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Nuclear magnetic resonance (NMR) spectroscopy is increasingly being used to study the adsorption 

of molecules in porous carbons, a process which underpins applications ranging from electrochemical 

energy storage to water purification. Here we present density functional theory (DFT) calculations of 

the nucleus-independent chemical shift (NICS) near various sp2 hybridized carbon fragments to 

explore the structural factors that may affect the resonance frequencies observed for adsorbed species. 

The domain size of the delocalized electron system affects the calculated NICSs, with larger domains 

giving rise to larger chemical shieldings. In slit-pores, overlap of the ring current effects from the pore 

walls is shown to increase the chemical shielding. Finally, curvature in the carbon sheets is shown to 
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have a significant effect on the NICS. The trends observed are consistent with existing NMR results 

as well as new spectra presented for an electrolyte adsorbed on carbide-derived carbons prepared at 

different temperatures. 
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Introduction 

Porous carbons are used in a wide range of applications including the storage of charge in 

supercapacitors, gas storage, deionization of water, and purification of gases.1–4 In each case the 

excellent adsorptive properties of the carbon are exploited to store molecules or ions. Porous carbons 

are typically prepared by the carbonization and subsequent chemical activation of organic matter such 

as coconut shells or wood.5 The resulting amorphous structure consists predominantly of hexagonal 

carbon rings in which the carbon is sp2-hybridized.6 They exhibit a combination of micropores (< 2 

nm width), mesopores (2 – 50 nm) and macropores (> 50 nm), and offer extremely high surface areas 

for molecular adsorption (up to 3000 m2/g). Porous carbons may also be prepared from inorganic 

precursors such as metal carbides. In this case, extraction of the metal atoms leaves a porous carbide-

derived carbon (CDC) with a pore size that depends on the synthesis conditions.7–9 Both methods 

allow the synthesis of carbons with porosity in the nanometer and sub-nanometer range, with CDCs 
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well known for their narrow pore size distributions that can provide very high adsorption capacities 

for small gas molecules or electrolyte ions.10–12 

Nuclear magnetic resonance (NMR) spectroscopy has proven to be a particularly useful technique 

for studying molecular adsorption inside microporous carbon. When the nuclear spins in the adsorbate 

are studied, separate resonances are observed for adsorbed and free species.13–24 Regardless of the 

nuclear spin studied, resonances arising from adsorbed molecules are shifted to lower frequencies 

relative to their free counterparts. This is because the species close to carbon surfaces experience a 

locally reduced magnetic field owing to the circulation of nearby delocalized π electrons in the 

carbon. As such, to a first approximation such ‘ring-current’ effects are nucleus-independent.25 

However, if the carbon adsorbent is varied, differences in chemical shielding are observed for a given 

adsorbate, implying that different carbon structures give rise to different ring-current effects.15,18  

For a known carbon structure, first-principles calculations can be performed to determine chemical 

shielding tensors and their isotropic values (σiso) at arbitrary positions above and around the 

structure.26 The isotropic nucleus-independent chemical shift at that position, δiso
NICS (referred to more 

generally as the NICS here) is then given by -(σiso - σref), where σref is zero in this case. While the 

NICS was introduced as a measure of aromaticity,27 it may also be interpreted as a measure of the 

change in chemical shift that may be expected due to the influence of the carbon ring-currents. Such 

calculations have been performed on idealized carbon systems such as graphene sheets, nanotubes and 

fullerenes.28–31 Computed NICS values along a line perpendicular to the molecular plane may be used 

to obtain the magnitude and size of the ring current loops in the aromatic ring current shielding 

