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Abstract

Variable-temperature 15N solid-state NMR (SSNMR) spectroscopy is used to investigate the 

dynamics of three diamines within the pores of the metal–organic framework Mg2(dobpdc), which 

exhibit both bound and free nitrogen environments when coordinated to the framework open metal 

sites. From these experiments it is possible to quantify the rates and energetics for exchange 

between the two nitrogen environments, and the results can then be corroborated by density 

functional theory calculations and molecular dynamics simulations. The activation energy for the 

exchange also enables quantification of the metal–amine bond strength, which is correlated with 

the CO2 adsorption properties of the diamine-appended frameworks.
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TOC GRAPHIC

Rising anthropogenic CO2 emissions remain the leading source of global climate change,1 

and the capture and sequestration of CO2 from power plant flue gas emissions has been 

highlighted as a potentially promising emission mitigation strategy in recent years.2–4 

Numerous approaches have been developed for the removal of CO2 from flue gas through 

the use of aqueous amine solutions,4 zeolites,5 metal−organic frameworks (MOFs),6 and 

covalent organic frameworks.7 Metal−organic frameworks with coordinatively-unsaturated 

metal centers such as the M2(dobdc) family (dobdc4− = 2,5-dioxido-1,4-

benzenedicarboxylate; M = Mg, Mn, Fe, Co, Ni, Cu, Zn) have attracted considerable 

attention owing to the strong interaction that occurs between the metal centers and CO2 

upon adsorption, which leads to a high affinity for CO2 adsorption and selectivity over N2. 

One drawback of these materials, however, is that their performance often diminishes under 

humid conditions.8–10 Recently, it was demonstrated that after grafting diamines onto the 

open metal sites of Mg2(dobpdc) (dobpdc4– = 4,4′-dioxidobiphenyl-3,3′-dicarboxylate), an 

expanded form of Mg2(dobdc), the resulting material exhibits substantially improved CO2 

adsorption properties arising from step-shaped adsorption isotherms (or isobars) that allow 

for high working capacities in temperature- or pressure-swing adsorption processes and 

robust performance under humid conditions.10–15 Notably, the step pressure (or temperature) 

can be tuned through variation of the appended diamine,11–15 and it is thus of fundamental 

importance to investigate in detail the influence of diamine structure on the CO2 adsorption 

properties of diamine-appended Mg2(dobpdc) materials.
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The structures of diamine-appended variants of Mg2(dobpdc), such as the N,N′-
dimethylethylenediamine (m-2-m)-appended framework (Figure 1), have one nitrogen 

coordinated to Mg2+, while the other amine group extends into the open MOF pore. Above a 

threshold temperature and pressure, CO2 inserts into the Mg−N bond, resulting in the 

formation of a carbamate group bound to magnesium center and an ammonium group 

formed at the other end of the diamine (Figure S1, Supporting Information). The interaction 

between the negative carbamate and a neighboring positive ammonium facilitates the 

synergistic formation of ammonium–carbamate chains along the framework channels, 

leading to the observed cooperative adsorption behavior.11,16 As a consequence, the metal–

amine bond strength plays an important role in determining the pressure or temperature at 

which CO2 insertion occurs. This effect has been examined recently via single-crystal X-ray 

diffraction characterization of the isostructural diamine-appended Zn2(dobpdc) frameworks,
13 which readily form single crystals. Even still, these single-crystal structures exhibit a 

large degree of diamine disorder within the framework channels at 100 K, and so we sought 

to develop additional approaches for assessing the structures, particularly for the diamine-

appended Mg2(dobpdc) variants. We were specifically interested in exploring the dynamic 

behavior of the diamines within the MOF pores, as a potential means of guiding the design 

of new diamine-appended structures for CO2 capture.

Solid-state NMR (SSNMR) spectroscopy is complementary to X-ray diffraction as a 

characterization technique and is extremely sensitive to the local environment around the 

observed nucleus. The subtle difference between the bound and free nitrogen environments 

of diamines should in particular be detectable by 15N SSNMR spectroscopy.17,18 Although 

the 15N SSNMR spectrum of m-2-m–Mg2(dobpdc) was previously found to exhibit a single 
15N peak at room temperature,11 a recent 25Mg SSNMR study indicated that the two 

nitrogen environments undergo rapid exchange, yielding an averaged environment on the 

NMR time scale.19 Herein, we analyze variable-temperature (VT) 15N SSNMR data to 

probe the nitrogen environments and dynamics of three diamines appended to Mg2(dobpdc), 

namely ethylenediamine (en), N,N′-dimethylethylenediamine (m-2-m), and N,N′-
diethylethylenediamine (e-2-e). In each case, the NMR data enable elucidation of the 

diamine dynamics within the framework, yielding activation energies for diamine exchange 

that provide a measure of the metal−amine bond strength. When combined with density 

functional theory (DFT) calculations and molecular dynamics (MD) simulations, these 

results provide insights into correlations between diamine structure and the CO2 adsorption 

properties of these materials.

