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Abstract  

Fast field cycling, FFC, NMR relaxometry experiments are reported in the frequency range of 

10 kHz-40 MHz to characterise the molecular dynamics of a series of protic (methanol and 

water) and aprotic (DMSO, acetone, cyclohexane and n-heptane) adsorbates on a γ-alumina 

surface of catalytic interest. By analysing the data in the T1 domain two distinct peaks were 

observed for both methanol and acetone. In the case of methanol the two peaks have been 

shown to originate from the two chemical environments of methanol, which at low field 

strengths differentiate the O1H and alkyl 1H interactions with the surface. In contrast, the 

second environment of adsorbed acetone is assigned to a stable reaction intermediate formed 

during an aldol reaction, which strongly influences other molecular adsorption processes at 

the surface. Inversion of the FFC-NMR data into the T1-domain enables the combination of 

the ability of low field NMR to characterise relaxation modes directly associated with 

adsorption with T1 measurements specific to functional groups and reaction intermediates, 

thereby avoiding misinterpretation of molecular adsorption characteristics and giving greater 

insight into adsorption and catalytic behaviour than is possible from the overall relaxation 

dispersion profiles alone.  
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Introduction 

An understanding of solid-liquid and solid-gas interaction is central to understanding the 

behaviour of heterogeneous catalysts1 and the performance of adsorbents used in separation 

processes.2 In the context of catalysis, tuning of the strength of the relevant solid-fluid 

interactions can have striking effects on reaction yields and selectivities.3,4 As such, the 

importance of understanding interaction strength has been recognised, and many techniques 

have been developed and optimised in order to quantify this effect.5–7 Heterogeneous 

systems, however, are highly complex leading to no single technique being universally 

successful. Often measurements are performed under conditions that do not reflect the true 

reaction system. For example, temperature programmed desorption, requires the variation of 

the temperature by several hundreds of degrees and is known to cause decomposition of 

starting materials and products.8 Infrared studies have been highly successful for in situ 

characterisation,9 however these studies tend to be limited to gas phase heterogeneous 

reactions as many common liquids absorb infrared radiation too effectively to be of 

widespread use.10,11 In contrast,  NMR offers an excellent alternative in terms of in situ 

measurements of interaction strength for adsorbed liquid systems, as it is non-invasive and 

sensitive to even small changes in the surface behaviour.12  

This study focusses on the application and interpretation of NMR relaxometry at very low 

magnetic fields, to probe the dynamics of several adsorbed liquids on a γ-alumina surface. 

The longitudinal relaxation time, T1, of a spin system is well known to be modulated by 

molecular motions.13 Therefore, the change in T1 from the free to the bound state is indicative 

of the degree of restriction of molecular motions caused by binding – and hence a measure of 

interaction strength. At very low fields, the relaxation behaviour is controlled by slow surface 

translational processes and therefore becomes an indirect measure of molecular surface 

diffusion.14 To access the low fields required for such a measurement whilst still retaining a 

sufficient signal-to-noise ratio, techniques based around rapidly switching magnetic fields i.e. 

fast field cycling, FFC, NMR are often employed.14,15  

To date, only a few catalytic systems have been studied using FFC-NMR. The role of coke on 

the relaxation behaviour of water, DMSO and heptane adsorbed on Al2O3 and PtRe/Al2O3,
16 

water on titania polymorphs,17 and water on MCM-41 and SEOS surfaces18 have all been 

explored. Previously our group has also investigated the relative interaction strengths of 

butanone, 2-propanol and water on a Pd/Al2O3 catalyst using FFC-NMR and compared the 

resulting data with fixed-field measurements of T1/T2 as a probe of surface interaction 

strength.19 More generally FFC-NMR has also been applied to study surface interactions in a 

range of porous media including silica glasses,20–22 cement pastes,23,24 rock cores,25–27 and 

granular packings.28  

One drawback of FFC-NMR is that it is very difficult to distinguish between different 

chemical species and concurrent surface processes. In particular, the magnetic field 

homogeneity is currently too poor to allow chemical shift resolution, and the observed 

relaxation rates tend to be the average of several simultaneously occurring processes in fast 

exchange. This leads to monoexponential behaviour being observed in the majority of 

