 carbons is the

same as when 1-pentene is pre-adsorbed, the C5 carbon appears

The TiaodTipuk ratios of the carbon atoms in rans-2, o poy more closely to the surface. The sample was remade

pentene show a stronger interaction for the olefinic Carb%vslce and the experiment repeated to confirm the validity of

than the aliphatic carbons, as expected. In particular, C3 sh ws measurement and it was found that the value, gf{T: pus

the strongest interaction. The interaction through the doubgr- the C5 carbon was reproducible to within experimental

bond is notably. stronger than in the gase of trans-2-pent%rr1%r_ These data suggest that when CO is pre-adsorbed, the
adsorbed as a single component, see Fig. 2(d).

alkyl chain of 1-pentene is more restricted, perhaps by stronger

3.3 Conformation of hydrocar bons co-adsor bed on surfaces lateral interactions with the adsorbed CO.
3.3.2 CO-ADSORPTION OF 1-PENTENE AND 2-BUTYNE An

3'3'1dCO_AtI_DSORF;T(|)09N'aFL 1(-:|§NTIE:I(E)A5NE/II(_:? Restults from tL\e alkyne and alkene were co-adsorbed6eAl,O; to study the
co-adsorption of ©. Wi ' -pentene are s OWc':qompetitive adsorption of triple and double bonds,qdT1 puik

In Fig. 9. The TadT1 pui ratios are shown for three cases: (i) Lo are shown in Fig. 10 for three cases: (i) 1-pentene

pentene adsorbed first, foIPwed by CO; (ii) CO adsorbed f'rsatdsorbed first, followed by 2-butyne; (ii) 2-butyne adsorbed
followed by 1-pentene; (ii) 0.5 ML of 1-pentene only fo

I%irst, followed by 1-pentene; (iii) 0.5 ML of 1-pentene only for

comparison. The most notable observation is that in both. %%'mparison. The ihalTipux ratios of the alkyne are

adsorption experiments the effect of the presence of CO is to . .
. . . ccaw&stently lower than for the alkene. Therefore, adsorption of
weaken the interaction strength of the olefinic carbons C1

. . . € alkyne is favowd in agreement with the single-component
C2 with the surface; the effect is greater for the C2 carbon trl]':1€(‘:psorption studies in section 3.1.1. In Fig. 10, the olefinic

for the C1. As has already been noted, CO is co-adsorbed V(\:'!stlrrbons of 1-pentene exhibit averagadlT: pu ratios of 0.061

unsaturated hydrocarbons in the industrial process of acetylfennease (i) and 0.07ih case (ii). An average; TalT: pux ratio of

selective semi-hydrogenation to ethylene. One of the effects P56 was obtained in case (iii). Therefore, the double bond

CO in this process is to weaken the interaction of the alkelﬂ?eraction with the alumina surface is weabenby the

with the Pd-based active site on the catalyst thereby limitin sence of the alkyne. It is also noted that in the case of 1-

further hyd_rogenahon of ethylene to the undesired tO%‘tlantene pre-adsorption, the interaction of C5 with the surface is
hydrogenation product: ethafie.Although our data were

again reduced significantly compared to that observed for pure
acquired in the absence of a metal catalyst, we note that % 9 y P P

-pentene adsorption and when 2-butyne is pre-adsorbed.
when physisorbed on the surface, weakens the alkene-alumirf)a P y P

interaction. . 1 T .
= 0.2 .
L 0.2F 3l A e
7 5
EE 8 TS O0Af B o A
2 3 ' @ A A
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& . M M
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0 1| é é J; é carbon number