(ARCS) method via the Biot-Savart law.32 More generally, the gauge including magnetically induced 

current (GIMIC) method allows computation of the current density induced by a magnetic field,33,34 an 

approach which has been used to understand the aromaticity of fullerenes.35  

Amorphous carbons exhibit complicated structures thought to consist of curved graphene-like 

sheets and fullerene-like elements arranged in a highly disordered fashion.6,36–38 As such, calculations 
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on the basic carbon building blocks offer a convenient starting point to determine structural 

properties. For example, Moran et al. performed NICS calculations on a series of polybenzenoid 

hydrocarbons of increasing cluster size, though they did not consider distances from the carbon 

relevant to molecular adsorption.39 Inspired by the work of Facelli et al.,40 we recently calculated 

NICSs on a small graphene-like carbon fragment to interpret the resonance frequencies of electrolyte 

ions adsorbed in the micropores of an activated carbon supercapacitor electrode.24 The validity of 

using finite molecular units to model structural and magnetic properties of bulk graphene has also 

recently been demonstrated.41 

In this work, NICS calculations are performed on a series of model carbon fragments to explore the 

structural factors that affect the resonance frequencies of adsorbed species. First, the effect of the size 

of graphene-like domains is considered, and is shown to have significant effects on the local magnetic 

field. We then show that the width of model carbon slit-pores has a considerable effect on the 

chemical shielding inside the pores due to overlap of the shielding effects from each pore wall. 

Experimental NMR data is then presented for an electrolyte adsorbed on a series of carbide-derived 

carbons prepared at different temperatures. Carbons prepared at higher temperatures are shown to 

bring about a greater chemical shielding for adsorbed ions. This is rationalized by considering the 

sizes of the graphene-like domains in the carbons and the predictions made by the NMR calculations.  

 

Experimental and Theoretical Methods 

1. Density functional theory calculations 

All geometry optimizations and NMR calculations were performed using Gaussian 03 software.42 

Geometries were optimized using the B3LYP exchange correlation functional with the 6-31G(d) basis 

set, following the approach of Moran et al.39 Previous work showed that NICSs calculated near 

aromatic hydrocarbons do not vary significantly when different basis sets are used.40 For the case of 
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slit pores, the optimised structure of circumcoronene (C54H18) was used to for each pore wall, 

separated by a distance, d. NMR calculations were performed at the same level of theory and with the 

same basis set to evaluate the chemical shielding tensors for each atom, as well as for several ‘ghost’ 

atoms introduced around the structure. These ghost atoms have no electrons or nuclear charge and 

simply serve to act as probes of the local effective magnetic field at their position. The calculations 

generate the isotropic chemical shielding, σiso. The isotropic nucleus-independent chemical shift, 

δiso
NICS, is given by -(σiso - σref), where σref is a reference shielding which has a value of 0 ppm in this 

case. Throughout the main text δiso
NICS is referred to as the NICS. 

2. Carbon materials 

Full details of the syntheses of TiC-CDC and Ti13C-CDC powders can be found elsewhere.21 

Briefly, TiC was heated at the desired temperature (600, 800, or 1000 °C) in dry chlorine gas for 3 

hours. The sample was then held at 600°C in hydrogen gas for 2 hours to remove chlorine and 

chloride residues. Samples treated in chlorine gas at a temperature X °C (e.g. 600 °C) are referred to 

as TiC-CDC-X (e.g. TiC-CDC-600).  

For the synthesis of isotopic Ti13C-CDC, Ti13C was first prepared by heating a stoichiometric 

mixture of 13C powder (0.4 g, 99 at%, Sigma Aldrich) and crystalline titanium (1.7 g, ≥ 99.99 at%, 

Sigma Aldrich; particle size: 5 – 10 µm) at 1550 °C for 12 hours. Ti13C-CDC samples were then 

prepared as described above for TiC-CDC. 