literature examples. Whilst this simplifies the model fitting procedure, if not analysed 

carefully an unexpected contribution, such as exchange with the surface hydroxyls, can bias 

the interpretation of the data. The separation of multiple surface processes through pure 
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relaxometry experiments has previously been reported,29 however very few examples of this 

exist for FFC-NMR. Those that do have been attributed to multi modal pore sizes 

distributions,25 a continuous range of pore sizes,30 and chemical separation of oil and water 

binary systems.28 Often multicomponent systems are dealt with by taking a logarithmic 

average of the T1 profile, thus once again averaging the complex surface effects. Here, it is 

demonstrated that minor components can be observed in the T1-distributions and nuclear 

magnetic relaxation dispersion (NMRD) profiles of certain liquids adsorbed onto catalytic 

surfaces. The origins of these minor components are quite different and reveal important 

insights into the chemical behaviour of the systems that is not accessible from analysis of the 

logarithmic average of the T1 data.  

 

Materials and methods 

The porous medium used was γ-alumina (BASF, catalogue number 43855) of pore volume 

0.65 ml g-1. Nitrogen adsorption analysis was performed using a Micromeritics TriStar 3000 

automated gas adsorption analyser. The pore size characterisation data were then calculated 

using the Barrett–Joyner–Halenda, BJH, method. The pore size distribution was monomodal 

and centred around a pore diameter of 10 nm. Electron spin resonance, ESR, measurements 

were performed on a Bruker E500 X-band spectrometer with an ER 4122SHQE cavity at a 

microwave frequency of 9.385 GHz. Two features were observed for γ-alumina, a sharp 

paramagnetic resonance at 1600 G (6 ppm) assigned to Fe3+ and a small broad feature centred 

about 3450 G which has previously been assigned to superparamagnetic Fe3+ clusters within 

the framework.31  Deionised water was produced in-house using an Elga Purelab DV25 

purification system. Cyclohexane, n-heptane, DMSO, acetone and methanol (>99% purity) 

were obtained from Sigma Aldrich, and mesityl oxide (>90% purity) was obtained from Alfa 

Aesar. All deuterated variants of methanol were obtained from Fluorochem at a purity >99%. 

n-Heptane, DMSO and water adsorbed within alumina have been studied by earlier workers 

and therefore these data provided a reference point for comparison.16 Further, DMSO is polar 

but less reactive than acetone whilst, of course, having an almost identical molecular 

structure. Methanol and water are both polar and contain an exchangeable OH functionality, 

but with the OH functionality in methanol being distinct form the CH3 group. This set of 

liquids therefore provides benchmarking with previous work and the ability to test the 

robustness and sensitivity of the FFC-NMR measurement to the surface behaviour of these 

molecules.  

Samples were prepared by drying the alumina for 12 h at 120 °C to drive off physisorbed 

water, and then soaking the alumina for a further 12 h in the desired liquid. The sample was 

then poured onto filter paper and the extra pellet liquid was removed shortly prior to analysis. 

Full saturation of the pore space with the liquid during the imbibition process was confirmed 

gravimetrically by gravimetric measurement of the pellets before and after liquid imbibition. 
32 For degassed samples, three freeze-pump-thaw cycles were performed before flame sealing 

to minimise the oxygen content of the liquid. 

FFC-NMR experiments were performed on a Stelar Spinmaster Duo relaxometer. For each 

NMRD profile either 20 or 30 1H Larmor frequencies were analysed, logarithmically spaced 

between 10 kHz and 40 MHz. A pre-polarized sequence was used for field strengths below  
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Figure 1: A schematic of the prepolarized FFC-NMR experiment. The spin ensemble is polarized at a field Bpol 

for 4 × T1 before the field is rapidly switched (tSWT) to the relaxation field Brel. Relaxation occurs for a single τ 

delay before the field is raised to the detection field Bdet for acquisition. Repeating this sequence with variable τ 

values generates a relaxation profile.14 

10 MHz and a non-polarized sequence was used for measurements above 10 MHz, as shown 

schematically in Fig. 1.15 The crossover frequency was measured using both sequences to 

confirm that the two techniques were consistent. For each T1 experiment 32 delay times were 

used and only a single scan was required to achieve a good SNR. The raw FFC-NMR data 

were renormalized such that the signal in each dataset decayed from 1 to 0.14 The T1 

distribution at each field strength was obtained via an Inverse Laplace transformation using 

Tikhonov regularisation.33 The logarithmic average of the relaxation rate, <R1> =<1/T1>, 

was calculated by taking the logarithmic average of the T1 distribution at each field 

strength.30 The relative intensity of each peak is extracted directly from the regularisation. 

