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ABSTRACT: Interactions between amines and carbon dioxide (CO,) are essential to
amine-functionalized solid adsorbents for carbon capture, and an in-depth knowledge of
these interactions is crucial to adsorbent design and fabrication as well as adsorption/
desorption processes. The local structures of CO, adsorbed on a tetraethylenepentamine-
impregnated mesoporous silica SBA-1S were investigated by solid-state “C{*N} S-
RESPDOR MAS NMR technique and theoretical DFT calculations. Two types of
adsorption species, namely, secondary and tertiary carbamates as well as distant
ammonium groups were identified together with their relative concentrations and relevant
N quadrupolar parameters. Moreover, a dipolar coupling of 716 Hz was derived,
corresponding to a *C—"*N internuclear distance of 1.45 A. These experimental data are
in excellent agreement with results obtained from DFT calculations, revealing that the
distribution of surface primary and secondary amines readily dictates the CO, adsorption/

desorption properties of the adsorbent.

SECTION: Surfaces, Interfaces, Porous Materials, and Catalysis

In view of the increasing demands in CO, capture and
sequestration/utilization (CCS/CCU) technologies,' > fab-
rication and implementation of novel CO, adsorbents with
desirable sorption/desorption properties, durability, and cost-
effective re%eneration schemes have drawn considerable R&D
attention.” Many existing commercial processes utilize
alkanolamines as adsorbents;®” however, those gas—liquid
adsorption schemes are handicapped by fated issues such as
low CO, uptake capacity, high equipment corrosion rate, high
absorbent makeup rate, and high energy consumption. In this
context, gas—solid adsorption schemes exploiting solid
adsorbents, such as zeolites,* "' carbons,'>'® organic poly-
mers," "> metal organic frarneworks,lé_18 ordered mesoporous
silicas (OMSs)"*~** and so on, are believed to be a preferable
alternative. Among them, extensive studies have been made on
amine-modified OMSs'*™* owing to their superior CO,
adsorption capacity and durability. Nonetheless, despite
plenteous spectroscopic studies on these adsorption systems
by infrared (IR)***7 and solid-state '3C cross-polarization
magic-angle-spinning (CP-MAS) NMR*** techniques, rele-
vant reports emphasized mostly on the identification of
chemisorbed species rather than the local structures of the
adsorbed CO,. For example, *C CP-MAS NMR of CO,
adsorbed on amine-modified nanoporous materials has been
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used to identify the formation of carbamate and carbamic acid®®
as well as the formation of urea species due to CO,-induced
degradation.’” In terms of amine-modified OMS systems,
information on interactions between CO, adsorbate and amine
moieties residing on the surfaces of the mesoporous adsorbent
and relevant adsorption structures at the atomic level are
essential for understanding detailed CO, uptake and release
phenomena. Relevant information is crucial for innovative
design and fabrication of prospective adsorbents as well as
implementation of the adsorption/desorption processes.**~*
Solid-state NMR (SSNMR) has becoming a powerful tool
not only for characterization of local structure but also site-
specific quantitative analysis. Made available by the grafted
amine functional groups, there are two nuclear spin isotopes for
nitrogen, namely "*N (I = 1) and *N (I = 1/2). While N is
commonly employed in NMR investigations involving N atoms
owing to simplicity of spectra facilitated by the spin 1/2
nucleus, it has a much lower natural abundance (0.36%)
compared with "N (99.64%). To avoid costly preparation of
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isotope-enriched samples, we have chosen to focus on study of
"N, which is a quadrupolar nucleus with a relatively lower
nuclear gyromagnetic ratio (y).

A specific amine-impregnated mesoporous silica SBA-15
sample loaded with SO wt % tetraethylenepentamine (TEPA)
was prepared”* (see the Supporting Information; hereafter
denoted as SI) and exploited as adsorbent in the present study.
This reference adsorbent (hereafter denoted as TEPA-SBA-15)
was found to exhibit anticipated textural properties (Figure SI;
SI) and a CO, uptake capacity as high as 3.3 mmol per gram
adsorbent (Figure S2; SI). To afford adequate *C NMR signal
of the chemisorbed CO, species, we used isotope-enriched
BCO, to prepare *CO,-loaded TEPA-SBA-1S sample (see SI).
The C CP-MAS NMR spectrum (Figure S3; SI) showed a
singlet peak at ca. 164.2 ppm, which may be attributed to the
presence of carbamate (NCOO™) species.>®® Likewise, the
N CP-MAS NMR spectrum (Figure S4; SI) revealed two
resonance peaks at —298.0 and —350.7 ppm, which may be
assigned to carbamate species and amine/ammonium groups,
respectively.”® These spectra indicate that the carbamate species
form on the amine groups upon CO, adsorption, as illustrated
in Scheme 1.