Free-standing carbon films were fabricated using the standard method for preparing film electrodes, 

with a mixture of carbon powder (95 wt%) and polytetrafluoroethylene (PTFE) binder (5 wt%). More 

details can be found in a publication by Chmiola et al.11  

3. NMR sample preparation 

A carbon film piece (6.0 mg) was cut and heated for at least 15 h at 200 °C on a vacuum line before 

being transferred to an argon glove box. The film piece was cut into small pieces and approximately 

half of these were packed into a 2.5 mm outer diameter zirconia MAS rotor, before adding ~4 µL of 
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tetraethylammonium tetrafluoroborate, NEt4BF4, (≥ 99.0 %, Sigma Aldrich) 1.5 M in deuterated 

acetonitrile, D3CCN, (99.80 %, Eurisotop) electrolyte by micro-syringe. The remaining carbon was 

then packed before capping the rotor (vespel cap). 

4. NMR experiments 

All NMR experiments were performed using a Bruker Avance I spectrometer operating at a 

magnetic field strength of 9.4 T, corresponding to a 1H Larmor frequency of 400.4 MHz with a 

Bruker 2.5 mm double resonance probe. Experiments studying electrolyte adsorption were performed 

at 5 kHz MAS using a spin-echo pulse sequence (90°- τ -180°- τ -acquire) to avoid baseline 

distortions and to remove background signals associated with the probe. For both 19F and 1H 

experiments, spin-echo τ delays of 200 µs were used. For 13C NMR experiments of Ti13C-CDC films 

a simple pulse acquire experiment was used, and an MAS rate of 15 kHz was used. 19F NMR spectra 

were referenced relative to neat hexafluorobenzene (C6F6) at -164.9 ppm, while 1H NMR spectra were 

referenced relative to tetramethylsilane using the CH3 resonance of liquid ethanol at 1.2 ppm as a 

secondary reference. 13C NMR spectra were referenced to the tertiary carbon atom in adamantane at 

38.5 ppm. For both 19F and 1H NMR experiments a recycle delay of 3 s was used, found to give 

quantitative spectra. For 13C NMR experiments a recycle delay of 5 s was used. Radiofrequency 

strengths of between 100 – 135 kHz were used for all nuclei studied.  

Results and Discussion 

1. Effect of graphene domain size on the NICS 

DFT structure optimizations and NMR calculations were performed in Gaussian 03 software, with 

the B3LYP exchange correlation functional and the 6-31G(d) basis set. Positions less than 3 Å away 

from the carbon planes were not considered as it is unlikely that molecules will be able to probe these 

distances due to the Van der Waals radii of the carbon and the probe molecule. Figure 1a shows NICS 

values calculated at different heights (z) above the ring plane of coronene, with three different 

positions in the x-y plane being considered. For all positions studied, negative NICS values were 
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calculated. The results show that the NMR resonance from a nucleus in a molecule adsorbed above 

coronene should appear at a lower frequency (to the right hand side of the spectrum) than the 

resonance from the free molecule. This result is in qualitative agreement with experimental data that 

consistently reveals shielding effects for species adsorbed in porous carbons.  

The magnitude of the calculated NICS is greatest for small distances above the centre of coronene, 

and at large distances the NICS tends towards zero (Figure 1a). Moreover, as positions more remote 

from the coronene centre (in the x-y plane) are considered (see position A to B to C) the magnitudes 

of the NICSs tend to decrease. For example, the calculated value at 3 Å above the centre of the 

external 6-membered ring (position C, an ‘edge’ site) is -3.6 ppm, compared to -4.4 ppm at 3 Å above 

the central ring (position A).  
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Figure 1: NICS calculations on a) coronene, b) circumcoronene and c) dicircumcoronene. Insets show the optimized 

structures as well as positions in x-y where values were calculated. 

For carbons derived from both organic and inorganic precursors, the size of the graphene-like 

domains tends to increase for higher synthesis temperatures.8,43,44 To explore the effect of the graphene 

domain size on the NICS, further calculations were performed on a series of coronene-based 

molecules of larger size. Calculated NICSs for circumcoronene and dicircumcoronene (Figure 1b and 
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c) show similar trends to coronene, with the largest shielding effects calculated above the ring centres. 

Importantly, the NICSs above the molecular centres are found to increase with the molecular size. 