Influences on the quantitative nature of the relative population of the minor peak are as 

follows. At high field, the T1 values of the major and minor peaks become closer (less than a 

factor of 3 in relaxation time constants) and lead to a systematic bias against the intensity of 

the minor peak regardless of whether the data are fitted with a multi-exponential or analysed 

using a regularisation approach. Thus, an under-estimate of the smaller population is 

obtained. Furthermore, as the relaxation rate of the minor peak approaches the switching time 

of the FFC-NMR hardware (3 ms) the relative intensity of the minor peak is further reduced 

in a fashion analogous to the well-known dead-time problem in NMR acquisitions. In the 

extreme case of methanol, the two peaks are indeed separated by less than a factor of 3 in T1 

values at frequencies >1 MHz, and the relaxation time of the minor component is small (~5 

ms) at 0.1 MHz. Therefore, the reduction in the relative population of the minor peak in T1 is 

particularly noticeable.  The errors introduced to the relative peak populations are ≥10% for 

frequencies  >1 MHz, and at frequencies ≤ 0.1 MHz errors in the expected population of the 

minor species up to ~19% are observed due to dead-time effects. Limiting the analysis of the 

relative populations to the range 0.1-1 MHz mitigates these effects with an under-estimate of 

population of the minor peak being ~9%. For these reasons, when discussing the data 

reported, the populations assigned to the minor species are taken as average populations in 

the range 0.1 - 1 MHz. It is noted that the purpose of this paper is not to characterise the 

populations of the minor species but to identify their existence; however, an upper estimate of 

the relative populations of the minor species is obtained. Considering the accuracy of the T1 
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values obtained, provided that sufficient signal remains to perform the T1 measurement then 

the absolute value of R1 is unaffected by the switching time signal loss, but it will still be 

susceptible to the aforementioned errors at high fields. Typical experimental errors in <R1>, 

calculated from repeat measurements, for single component systems are <10%, but rise to 

15% for the major component in a two component system and 30% in the case of the minor 

component. In both cases the relative populations are associated with an error of 5%. 

 

Results  

Figure 2 shows the logarithmic average of the relaxation profiles, <R1> =<1/T1>, more 

commonly referred to as the NMR dispersion curves, obtained for water, methanol, DMSO, 

acetone, cyclohexane and n-heptane in their bulk liquid state. All 6 liquids showed the same 

general features of their dispersions (the changes in <R1>), where <R1> initially increased as 

the 1H Larmor frequency was decreased, before reaching a plateau around 10 MHz. The 

position of the inflection point was almost identical for all liquids, despite the molecules 

being significantly different in terms of intermolecular interactions, viscosity, and of 

unknown dissolved oxygen content. The latter has been previously cited as being responsible 

for the frequency dispersion seen above 10 MHz.34 This was confirmed to be the case in this 

study by degassing a bulk liquid sample of cyclohexane.  The size of the dispersion was 

reduced from 0.15 s-1 to 0.02 s-1 by degassing, which proved that the small total observable 

dispersions seen for bulk liquids in Fig. 2 are dominated by the effects of dissolved oxygen 

rather than any relaxation effects due to the molecular motions of the bulk liquids; hence, for 

liquids adsorbed on porous media all dispersions seen below 10 MHz can be unambiguously 

ascribed to interaction of the adsorbate with the surface, even in the presence of dissolved 

oxygen.  

 

Figure 2: The NMRD profiles of the six different liquids studied in their bulk state. Dashed lines have been 

included as a guide to the eye for the frequency behaviour below 10 MHz. 