The variable-temperature 15N SSNMR spectra of en–Mg2(dobpdc) are shown in Figure 2. 

At 298 K, a symmetric 15N peak arises at 12.7 ppm. This peak broadens considerably upon 

cooling to 233 K and then becomes asymmetric at 223 K, eventually separating into two 

peaks upon further cooling. The separation between these two new peaks continues to 

increase with decreasing temperature, while their characteristic line widths (full width at half 

maximum) decrease. At the lowest measurement temperature of 183 K, the two peaks are 

observed at 11.4 and 14.8 ppm (relative to neat NH3), respectively. This overall trend as a 

function of temperature is consistent with the rapid exchange between two nitrogen 

environments.20–24 We assigned the peaks at 14.8 and 11.4 ppm to the metal-bound and free 

amine nitrogen environments, respectively, considering that nitrogen will be deshielded by 
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the Mg2+ cation and experience a larger 15N chemical shift value. This assignment was 

verified by DFT calculations (Figure S6).

Deconvolution of the SSNMR spectra enables determination of the frequency separation 

between the two 15N peaks and their line widths, and from this information it is possible to 

calculate a chemical exchange rate constant. For example, in the range where the peak 

positions exhibit a strong temperature dependence (223–208 K), the exchange rate constant 

kE was calculated using the equation kE = π Δvo2 − Δve2 / 2, where Δvo is the frequency 

separation between two peaks (in Hz) without exchange and Δ νe is the separation with 

exchange.20–24 The exchange rate constant was found to be 3.16 × 102 s−1 at 213 K, and the 

calculation details for all kE values are shown in Supporting Information Section S5 (Table 

S3).

The same variable-temperature analysis was used to assess the dynamics of m-2-m and e-2-e 

appended to Mg2(dobpdc). At 293 K, the spectrum of m-2-m consists of an asymmetric peak 

at 13.3 ppm and a weak shoulder at ~20 ppm (Figure 3a). Upon cooling, the asymmetric 

peak narrows and shifts to the more shielded region of the spectrum (lower ppm values). 

This peak can be deconvoluted into two components at all temperatures, and at 193 K the 

deconvoluted peaks occur at 16.7 and 15.7 ppm for the bound and free nitrogen 

environments, respectively. The chemical shift value of the shoulder is close to that of the 

single 15N resonance observed for free N,N′-dimethylethylenediamine in toluene, and was 

assigned to the unbound amine trapped in the MOF pores. Characterization of a second m-2-

m–Mg2(dobpdc) sample verified the above peak assignments and the changes in peak 

position as a function of temperature (Figures S12 and S14, Supporting Information).

The variable-temperature spectra of e-2-e–Mg2(dobpdc) are likewise shown in Figure 3b. At 

313 K, a single 15N peak is apparent at 34.6 ppm and grows asymmetric at 283 K, eventually 

splitting into two peaks upon further cooling. The peak separation increased with decreasing 

temperature, and at the lowest measured temperature (223 K), the two resulting peaks were 

at 36.0 and 28.7 ppm for the bound and free nitrogen environments, respectively. Similar to 

m-2-m–Mg2(dobpdc), a weak shoulder was present at ~40 ppm in all spectra and can be 

assigned to unbound N,N′-diethylethylenediamine in the pores (Figure S14). For both 

frameworks, these diamines were not observed to participate in the exchange (see Figure 

S15 and the following discussion). The separation of the coordinated diamine nitrogen peaks 

increased significantly even at the lowest measured temperature for both materials, and thus 

it was not possible to determine Δ νo and the precise exchange rate constants for m-2-m and 

e-2-e appended frameworks. It was possible to calculate a potential range of kE values, 

however, and this data (Table S3) along with additional discussions can be found in 

Supporting Information Section S5.

Using the Arrhenius equation and the rate constants obtained from SSNMR data, it was 

possible to determine the activation energy for free and bound nitrogen exchange in each 

material (Table 1). A much larger activation energy was found for en (37 ± 2 kJ·mol−1) than 

for m-2-m and e-2-e (ranging from 0.67 ± 0.06 to 6.4 ± 1.5 kJ·mol−1 and from 0.83 ± 0.05 to 

10.9 ± 0.9 kJ·mol−1, respectively), indicating that the substitution of an amine hydrogen with 
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an alkyl group (i.e., changing the bound amine from primary to secondary) significantly 

weakens the metal–amine bond. The result is consistent with single-crystal X-ray diffraction 

data for the Zn analogues,13 which confirms that primary/secondary and primary/tertiary 

diamines preferentially coordinate to the Zn2+ centers through the primary amine.