Scheme 1. Possible Local Structures of CO, Adsorbed on
Amine Functional Groups
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To further explore interactions between CO, and amine
moieties, we employed the “C{'*N} symmetry-based rota-
tional-echo saturation-pulse double-resonance (S-RESPDOR)
MAS NMR technique®®™** on '3CO,-loaded TEPA-SBA-15
sample. A schematic layout of this multinuclear dipolar
recoupling pulse sequence is shown in Figure SSa (SI). Here
an improved S-RESPDOR technique was adopted for the
determination of *C—'*N internuclear distance instead of the
conventional rotational echo adiabatic passage double reso-
nance (REAPDOR) method®® mainly due to less rigorous
requirement on radio frequency (RF) field strength for the '*N
channel. Additional advantage of S-RESPDOR over R-
RESPDOR®' is that the signal fraction, AS/S, = (S, — S)/S,,
is independent of the relative orientation of the internuclear
vector with respect to chemical shift anisotrog)y (CSA) and
quadrupolar interactions.*> In addition, Gan® introduced a
novel method for measuring nitrogen quadrupolar coupling
using '*C-detected '*N wide-line NMR, by which the first-order
"N spectra may readily be obtained through the *C signal
fraction profile of RESPDOR while sweeping the frequency of
the "N saturation pulse.

It is noteworthy that the signal fraction (AS/S,) of the
dipolar dephasing curve acquired by the *C{'*N} S-RESPDOR
NMR sequence (Figure SSa; SI) for the carbamate species
depends on its motional dynamics. As illustrated in Figure S6
(see SI), the signal fraction tends to increase gradually with
decreasing temperature and eventually reaches a plateau at ca.
232 K regardless of the duration of dipolar recoupling () used.
This indicates that the molecular motions associated with CO,
adsorption/desorption dynamics should be effectively frozen at
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temperatures below ca. 230 K. Thus, further experiments were
carried out at 226 K to avoid complications due to motional
averaging. Moreover, it is anticipated that quadrupolar
couplings associated with the '*N nucleus should be sensitive
to the local structures of the grafted amines while in the
presence of CO, adsorbate, rendering detection of site-specific
information. Thus, the *C-detected *N wide-line NMR
technique®® was adopted to acquire the first-order N
quadrupolar spectra through the S-RESPDOR sequence
under "N frequency sweeping. It is noteworthy that the "N
Larmor frequency was set identical to isotropic chemical shift of
the carbamate resonance while acquiring the quadrupolar
spectra.

Figures 1 and 2 display the spectrum recorded with a
dephasing time () of 3.20 and 11.52 ms, respectively. The
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Figure 1. "*C-detected '*N wide-line NMR spectrum of CO,
adsorbed on TEPA-SBA-1S recorded by the S-RESPDOR NMR
sequence with a dephasing time of 7 = 3.2 ms (open circles). The
dotted and dashed curves are simulated spectra associated with
secondary and tertiary carbamate species with a relative contribution of
70 and 30%, respectively. The solid curve represents the sum of the
two simulated spectra.
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Figure 2. First-order '“N quadrupolar spectra similar to Figure 1 but
acquired with 7 = 11.52 ms. The dotted and dashed curves are
simulated spectra associated with secondary and tertiary carbamate—
ammonium ion pairs with a relative fraction of 70 and 30%,
respectively. The solid curve represents the sum of the two simulated
spectra.
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profile of wide-line spectra was recorded by sweeping the "N
resonance frequency from 0 to 4 MHz with a step interval of
0.2 MHz. However, limited by the tuning range of the
probehead available in our facility, the data points in the low-
frequency region (from O to —4 MHz) were undetectable;
nonetheless, they can readily be derived from the mirror
reflections of the high-frequency results.*® It is noteworthy that
the quadrupolar lineshapes so observed exhibit the character-
istics of multiplet pattern. In particular, two distinct edges at ca.
3.1 and 3.7 MHz may be identified in the spectrum recorded
with dephasing time 7 = 3.2 ms (Figure 1), indicating the
existence of two nitrogen sites. Further spectral simulations
based on a two-spin model assuming a *C—'*N internuclear
distance of 1.45 A revealed that the two CO, adsorption sites
corresponding to the two carbamate species having N
quadrupolar coupling constants (Cq) of 4.1 and 4.9 MHz
and asymmetric factors (17) of 0.30 and 0.15 have contributions
of ca. 70 and 30%, respectively. The relative contributions may
be quantitatively estimated owing to the fact that they remain
unchanged even in the presence of *C—'*C spin diffusion
(Figures S7 and SSb; SI). At such short dephasing time (3.2
ms), signal contributions predominantly arising from proximate
BC—"*N couplings may be anticipated. Thus, the former trace
may be ascribed due to spin system associated with secondary
carbamate species, whereas the latter is due to tertiary
carbamates. These results are in good agreement with data
obtained from theoretical DFT calculations (see SI), as
depicted in Table 1.