Figure 3 shows the <R1> profiles for the six different liquids imbibed within γ-alumina as a 

function of the 1H Larmor frequency. To avoid any ambiguity in terms of the origins of the 

relaxation behaviour all further discussions will relate to NMRD profiles below 10 MHz, 

however the full profile will be shown in figures for completeness. As bulk liquids showed no 

change of <R1> with respect to frequency below 10 MHz, the rate of change of <R1> for  
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Figure 3: The NMRD profiles of n-heptane, cyclohexane, acetone, DMSO, methanol and water imbibed within 

porous γ-alumina pellets. 

 

liquids adsorbed on γ-alumina is expected to correlate with interaction strength. The total 

observable relaxation dispersion (TOD), defined as the difference in relaxation rate at 10 kHz 

and 10 MHz, alongside physical parameters of each adsorbate are listed in Table 1. 

Qualitatively the interaction strength can be ranked as water > methanol > DMSO > acetone 

> cyclohexane ≈ n-heptane. This is consistent with the order of values of polarity predicted 

from Reichardt analysis;35 these values of polarity are expected to be a reliable indicator of 

bonding strength for molecules interacting with a polar surface. However, it is noticed that 

acetone is much more similar to n-heptane and cyclohexane in terms of its dispersion 

behaviour than DMSO. Interpreting the data qualitatively in terms of an apparent power law 

allowed a direct comparison to previous studies of water, DMSO and n-heptane on an 

alumina support.16 Power law exponents of -0.6, -0.35 and -0.05 respectively were reported16, 

which agree to within experimental error with the values observed in this study (-0.59, -0.31 

and -0.05). 

 

Table 1: Physical parameters and the total observable dispersion, TOD, for each of the adsorbates imbibed 

within γ-alumina.  

adsorbate 
d     

/ Å36 

viscosity 

/ cP37  

Molar 

volume / 

cm3 mol-1 

relative 

polarity35 

TOD 

/ s-1 

water 3.3 0.89 18 1.00 310 

methanol 3.638 0.60 41 0.76 100 

DMSO 7.139 2.00 71 0.44 55 

acetone 6.1 0.33 74 0.36 2.1 

cyclohexane 6.2 0.98 108 0.01 1.2 

n-heptane 5.9 0.41 147 0.01 0.6 

 

Transformation of the acquired data into the T1 domain for each frequency studied, provides 

additional insight, as is seen in Fig. 4. While the data for water, DMSO, cyclohexane and       
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Figure 4: T1 distributions of each of the six different liquids adsorbed on γ-alumina recorded at a frequency of 1 

MHz. Data are normalised such that the main peak has a height of one. 

 

n-heptane exhibit single component T1 distribution behaviour, consistent with previous 

relaxation time analyses of these systems16,19,40–42, the data for methanol and acetone clearly 

show two T1 components. In both cases this minor component was associated with a T1 time 

constant approximately 1-2 orders of magnitude smaller than the main component. The T1 

values showed a strong dependence on the Larmor frequency, indicating that the signal was 

not an artefact. The origins of these minor environments will now be identified and used to 

improve the understanding of the adsorption process on γ-alumina. 

 

Discussion 

First, the case of adsorbed methanol is considered. It is proposed that the two environments 

are associated with the two chemically distinct 1H environments in methanol; this is 

consistent with the results of high field NMR relaxometry in which the O1H and alkyl 1H 

species are associated with different values of T1 when adsorbed onto metal oxide surfaces.29 

As it was not possible to spectroscopically resolve the peaks using FFC-NMR, a series of 

partial deuteration experiments were performed to unambiguously assign the two methanol 

environments. Figure 5 shows the relaxation rate data acquired for CH3OH imbibed in γ-

alumina along with samples of partially deuterated methanol (CH3OD and CD3OH) imbibed 

in γ-alumina. It is seen that the two-component 1H NMRD behaviour of methanol on γ-

alumina is reduced to a single-component decay for both CD3OH and CH3OD. It is clear 

from a comparison of partially deuterated methanol and non-deuterated methanol that the fast 

relaxing minor environment must be the hydroxyl protons and the slow relaxing major 

environment is associated with the alkyl protons. On closer inspection of the data it is seen 

that the T1 values of the partially deuterated molecules deviate slightly from those recorded 

for the fully protonated methanol sample. This is expected as the relaxation behaviour is  
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Figure 5: T1 distributions, normalised as in Fig. 4, recorded at a frequency value of ≤1 MHz, and below the 

corresponding NMRD profile calculated from the modal values of the T1 distributions for CH3OH (a,d), CH3OD 