This trend is in agreement with previous NICS calculations used to interpret intermolecular shielding 

effects in the solid state structures of aromatic molecules.40,45 Here, the maximum calculated NICS 

varies from -4.4 to -6.9 to -7.8 ppm as the coronene diameter is increased from 7.5 Å to 12.4 Å to 

17.3 Å, respectively. These calculations suggest that a porous carbon with more ordered hexagonal 

bonding and larger graphene-like domains should bring about greater shielding effects for adsorbate 

molecules. More disordered carbons with smaller graphene-like domains and more edge sites will 

result in smaller shielding effects. In real porous carbon particles, a liquid or gaseous adsorbate will 

experience a range of carbon structures during the NMR timescale at ambient temperatures. Indeed, 

2D NMR exchange experiments have shown that electrolyte ions undergo chemical exchange in and 

out of the carbon micropores on a millisecond timescale.19,22,23 As such, experimentally observed 

chemical shifts will arise from a dynamic averaging of chemical shifts associated with many different 

adsorption sites. 

 

2. Effect of carbon pore size on the NICS 

In a porous carbon, molecules may experience the ring-current effects from multiple carbon 

surfaces within the carbon pores. To probe the effect of well-defined carbon pore sizes on the 

chemical shifts of adsorbates, NICS calculations were performed on model slit-pores consisting of 

two individually optimized circumcoronene (C54H18) molecules (sheets) separated by a distance, d 

(see Figure 2a). In each case, NICSs were calculated at positions within the pore along the z-axis, 

which coincides with the C6 symmetry axis, and positions less than 3 Å from the carbon sheets were 

not considered.  
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Figure 2: a) geometry of model slit pores comprising two circumcoronene molecules. b) NICS calculations for slit pores 

with different sizes. Blue solid lines represent the positions of the pore walls. NICS values were calculated between the 

dotted grey lines. 

NICSs are shown in Figure 2b for a range of different pore widths, with negative NICSs calculated 

for all positions considered. This shows that the NMR resonance from a nucleus in a molecule within 

a carbon pore should again appear at a lower frequency than the resonance from the free molecule. 

For small pores (e.g. d = 8 Å), considerable overlap of the shielding effects from the pore walls brings 

about large NICS values with only small variations across the pore. As the pore size is increased, this 
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overlap becomes less significant and for a large pore (e.g. d = 40 Å) the overlap is negligible. 

Importantly, as the pore size is decreased, larger absolute NICS values are calculated. Comparison of 

the NICS values calculated for the slit-pores with values calculated above a single circumcoronene 

molecule (Figure 1b) show that the effects of the two circumcoronenes (i.e. the pore walls) are 

additive to a very good approximation (see Supporting Information). Knowing this, NICS values may 

readily be generated for a range of different pore sizes given the knowledge of NICS values for a 

given carbon fragment. 

Again, the effects of dynamics must be considered as fast exchange between different adsorption 

sites will result in an averaging of the observed chemical shift. Indeed, a single NMR resonance was 

observed experimentally for species adsorbed in a porous carbon with a bimodal pore size 

distribution, showing that there is fast exchange within the porous network in that carbon.22 As such it 

is very reasonable to expect fast exchange between the different positions within a pore. Averaging of 

the NICSs calculated here yields values of -10.6, -8.3, -5.2, -3.7, and -1.7 ppm for slit 

(circumcoronene) pores of width 8, 10, 15, 20, and 40 Å, respectively. While it may be more 

appropriate to perform a weighted average taking into account the effect of the adsorption 

thermodynamics, the general trend of greater chemical shielding with decreasing pore size will remain 

unchanged. This qualitative trend agrees well with recent experimental work by Borchardt et al.,22 

where magic angle spinning (MAS) 11B NMR spectra of the electrolyte NEt4BF4 in acetonitrile (1 M) 

on a series of carbons with well-controlled pore sizes showed that as the average pore size is 

decreased the chemical shielding experienced by ions in the pores increases. 1H NMR studies of 

hydrogen gas adsorbed on a series of activated carbons revealed a similar trend, though in this case 

carbons with a broader pore size distribution were studied.18,46 Quantitative comparison of the 

calculated NICSs with experimental values is difficult, as the ideal slit-pores that we have considered 

do not capture the more disordered structures of real porous carbons. Moreover, we note that the 

NICS calculations do not model any changes in the carbon electronic structure due to adsorption. 



