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a b s t r a c t

NMR relaxation analysis provides a unique and non-invasive probe of fluid dynamics within
porous materials, and may be applied to the interpretation of a wide variety of material and
interfacial characteristics. Here, we report two-dimensional 1H T1�T2 relaxation correlation
measurements of a range of three-carbon adsorbates (1-propanol, 2-propanol and propanoic
acid) imbibed within the mesoporous metal oxide gamma-alumina. Our data, acquired
across field strengths of 2 MHz,12.7 MHz and 43MHz, clearly reveal two populations in each
measurement, identified as the alkyl and hydroxyl moieties of each adsorbate. These results
expand the range of materials in which such functional group resolved relaxation is known
to occur, and demonstrate the clear persistence of such phenomena using a range of typical
benchtop NMR systems employed to study fluid-saturated porous media.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications

Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Measurement of the longitudinal (T1) and transverse (T2) nuclear magnetic resonance (NMR) relaxation time constants
can provide detailed insight into molecular dynamics [1]. In the case of fluids (gases and/or liquids) confined to porous
materials, the acquisition of appropriate NMR relaxation data can further inform a variety of material and interfacial char-
acteristics, including pore size distributions [2e4], pore network connectivity [5,6], adsorption interactions [7e9], and
structural evolution rates [10,11]. Such observations have been expanded by the rock physics and petrochemical communities
to fingerprint the presence of multiple fluids simultaneously. For example, in the case of hydrocarbon bearing shale for-
mations, the presence of oil, gas, bitumen and clay-bound water may be inferred [12e14], while such analyses have also been
employed in the field of heterogeneous catalysis to monitor competitive adsorption and displacement processes non-
invasively [15,16].

In recent work we extended the interpretation of such phenomena to the identification of functional group resolved NMR
relaxation [17]. Specifically, utilising a model mesoporous silica material imbibed with a wide range of polar protic liquid
adsorbates, it was observed that the identification of multiple fluids within a single porous structure may be readily expanded
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to the interpretation of a single fluid exhibiting multiple, distinct relaxation responses. In this paper we expand upon these
observations, and apply T1�T2 relaxation correlation measurements to investigate the presence of functional group specific
relaxation phenomena within the mesoporous metal oxide material gamma-alumina (g-Al2O3) when saturated with 3-carbon
polar-protic hydrocarbons (1-propanol, 2-propanol and propanoic acid).

2. NMR relaxation theory

The NMR relaxation time characteristics of fluids confined to porous materials are given by the well-known expressions
[18]:
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Here T1 and T2 are the measured longitudinal and transverse relaxation time constants of the system, while T1;2 are the time
constants for the unrestricted bulk fluid, where Tbulk
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confining pore structure and r1;2 are the surface relaxivities; such terms may be expanded as r1;2 ¼ l=Tsurf
1;2 [19], where Tsurf

1;2
are the relaxation time constants of an adsorbed surface layer thickness l, and define enhanced rates of nuclear spin
relaxation which occur at the solid-fluid interface through the modification of molecular dynamics upon adsorption [7], and
through surface-adsorbate dipolar interactions with the pore surface [20,21]. Given 1=Tbulk

1;2 ≪1=Tsurf
1;2 (i.e. molecular dynamics

are reduced within the adsorbed surface layer), the terms 1=Tbulk
1;2 are often neglected.

For fluid-saturated mesoporous oxides, surface relaxation terms may be expanded as [20e22]:
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Here s is the surface spin density, d is the distance of minimum approach between interacting dipolar pairs, and Z is the
reduced Planck constant; g and I are the gyromagnetic ratio and nuclear spin quantum number of the spin system under
study, respectively. The spectral density functions may be expressed as [20]:
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where u ¼ f0;u0;2u0g, wherein u0 ¼ gB0 is the Larmor frequency (in units of angular frequency) and B0 is the applied field
strength. Such expressions provide a direct relationship between measured relaxation phenomena and adsorbate dynamics,
where the translational surface correlation time tm describes the average time taken for adsorbates to translate between
adsorption sites at the pore surface, and the surface residence time ts describes the average time species spend within the
adsorbed surface layer before desorption.