(b,e) and CD3OH (c,f). The estimate of the relative population of the minor peak is calculated from data in the 

frequency range 0.1-1.0 MHz.  

complicated by the introduction of 1H-2H and 2H-2H couplings, but the effect is small and 

does not add ambiguity to the assignment of each relaxation environment. Assignment of the 

peaks to the O1H and alkyl 1H environments requires that the hydroxyl group experiences 

more effective relaxation than the alkyl group. The most likely cause of this enhanced 

relaxation is the ability of the hydroxyl environment to exchange with the surface. This 

exchange process leads to the observed T1 of the hydroxyl group being a weighted average of 

the true methanol hydroxyl T1 and the surface hydroxyl T1 (which is expected to be 

significantly smaller). This interpretation is confirmed by the observation that the 1H NMRD 

profile of methanol-d4 adsorbed on γ-alumina showed the same relaxation profile as 

methanol-d3. The only source of 1H that could have been incorporated into methanol-d4, and 

therefore detected by FFC-NMR, must have originated on the catalyst surface and, under fast 

exchange conditions, been incorporated into the methanol molecule. The relative of the 

population of the O1H peak averaged over the frequency range 0.1-1.0 MHz was ~16%. The 

population measured from the data is therefore consistent with the expected relative 

population of 25% if an under-estimate of 9% is assumed, as discussed earlier. 

Assignment of the two peaks observed in the acetone data, shown in Fig. 6, is now 

considered. The symmetry of an acetone molecule means that it is not possible to resolve the 

two methyl groups chemically and thus an alternative explanation of the minor environment 

is required. The presence of an additional relaxation environment and the acid-base nature of 

γ-alumina is consistent with an aldol condensation of acetone on the γ-alumina surface to 

form mesityl oxide, and therefore the second species observed could be either mesityl oxide 

or an aldol intermediate. A schematic of such a reaction scheme is shown in Fig. 7.43 
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Figure 6: T1 distributions, normalised as in Fig. 4, recorded at a frequency value of ≤1 MHz, and below the 

corresponding NMRD profile calculated from the modal values of the T1 distributions for acetone. The estimate 

of the relative population of the minor peak is calculated from data in the frequency range 0.1-1.0 MHz.  

To investigate the nature of this second species, additional FFC-NMR experiments were 

performed on the same γ-alumina fully-saturated in single-component mesityl oxide, and a 

50:50 mol.% mixture of mesityl oxide and acetone. The dispersion curves for these two 

samples compared with the data for single-component acetone in γ-alumina are shown in Fig. 

8a, and the data recorded at 17 kHz were transformed into the T1 domain in Fig. 8b. From 

Fig. 8a it is seen that the dispersion data for pure acetone and the mixture of acetone and 

mesityl oxide appear identical to within experimental error, whilst the data for mesityl oxide 

shows a much larger dispersion, indicating a greater interaction with the surface. This result 

is surprising, because the aldol condensation of acetone to mesityl oxide is an established 

heterogeneous catalytic conversion. The apparently much stronger interaction of the product, 

mesityl oxide, than the reactant, acetone, with the γ-alumina surface would suggest that the 

catalyst surface would bind the product strongly, inhibiting further conversion; such 

behaviour is not typical of this reaction. Further, the similarity of dispersion curves for 

acetone and the 50:50 mol.% mixture of mesityl oxide and acetone also suggests that the 

mesityl oxide is characterised by a much weaker interaction with the surface when co-

imbibed with acetone. Insight as to the processes that are occurring, as well as a tentative 

assignment of the second species formed by acetone adsorption is provided by inspecting the 
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Figure 7: A schematic reaction scheme for the formation of mesityl oxide from acetone over a γ-alumina 

surface via an aldol condensation reaction.43  The scheme shows A) acetone adsorbed on the hydroxylated 

alumina surface, B) an enolate intermediate caused by deprotonation of acetone, C) a β-hydroxy ketone 

intermediate formed by the attack of the enolate into a second equivalent of acetone and D) the subsequent 

dehydration product, mesityl oxide. Species B and C can be considered as aldol intermediates, and this aldol 

reaction can be generalised to all aldehydes and ketones that possess α-hydrogens.  