Molecular dynamics (MD) simulations have been used extensively to study flexibility and 

guest dynamics in metal−organic frameworks,19,25–29 and we used this approach to further 

examine the dynamics and compute exchange rates for the diamines appended to 

Mg2(dobpdc). In order to capture the bond breaking and formation in the exchange event, 

we employed the ReaxFF, a reactive force field based on bond order.25,30 The simulation 

results confirm exchange between the bound and free nitrogen atoms (see Figure 4, Figure 

S7, and the movie in the Supporting Information) and enable identification of a possible 

exchange mechanism, with a transition state consisting of both nitrogen atoms of the 

diamine molecule weakly bound to the same Mg2+ center. The calculated kinetic activation 

energies (EA) in Table 1 have similar magnitudes and display the same trend as the 

experimental values: the activation energy for m-2-m is smaller than that of e-2-e, and both 

values are smaller than the experimental value for en.

As previously elucidated, the CO2 adsorption mechanism in these diamine-appended 

materials involves the insertion of CO2 into the metal−amine bonds and the synergistic 

formation of ammonium−carbamate chains (Figure S1).11,16 Because the metal−amine 

bonds are broken upon CO2 adsorption, stronger bonds and therefore higher activation 

energies for nitrogen exchange are expected to correlate with higher adsorption step 

pressures (or lower step temperatures). The opposite trend was observed experimentally, 

with step pressure decreasing in the order m-2-m > e-2-e > en, despite the larger activation 

barrier toward exchange for en compared to m-2-m and e-2-e.11–14 Therefore, our NMR data 

and MD simulations confirm that the metal−amine bond strength is not the only important 

factor in determining the adsorption step pressure. Other factors can also influence the 

thermodynamics of adsorption,13 such as the carbamate enthalpy of formation and the loss 

of rotational and vibrational degrees of freedom upon ammonium−carbamate chain 

formation (i.e., large negative entropy change).

In conclusion, we used variable-temperature 15N SSNMR spectroscopy to characterize the 

coexistence of bound and free nitrogen environments in three diamine-appended variants of 

the Mg2(dobpdc) metal−organic framework, and further identified a likely transition state 

involved in nitrogen exchange from MD simulations. The magnitude of the activation 

energies extracted from both SSNMR experiments and MD simulations afforded a measure 

of metal−amine bond strength, indicating that m-2-m– and e-2-e–Mg2(dobpdc) materials 

have similar bond strengths that are both weaker than the metal−amine bond strength for en–

Mg2(dobpdc). The trends in the experimental data were verified by DFT calculations and 

MD simulations, and all together the data confirm that the metal−amine bond strength is not 

the only important determiner of CO2 adsorption step pressure. The approach described 

herein can be importantly extended to other diamine-appended metal−organic frameworks to 

understand diamine dynamics and CO2 adsorption toward the design of improved carbon 

capture materials.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(a) Space-filling model of Mg2(dobpdc) appended with N,N′-dimethylethylenediamine, 

m-2-m–Mg2(dobpdc), and (b) Ball-and-stick model of an m-2-m-appended Mg2+ site within 

the framework, with bound and free nitrogen environments. The models are taken from the 

DFT-optimized structures reported in this work. Green, red, blue, grey, and white spheres 

represent Mg, O, N, C, and H atoms, respectively; all other H atoms are omitted for clarity. 

(c) The structures of three diamines studied in this work.
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Figure 2. 
15N direct-polarization SSNMR spectra of en–Mg2(dobpdc) at 20.0 T as a function of 

temperature. Black, blue, and red profiles are experimental, deconvoluted, and the 

summation of deconvoluted spectra, respectively. The signal intensities are normalized for 

clarity.
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Figure 3. 
(a) 1H–15N cross-polarization (CP) SSNMR spectra of m-2-m–Mg2(dobpdc) as a function of 

temperature. (b) 1H–15N CP SSNMR spectra of e-2-e–Mg2(dobpdc) as a function of 

temperature. Black profiles are experimental spectra. Blue and pink profiles are 

deconvoluted spectra. Red profiles are the summation of deconvoluted spectra. Pink profiles 

represent the 15N signals that were assigned to unbound diamines trapped in the MOF pores 

(Figure S14). All signal intensities are normalized for clarity. The asterisk in the 313 K data 

indicates signal arising from the transmitter artifact. 1H–15N CP experiments were 
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performed at 20.0 T with a contact time of 5 ms for m-2-m–Mg2(dobpdc) and at 16.4 T with 

a contact time of 0.5 ms for e-2-e–Mg2(dobpdc).
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Figure 4. 
Still frames from the MD trajectory illustrating representative initial, transition, and final 

states for the amine nitrogen atoms in an m-2-m exchange event. In the transition state, the 

nitrogen that is initially unbound (N2) coordinates to the Mg2+ center, and in the final state 

the initially bound nitrogen (N1) becomes free.
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Table 1.

Activation energies of three diamines appended to Mg2(dobpdc).

Diamine EA (kJ·mol−1)

Experimental Calculated

en 37 ± 2

m-2-m 0.67 ± 0.06–6.4 ± 1.5 7.93 ± 1.41

e-2-e 0.83 ± 0.05–10.9 ± 0.9 10.5 ± 1.3
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