 12 

DFT calculations on molecules confined inside carbon nanotubes have shown that adsorbent-

adsorbate interactions can lead to differences between the calculated chemical shifts and the NICSs, 

though this is generally a minor effect.29,30 We have observed very similar changes in chemical shift 

when comparing the 11B, 19F and 1H spectra of BF4
– and NEt4

+, suggesting that this effect is small for 

the carbons/adsorbates that we have studied.19,21 However, we note that it would be more appropriate 

to compare shifts from the same adsorbate, when investigating different carbons.  

 

3. Experimental NMR spectra for ions adsorbed on carbide-derived carbons 

Previous work has indicated that the ordered domain size of porous CDC increases with synthesis 

temperature.38,44 To probe the effect of carbon synthesis temperature on the resonance frequency of 

adsorbed ions, MAS NMR experiments were performed on a series of titanium carbide-derived 

carbons (TiC-CDCs) soaked with the electrolyte NEt4BF4 in acetonitrile (1.5 M). TiC-CDCs prepared 

via chlorine gas treatment at 600, 800 and 1000 ºC, denoted TiC-CDC-600, -800 and -1000, 

respectively, were studied and Figure 3 shows the 19F MAS NMR spectra (see Supporting Information 

and Ref. 21 for more details on the experimental procedure). For each carbon soaked with electrolyte, 

two peaks are observed for BF4
– as in our previous work.21 Ex-pore resonances arise from anions 

between primary particles in the carbon film, with a very similar resonance frequency to the neat 

electrolyte. The in-pore resonances arise from anions adsorbed inside the carbon micropores, shielded 

by the carbon ring currents. Across the series, the in-pore resonance becomes more shielded, the 

difference between the in-pore and neat electrolyte chemical shifts varying from -2.6 to -4.0 to -5.4 

ppm for TiC-CDC-600, -800 and -1000, respectively. This is despite slight increases in the average 

pore size (see Supporting Information) of 8.15, 9.06 and 9.32 Å, respectively, which are expected to 

bring about the opposite effect. The same trend is observed in 1H NMR spectra (this time probing the 

NEt4
+ cations) recorded on the same samples (see Supporting Information), showing that the effect is 

nucleus-independent. We also note that for TiC-CDCs synthesized at higher temperatures, the line 
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width of the in-pore resonance increases in both the 19F and 1H spectra. This is tentatively ascribed to 

the increased pore size distributions (see Supporting Information) that would lead to a larger 

distribution of chemical shifts inside the micropores. Indeed 2D exchange NMR experiments reveal a 

greater distribution of in-pore environments for TiC-CDC-1000 than TiC-CDC-600 (see Supporting 

Information). 

 

Figure 3: 19F MAS (5 kHz) NMR of different TiC-CDCs soaked with NEt4BF4 in acetonitrile electrolyte. Asterisks mark 

spinning sidebands. 