 

Figure 8: The a) NMRD profile of acetone, mesityl oxide and a 50:50 mol. % mixture of acetone and mesityl 

oxide on γ-alumina and b) the T1 distributions measured for each of the adsorbates at a 1H Larmor frequency of 

17 kHz. 

data in the T1-domain.  From Fig. 8b it is clearly seen that while the T1 of the major 

components in the T1 data does occur at a smaller value of T1 for mesityl oxide than for 

acetone, consistent with the dispersion profiles in Fig. 8a, there is a clearly defined minor 

peak in the acetone data occurring at about T1= 10-2 s.  Averaging the T1 distribution data 
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over the frequency range 0.1-1 MHz showed that ~12% of the acetone T1 population 

distribution data was associated with this minor peak, which is a stable and strongly binding 

reaction intermediate of acetone. It follows that a possible explanation of the acetone and 

mesityl oxide single-component data is that the in the case of acetone the strongest adsorption 

sites facilitate the aldol condensation reaction, thereby forming a steady-state population of 

aldol intermediate interacting strongly with the alumina surface. The 85-90% of the acetone 

remaining unreacted interacts less strongly with the surface, either interacting with less strong 

adsorption sites or shielded from the surface by the strongly adsorbing intermediate. It is 

noted that a small second peak can also be detected in the single-component mesityl oxide T1 

distribution. The population of this peak does not exceed 5% (frequency range 0.1 – 1 MHz) 

of the total T1 population distribution.   

The existence of the minor peak during acetone adsorption strongly suggests that the system 

is capable of undergoing an aldol condensation reaction and that the observed intermediate in 

the mesityl oxide data is the analogous enolate or -hydroxy ketone intermediate formed via 

the mechanism shown in Fig. 7. However, the steady-state concentration of the aldol 

intermediate is lower – likely due to mesityl oxide being a poorer substrate for aldol reactions 

than acetone.44 The remaining 95% of the signal originates from unreacted mesityl oxide, 

which has greater access to the surface and strong binding sites compared to the acetone 

system due to the reduced proportion of strongly adsorbing intermediates - resulting in a 

much lower value of T1. The T1 distribution acquired for the 50:50 mol.% mixture of mesityl 

oxide and acetone also showed a major and minor peak. Although it is a 50:50 mixture, the T1 

of the main peak is weighted more towards that of the single component acetone data 

suggesting that mesityl oxide is much less strongly interacting with the surface in the 

presence of acetone. A minor peak representing ~10% of the population (frequency range 

0.1-1 MHz) is also observed which is consistent with the above arguments. By adding the 

more reactive substrate, acetone, to the mesityl oxide system, the concentration of aldol 

intermediates is increased, and as a result of the competitive adsorption process the T1 of the 

major peak increases. Under these conditions the T1, and hence the expected interaction with 

the γ- alumina surface, are very similar for acetone and mesityl oxide, and also essentially 

identical to that of single component acetone. 

Therefore, it is seen that by simply taking the logarithmic average dispersion data for single-

component mesityl oxide and acetone the competitive adsorption behaviour of the two 

species is not predicted. However, by comparing the data for the two single-component 

systems in the T1-domain, the binary adsorption behaviour is not only predicted, but also the 

evidence for the stable reaction intermediate present during single-component adsorption and 

the adsorption characteristics of the binary are identified. Therefore, the information gathered 

from the single component systems is sufficient to predict the behaviour of the binary system; 

the T1 domain analysis is therefore demonstrated to be a rapid and informative method for 

analysing FFC-NMR data. This approach is not limited to the formation of reaction 

intermediates and can theoretically be generalised to any form of in situ competitive 

adsorption processes, such as water promotion effects. 