Finally, the last term in Equation (2) defines additional transverse relaxation phenomena resulting from magnetic
susceptivity contrast Dc between the porous solid and imbibed fluid (note that T1 relaxation is insensitive to such phe-
nomena), which result in the formation of effective internal magnetic field gradients of strength g � DcB0 [23e26]. Here a is
a composite parameter which depends on the confining pore size l and adsorbate diffusivity D, and k defines any dependence
on the experimental echo time te (defined in the Experimental Methods section below). For non-viscous fluids confined to
small pores this term is characterised by azg2g2l4 =ð120DÞ and k ¼ 1 (the motional averaged regime [27]), where g defines
the average field gradient across the pore [26].
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3. Experimental methods

3.1. Materials and sample preparation

Commercial mesoporous gamma-alumina (g-Al2O3; mean pore size: 8 nm, specific surface area: 267m2 g�1) was obtained
from Sasol in the form of 3 mm diameter spheres. Textural properties (pore size and surface area data) were obtained via
nitrogen isotherm analysis at 77 K using a Micromeritics ASAP 2020 adsorption analyser. The material was activated under
vacuum for 10 h at 200 �C to remove any physiosorbed water. The mean Barrett-Joyner-Halenda (BJH) pore size was obtained
from the desorption branch of the isotherm, while the Brunauer-Emmett-Teller (BET) specific surface area was calculated
from the adsorption branch within the relative pressure range 0.05e0.35.

For NMR analysis, the material was dried in air for 6 h at 110 �C. Cyclohexane (Thermofisher Scientific, >99%), 1-propanol
(ChemSupply Australia, >99.8%), 2-propanol (ChemSupply Australia, >99.5%) and propanoic acid (ChemSupply Australia,
>99%) were used as received. Imbibed porous g-Al2O3 samples were prepared by soaking in excess liquid for at least 48 h under
ambient conditions. The materials were then separated from each probe liquid and rolled over a pre-soaked filter paper to
remove any excess liquid on the outer material surface, and transferred to sealed 7 mL glass vials and 5 mm NMR tubes for
analysis.

3.2. NMR measurements

1H nuclear spin relaxation measurements were performed across three spectrometers to provide data across a range of
field strengths accessible by benchtop NMR hardware. Measurements were performed using (i) a B0 ¼ 0.05 T [u0(

1H)/
(2p) ¼ 2 MHz] Magritek rock core analyser, (ii) a B0 ¼ 0.3 T [u0(

1H)/(2p) ¼ 12.7 MHz] Oxford Instruments Geospec spec-
trometer, and (iii) a B0 ¼ 1 T [u0(

1H)/(2p) ¼ 43 MHz] Magritek Spinsolve spectrometer. Default magnet temperatures (30 �C
for measurements at 2 MHz and 12.7 MHZ, and 28 �C for measurements at 43 MHz) were employed in each case.

Two-dimensional (2D) T1�T2 relaxation correlation measurements were performed using the standard inversion recovery
e CPMG (Carr-Purcell-Meiboom-Gill) sequence [28]. The direct (T2) dimension of our 2D data was acquired by recording the
magnitude of n ¼ 5000 spin echoes separated by an echo time of te ¼ 250 ms The indirect (T1) dimension was encoded using
m ¼ 32 logarithmically spaced t recovery times between 1 ms and 10 s, generating an (m� n) data matrix. Measurements
performed at 12.7 MHz and 43 MHz included four repeat scans, resulting in acquisition times of� 30 min and signal-to-noise
ratios (SNR) of � 300 and � 1000, respectively. Measurements performed at 2 MHz included 16 repeat scans, resulting in
acquisition times of � 2 h and SNR � 80. A recycle delay of 10 s ([5� T1) separated each repeat scan.

The resulting T1�T2 correlation data may be described by a 2D Fredholm integral equation of the first kind [29]:
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Here, Sðnte; tÞ=Sð0;∞Þ is the normalised spin echo magnitude and εðnte; tÞ is the experimental noise, which is assumed
Gaussianwith zero mean. The kernel function K12ðT2;nte; T1; tÞ describes the expected form of T1 and T2 relaxation, and takes
the form [29]:
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The desired distribution of T1 and T2 relaxation time constants FðT1; T2Þwas obtained via an inverse Laplace transform of the
acquired 2D relaxation data according to Equations (7) and (8). Stability was achieved through the application of Tikhonov
Regularisation [30], with the degree of smoothing determined by the generalised cross-validation method [31]. Inversions
were performed using an in-house fast Laplace inversion algorithm written in MATLAB (Mathworks Inc.), as first imple-
mented by Mitchell et al. [32]. The resulting distributions were limited to (100 � 100) values with dimensions bound within
the range {10�4, 101} s.