Table 1. Comparisons of Experimental and Theoretical "N
Quadrupolar Parameters for Assorted Carbamate and
Ammonium Groups

Cq (MHz) n
species exptl caled exptl caled
secondary carbamate 4.1 4.39 0.30 0.19
tertiary carbamate 4.9 5.06 0.15 0.15
primary ammonium 15 1.07 0.20 0.24
secondary ammonium 1.5 0.88 0.20 0.26

As the dephasing time was prolonged to 11.52 ms,
contributions from coupling of *C with distant nitrogen sites
were also observed, leading to additional features in the
multiplet pattern, especially within the range of —1.0 and 1.0
MHz (Figure 2). To facilitate spectral simulation, an additional
"N quadrupolar coupling with Cq = 1.5 MHz and 7 = 0.20 was
introduced by assuming a *C—'*N internuclear distance of
3.10 A. As shown in Table 1, the Cq value so estimated is
somewhat greater than the predicted values for primary (1.07
MHz) and secondary (0.88 MHz) ammonium groups based on
a "N—"C—"N three-spin model. Unfortunately, limited by
spectral resolution and possible experimental error, more
accurate analysis for quadrupolar parameters of such remote
coupling may not be attained.

In general, detailed information on dipolar couplings may not
be extracted easily from the complicated S-RESPDOR
dephasing curves of the sophisticated three-spin system. In
the presence case, however, because a moderate Cq value (1.5
MHz) was derived from ammonium *N, the dipolar recoupling
associated with the ammonium group could be effectively
depressed by offsetting the frequency of the N saturation
pulse large enough to avoid altering the '*N spin states of
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ammonium groups. In this context, the signal fraction curve so
obtained can be regarded as contributions from a two-spin
system, facilitating a more accurate determination of the
BC—"N internuclear distance in carbamate species. As such, a
fixed "*N irradiation frequency offset at 1.8 MHz with respect
to the isotropic chemical shift of carbamate was chosen to alter
the '*N spin states of ammonium groups as negligibly as
possible and, meanwhile, to preserve significant signal fractions,
which is essential for the determination of internuclear distance.
Figure 3 displays the S-RESPDOR dipolar dephasing curve
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Figure 3. Variations of signal fraction with dipolar dephasing time for
BCO, adsorbed on TEPA-SBA-15 recorded by the “C{**N} S-
RESPDOR sequence at a fixed '*N frequency of 1.8 MHz with respect
to the isotropic chemical shift of carbamate. The solid curve represents
simulated result.

acquired with a fixed "N irradiation frequency offset at 1.8
MHz with respect to the isotopic chemical shift of carbamate.
Accordingly, a dipolar coupling of 716 Hz, which corresponds
to a *C—"*N distance of 1.45 A, was derived. The experimental
bond distance so obtained is in excellent agreement with that of
carbamate (1.46 A) rather than carbamic (1.35 A) species
predicted by theoretical DFT calculations (Figure S8; SI).

In view of the fact that there are two primary and three
secondary amines in each TEPA molecule, the results obtained
herein therefore reveal that primary amines are the preferential
CO, adsorption sites and that secondary carbamate species are
thermodynamically more stable than their tertiary counterparts.
These results are consistent with available adsorption data
obtained from grimary and secondary amine-grafted meso-
porous silica.>”*® To the best of our knowledge, this is the first
direct simultaneous determination of CO, adsorption features
on both primary and secondary amine groups tethered on the
same adsorbent ligand.

In summary, we have demonstrated that solid-state **C{**N}
S-RESPDOR MAS NMR is a useful technique for probing the
detailed adsorption structure of *CO, on amine-impregnated
solid adsorbents. Taking advantages of the '*N quadrupolar
parameters, which are sensitive to the local structures of the
adsorption state, preferred CO, adsorption sites and their
relevant populations over different carbamate species may be
determined. Accordingly, the adsorption/desorption features of
polyamine-impregnated adsorbents may readily be modulated
by controlling the amounts of primary and secondary amine
groups on the polyamine. Moreover, while the presence of
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primary amines is preferred for enhancement in CO, uptake
27 . :

capacity,”’ secondary amines are more favorable in terms of

lower energy consumption during regeneration.
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Details of sample preparation, SSNMR experiments, spectral
simulations, DFT calculations, and assorted experiment results
including adsorption kinetic data, SSNMR spectra, and
optimized adsorption structures. This material is available free
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