To support this interpretation of the T1 domain data, 1H spectroscopy of acetone on γ-alumina 

was performed at 300 MHz, and showed a peak at approximately 6 ppm with respect to the 
1H resonance of tetramethylsilane, indicative of double bond formation (see supporting 

information). The intensity of the unsaturated bond peak was far too small, however, for the 
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minor environment to be mesityl oxide itself, nor was there any conclusive evidence of the 

coproduct (water) being formed. A surface species has previously been observed at room 

temperature and pressure through IR studies of acetone on alumina, which was tentatively 

suggested to be either an enolate or a β-hydroxy ketone as shown in Fig. 7.43 13C NMR 

spectroscopy performed at 75 MHz confirmed the presence of mesityl oxide and the β-

hydroxy ketone species, consistent with the observations from the FFC. 

Finally, it is now possible to explain the apparently anomalous data shown in Table 1, in 

which it was noted that the dispersion behaviour (TOD) of acetone is much more similar to n-

heptane and cyclohexane than DMSO, even though the polarity of DMSO is much closer to 

that of acetone than to the alkanes.  It is now seen that the stable adsorption intermediate in 

the acetone-γ-alumina system modifies the adsorption properties of acetone. In this case, the 

reaction intermediate is more strongly bound to the surface than acetone and prevents the 

unreacted acetone from interacting significantly with the surface. Thus, the TOD observed for 

acetone is much smaller than would be expected on the basis of its polarity. In contrast, 

DMSO, which has almost identical structure and polarity to acetone does not form an 

intermediate on the γ-alumina surface and is associated with dispersion behaviour much more 

expected based on its polarity. Further, the FFC-NMR data give insight as to why acetone is 

more reactive than DMSO on the γ-alumina surface. For completeness, it is noted that the 

TOD of methanol, which also shows two peaks in the T1 distribution, is dominated by the 

major component of the logarithmic average as a result of population weighting effects. 

Therefore to a good approximation the data only represent the non-exchangeable protons in 

this system, and methanol demonstrates the expected behaviour in terms of its TOD 

characteristic and relative polarity in Table 1.  

 

Conclusions 

At frequencies lower than 10 MHz only interactions of the adsorbate with the solid surface 

give rise to dispersion behaviour. In this range, fast field cycling NMR relaxometry has been 

used to successfully rank the interaction strength of a series of small molecules imbibed 

within γ-alumina. The resolution between the different adsorbates was sufficiently high to 

allow an ordering of interaction strength, which showed that water > methanol > DMSO > 

acetone > cyclohexane ≈ heptane, which was consistent with the relative polarities of these 

species. By considering the data in the T1 domain, it was clear that two of the six adsorbates 

(methanol and acetone) showed two component relaxation behaviour, which was 

characterised in terms of relative magnitude and relaxation rate. Errors influencing the 

relative peak intensities and the values of T1 obtained are discussed. 

For methanol the two peaks were unambiguously identified as the hydroxyl O1H and alkyl 1H 

proton environments. The O1H relaxation which is influenced by exchange with the γ-

alumina surface hydroxyls, was observed to be up to an order of magnitude faster than the 

alkyl 1H environment at low frequencies. It follows that where the O1H functionality plays a 

role in the catalytic process it is important that it is the interaction of that O1H functionality 

with the surface that is characterised, and therefore data should be analysed in the T1 domain. 

Analysis of the logarithmic average dispersion will give a characterisation of the interaction 

increasingly weighted by the 1H species associated with the less-strongly interacting alkyl 1H 
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species and may therefore give a misleading or insensitive indication of the affinity of the 

reactive group for the surface. 

Finally, for acetone the observation of a stable reaction intermediate was confirmed through 

FFC-NMR and the analysis of these data in the T1 domain. It was shown that the formation of 

these aldol intermediates blocks strong surface binding sites and prevents the remaining 

molecules from interacting effectively with the surface. By considering the relaxation data in 

the T1 domain the distinction between chemical activity and average interaction strength of a 

molecule with the surface is clear and can be used to predict the behaviour of a binary 

mixture. Again, this enhanced understanding is not possible through a simple logarithmic 

average of the R1 data. We suggest that this FFC-NMR methodology can be generalised to 

the understanding of any competitive adsorption process, such as catalyst poisoning and 

water promotion effects which are of great importance in the field of heterogeneous 

catalysis.45,46 
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1H and 13C spectra of acetone adsorbed on γ-alumina 
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