4. Results and discussion

To assess the expected relaxation response of fluids confined to our chosen porous material we first performed a 2D
relaxation correlation measurement at 12.7 MHz using cyclohexane e a prototypical apolar and aprotic probe molecule with
no labile 1H environments. Fig. 1 shows the acquired correlation data for cyclohexane imbibed within g-Al2O3, with a single
correlation peak observed. Such data is characteristic of the imbibed probe fluid exhibiting a single effective 1H relaxation
environment as a result of rapid biphasic exchange between adsorbed species and bulk like molecules towards the centre of
the pores, as described by Equations (1) and (2) [33,34]. The existence of a single correlation peak with narrow T1 and T2
distributions suggests that the pore network structure of the material assessed here is dominated by a single pore size (i.e., no
hierarchical pore structure is expected [2]).
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Fig. 1. 1H T1�T2 correlation data for cyclohexane in mesoporous g-Al2O3 at 12.7 MHz. The magnitude of the correlation peak indicates the relative probability of
the system exhibiting a given combination of T1 and T2 relaxation time constants, as indicated by the colour bar. The solid diagonal line indicates the T1 ¼ T2
parity ratio. The molecular structure of the cyclohexane adsorbate is also given: C and (aprotic) H atoms are coloured grey and blue, respectively.
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Fig. 2 shows T1�T2 correlation data acquired for g-Al2O3 imbibed with the three-carbon polar protic hydrocarbons
1-propanol, 2-propanol and propanoic acid, assessed across three field strengths between 2 MHz and 43 MHz. Three-carbon
hydrocarbons are regularly employed as solvents and reagents within catalytic chemical processes involving mesoporous
oxide materials [35e37], while the range of NMR spectrometer field strengths utilised here encompasses the typical array of
permanent magnet-based benchtop NMR hardware applied to study fluids confined to porous systems [38e40]. Two distinct
peaks are clearly apparent in each correlation plot, comprising a high intensity population at T2 � 10�2 s and low intensity
population at T2 � 10�3 s in each case. Given that any interparticle liquid was removed during the preparation of these
samples, together with the clear indication from our cyclohexane data in Fig. 1 that the porous material here does not exhibit
significant pore size hierarchies, the existence of multiple correlation peaks within Fig. 2 cannot be ascribed to the relaxation
characteristics of these probe molecules within pores of significantly different size and/or shape. Rather, such data is
indicative of the existence of functional group specific relaxation phenomena, wherein multiple distinct relaxation times are
observed for chemically distinct proton environments contained within the same probe molecule [17]. We assign the high
intensity population within each data set to the aprotic alkyl 1H-containing moiety of each adsorbate, while the lower in-
tensity population is assigned to the protic hydroxyl moieties; these assignments are supported by our previous low-field
investigation of alcohols and carboxylic acids imbibed within mesoporous silica [17], together with high-field spectrally
resolved T1 measurements of methanol within a separate g-Al2O3 material [41], and fast field cycling investigations of similar
systems [42]. As such, these data represent the first clear identification of 2D functional group resolved relaxation phenomena
in mesoporous alumina for alcohol adsorbates larger than methanol, and the first such observation for a carboxylic acid
within this material.

Enhanced rates of hydroxyl 1H relaxation occur within porous oxides due to the coordination of such groups with solid
surfaces upon adsorption, together with surface-adsorbed chemical exchange between adsorbing molecules and surface
hydroxyl groups [17], which commonly terminate porous oxide materials (including aluminas [41,43]) at the pore surface.
Observed relaxation characteristics then become aweighted average of such environments, with a clear reduction in hydroxyl
group T2, relative to that of the alkyl group, resulting from the very short transverse relaxation characteristics of solid-state
protons. This behaviour is clear across the nine data sets shown in Fig. 2, exemplifying that such functional group specific
relaxation phenomena may be observed for both a range of common hydrocarbon adsorbates (in this work a primary alcohol,
secondary alcohol, and carboxylic acid) and a range of NMR field strengths. Clear differences are, however, apparent upon
comparing the data acquired at 2 MHz to that acquired at increased field strengths, with significant correlation peak
broadening observed at this low field strength. This observation is consistent with the low SNR of these data (SNR <100), and
the corresponding broadening that is known to occur upon regularisation of low SNR relaxation data [44,45]. Notwith-
standing such broadening effects, the multiple relaxation populations present within these systems are readily identifiable
across the range of 2 MHz data, indicating that such hardware may provide an alternative to analysis at increased fields when
considering porous material/adsorbate combinations which permit the acquisition of relaxation data at only very low fields;
suchmeasurements are of interest across a variety of materials ranging from iron rich geological samples [46] to paramagnet-
251