The results agree with recent work where 11B MAS NMR showed that resonances from in-pore BF4 

anions in TiC-CDC-1000 were more shielded than those in TiC-CDC-600.22 This was rationalized by 

noting that TiC-CDC-600, with a lower synthesis temperature, is a more disordered carbon with more 

sp3-hybridized carbon. In our case, however, we note that 13C NMR experiments on isotopic Ti13C-

CDC do not show any peaks indicative of sp3-hybridized carbon, but instead contain only a single 

broad resonance at ~125 ppm due to sp2-hybridized carbon (see Supporting Information). Raman 

spectroscopy (see Supporting Information), magnetic susceptibility measurements,44 and structural 

simulations using molecular dynamics38 show that as the temperature used in the synthesis is 

increased, the carbon structure becomes more ordered on a local scale with larger graphene-like 

domains. The calculations presented in Figure 1 then help explain the variation of chemical shift 

observed for in-pore (adsorbed) ions in carbide-derived carbons, with larger shifts being observed for 
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carbons with larger graphitic domains. Thus for the case of TiC-CDC, the coherence length of the 

structural carbon ordering dominates over any pore-size effects.  

 

4. Effect of curvature on the NICS 

It has been suggested that non-hexagonal rings in the carbon sheets of porous carbons brings about 

their curved amorphous structures.6,36 Indeed, 5-membered rings have recently been detected by 

transmission electron microscopy of an activated carbon.47 As such, molecular species adsorbed inside 

porous carbons may experience a range of different curved carbon structures, as well as planar ones.48  

 

Figure 4: NICS calculations on corannulene. 

To probe the effect of curvature on the NICS, calculations were performed on corannulene, which 

represents a fragment of a fullerene molecule and has a characteristic bowl shape (see inset, Figure 4). 

NICSs were calculated along the C5 symmetry axis on both the convex and concave faces of 

corannulene (Figure 4). On both faces negative NICSs were calculated, though the magnitude of the 

NICSs are considerably greater on the concave face. While a maximum NICS of -1.0 ppm is 

calculated on the convex face (at 3 Å from the central ring plane), the maximum NICS on the concave 

face is -5.5 ppm. The corresponding value for planar coronene is -4.4 ppm (Figure 1a), intermediate 

between the maximum values calculated for the two faces of corannulene. This suggests that porous 

carbons exhibiting different amounts of concave, convex and planar surfaces will bring about 
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different chemical shifts for adsorbed molecules, though the effect of dynamic averaging should again 

be considered. Deschamps et al. recently observed two different NMR environments for adsorbed 

ions inside activated carbons.23 In addition to resonances arising from ‘type I’ ions adsorbed between 

graphene-like sheets, a less shielded resonance arising from ‘type II’ adsorption sites was observed 

and was postulated to arise from ions near 5- or 7-membered carbon rings. Given the results presented 

here, it is possible that such a type II resonance arises from ions inside regions of the carbon 

exhibiting a relatively large number of convex carbon surfaces. However, based on the calculations in 

Figure 1, type II resonances may also arise from ions inside regions of the carbon with more edge 

sites.  

Conclusions 

DFT calculations have been used to explore the different structural factors affecting the resonance 

frequencies observed for species adsorbed in porous carbons. In particular we conclude: 

1. Larger graphene-like domains result in greater chemical shielding at distances relevant to 

molecular adsorption.  

2. Smaller carbon slit-pores result in greater chemical shieldings due to overlap of the ring-current 

effects from each pore wall. These results agree qualitatively with recent experimental data.  

3. TiC-CDCs prepared at higher temperatures are shown to bring about a greater chemical shielding 

for adsorbed ions. This is ascribed to an increase in the structural ordering of the carbon with larger 

graphene-like domains. 

4. Curvature of the carbon surfaces has a marked effect on the NICSs, with convex surfaces 

bringing about greater chemical shielding than convex surfaces. 

We envisage that the observation of these trends will aid the future interpretation of experimental 

NMR data for molecules adsorbed on porous carbons. Going further, this work offers the possibility 

of characterizing porous carbons on the basis of the chemical shifts of adsorbed molecules. 
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Supporting Information 

Discussion of additivity of NICSs from pore walls, pore size distributions, 13C NMR and Raman 

spectra of TiC-CDCs, 1H NMR spectra and 19F 2D exchange NMR spectra of TiC-CDCs soaked with 

electrolyte. This material is available free of charge via the Internet at http://pubs.acs.org 
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