Fig. 10 The ratio of surface to bulk relaxation times Ty aqs/ T1buk for the individual
carbon atoms in 1-pentene co-adsorbed with 2-butyne on 6-Al,0;. Data are
Fig. 9 The ratio of surface to bulk relaxation times T ,4s/T1,buk for the individual shown for case (i) adsorption of 0.5 ML 1-pentene (triangles) followed by 0.5 ML
carbon atoms in 1-pentene co-adsorbed with CO on 0-Al,0;. Data are shown for 2-butyne (x) and (i) adsorption of 0.5 ML 2-butyne (+) followed by 0.5 ML
case (i) adsorption of 0.5 ML 1-pentene followed by 0.5 ML CO (circles) and (ii) 1-pentene (circles). For case (iii), adsorption of 0.5 ML 1-pentene only (squares),
adsorption of 0.5 ML CO followed by 0.5 ML 1-pentene (triangles). For case (iii),  yata are repeated from Fig. 6. Solid symbols represent olefinic carbons and open
adsorption of 0.5 ML 1-pentene only (squares), data are repeated from Fig. 6. symbols represent aliphatic carbons in 1-pentene.

Solid symbols represent olefinic carbons and open symbols represent aliphatic

carbon number

carbons.
The aliphatic carbons of 1-pentene are less mobile in case

Further comparison with the data for 0.5 ML and 1ML 1() than in case (ii) and (i) due to lateral molecule-molecule

pentene (Fig. 6) suggest that pre-adsorption of pentéﬂ@ractions with excess 2-butyne. Similarly, in case (ii), C1 and

followed by adsorption of CO causes the adsorption interactigt ©f 2-butyne present higher, JfdTy pux ratios (weaker
of 1l-pentene to be very similar to the adsorption of sind@teractlon) than in case (i), most likely due to higher 2-butyne

component 1-pentene at 1 ML 6rAI,Os, albeit with a slightly effective adsorption coverage and possibly due to interactions
With adsorbed 1-pentene.

lower interaction of the C5 carbon with the surface than in t
co-adsorbed case. However, we may deduce that the333 CO-ADSORPTION OF 1-PENTENE AND CYCLIC
conformation of 1-pentene during adsorption remains the safgPROCARBONS Finally, the adsorption of 0.5 ML of 1-pentene

with lateral interactions reducing the interaction of the C1 afifl #-Al2Os is investigated after pre-adsorption of (i) 0.9 ML of
cyclohexane and (ii)) 0.9 ML of benzene. Cyclohexane and

8 | Phys. Chem. Chem. Phys., 2015, 00, 1-3 This journal is © The Royal Society of Chemistry 2012



benzene are used here to model coke deposition at diffestranger interaction than olefinic functionalities. Adsorption
stages of catalyst deactivation. Figure 11 shows the carbmas confirmed to be more favourable o9eil,O; than overy-
specific T ,adT1 puk ratios for 1l-pentene, as well as a singlal,O; as expected from the higher surface acidity of the
T120dT1puk Vvalue for cyclohexane and benzene where tBeAl,O;. Studies of adsorption as a function of surface coverage
individual carbons are indistinguishable. Thg,glT; huk ratio demonstrated the average interaction strength was greater at
for benzene (solid lindy always lower than for carbons C1 andbwer coverage, indicating molecules adsorb preferentially on
C2 of 1-pentene. Conversely, the; J{T;pu ratio for the strongest adsorption sites. In addition to information on
cyclohexane (dash-dot linéy higher than carbons C1 and Catom-specific, adsorbate-adsorbent interaction strengths, the
of 1l-pentene. These results are in agreement with previmuslecular conformations of the adsorbates were inferred.
literature on coke formation and catalyst deactivatfofthe Finally, the co-adsorption studies demonstrate the application
formation of graphitic deposits prevents adsorption awod the *C NMR Ti aadT1 puik relaxation time measurement to
subsequent reaction of the desired product. The averggé insight into how the presence of one species modifies the
T1,20d T1 puik ratio of the olefinic carbons is 0.063 in case (i) armbsorption behaviour of a second species. As long as distinct
0.074 in case (ii). These values are comparable to thepectral resonances can be identified, more complex mixtures
obtained for single-componentpkntene adsorbed on 6-Al,O3. can be studied. In ongoing work, this approach is being used to
Overall, a weakening of the double-bond interaction with theth understand reaction pathways in heterogeneous catalysis
alumina surface is inferred in the presence of coke, with ted aid the selection of materials for specific catalytic
pre-adsorption of benzene, representing hard coke, causingptloeesses.

greater reduction in the interaction of 1-pentene with the

surface.
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