Fig. 2. 1H T1�T2 correlation data for g-Al2O3 imbibed with 1-propanol (left column; panels a), d) and g)), 2-propanol (centre column; panels b), e) and h)) and
propanoic acid (right column; panels c), f) and i). Data is shown across three field strengths: top row data (panels a), b) and c)) were acquired at 2 MHz, middle
row data (panels d), e) and f)) were acquired at 12.7 MHz, while bottom row data (panels g), h) and i)) were acquired at 43 MHz. The magnitude of each
correlation peak indicates the relative probability of the system exhibiting a given combination of T1 and T2 relaxation time constants, as indicated by the colour
bars. Solid diagonal lines indicate the T1 ¼ T2 parity ratio. The molecular structure of each adsorbate is given: C and O are coloured grey and red, respectively.
Aprotic H are coloured blue, while protic H are coloured yellow. Correlation peaks at long and short T2 values are assigned to the relaxation behaviour of aprotic
and protic 1H-containing chemical moieties, respectively.
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doped catalysts [47]. At the increased field strengths of 12.7 MHz and 43 MHz, narrow relaxation time distributions are
evident, as expected following the inversion and regularisation of high SNR data [44,45].

Clear differences in the relative positioning of the alkyl and hydroxyl correlation peaks within Fig. 2 are also evident.
Alcohol adsorbates present well separated correlation peaks, while there exists distinct population overlap in the case of
propanoic acid; such overlap likely occurs here due to the small pore sizes (� 8 nm) of our g-Al2O3 material, together with the
high affinity of carboxylic acids for polar oxide surfaces [17], both of which drive the observed alkyl relaxation population to
short T2 values. Given this overlap, together with the observation that the T2 relaxation characteristics of our hydroxyl
populations lie close to the experimental echo time te ¼ 250 ms employed in these measurements, we make no attempt here
to quantify the relative populations of the two environments observed in Fig. 2, nor to interpret differences in the T1= T2 ratios
of the correlation peaks.

Finally, a comparison of alkyl group relaxation characteristics across the range of NMR field strengths investigated allows
us to briefly consider any influence of internal field gradients on these data. As described by Equation (2), T2 relaxation
processes with our g-Al2O3 material may be perturbed in the presence of susceptibility contrast effects, the magnitude of
which increase with applied field strength. Following Equations (1)e(6), an increase in observed T1 and T2 relaxation times is
expected with increasing spectrometer field strength [24]. If internal field gradients dominate our measured T2 data, how-
ever, a corresponding decrease in observed T2 with increasing field strength will be observed [23]. Fig. 3 shows observed
modal alkyl T1 and T2 relaxation time values (termed CT1DCH and CT2DCH, respectively) as a function of field strength. An in-
crease in CT1DCH is observed, as expected, while the corresponding increase in CT2DCH suggests that internal field gradient
effects are negligible across the range of B0 fields explored here.
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Fig. 3. Alkyl group 1H T1 (panel a)) and T2 (panel b)) relaxation trends with NMR frequency for the three-carbon adsorbates 1-propanol, 2-propanol and
propanoic acid imbibed within mesoporous g-Al2O3. Data were acquired at 2 MHz, 12.7 MHz and 43 MHz.
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5. Conclusion

In this workwe have successfully demonstrated the existence of functional group resolved 1H NMR relaxation phenomena
within the mesoporous metal oxide material g-Al2O3. These relaxation characteristics are observable for polar protic hy-
drocarbon adsorbates across NMR field strengths between 2MHz and 43MHz, encompassing typical field strengths exhibited
by commercial low-field and benchtop NMR equipment. Such observations expand the range of materials known to exhibit
such phenomena, andwill aid in the application of NMR relaxation analysis to complex and heterogeneous porous systems by
averting the inaccurate interpretation of relaxation data in terms of the existence of multiple adsorbates during displacement
experiments, or when assessing the existence of multiple pore structures of different size. Overall, our results suggest
measurements at � 12.7 MHz provide suitable measurement conditions for the identification of such relaxation phenomena
within metal oxides, facilitating the rapid acquisition high signal-to-noise ratio data at low-field.
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