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ABSTRACT OF THE DISSERTATION
Solid-NMR study on solid amine sorbents
for Arts & Sciences Graduate Students
by
Chia-Hsin Chen
Doctor of Philosophy in Chemistry
Washington University in St. Louis, 2019

Professor Sophia Hayes, Chair

Solid-state NMR spectroscopy is a useful structural tool, with a high sensitivity to the local
atomic-scale environment providing a powerful probe of structure, disorder, and dynamics of
solids. In this dissertation, solid-state NMR was used to characterize chemisorbed products of
solid amine sorbents exposed to CO». Solid amine sorbents are promising candidates to capture
CO- for the purposes of mitigation of this greenhouse gas in high-concentration sources, such as
flue gases emitted from power plants or industrial sites. Understanding the adsorption process of

these solid materials is critical to help design better materials to have a higher CO2 uptake.

A series of solid-state NMR methods were employed to study these materials.'>N CPMAS of
primary amines (APS) before and after 13CO, was employed, and the result is informative. With
the time-evolution of signals before and after CO2 exposure, the decreased intensity of the
reactant resonance and increased intensity of the products’ resonances, we were able to assign
amine, ammonium, and carbamate in °N spectra. Complementary *C{**N} REDOR and
N{*3C} REDOR of a primary amine (APS) were used to obtain the **C->N dipolar interaction

of the chemisorbed product species corresponding the distances of both directly-bonded C-N of

Xi



carbamate and the distant interaction between of carbamate to its ammonium counter ion that is

ion-paired to it.

Under humid (or damp) conditions, hydrated bicarbonate was found in three types of amine:
primary, secondary, and tertiary. NMR measurements show the hydrated bicarbonate undergoes
dynamic motion at room temperature induced by surrounding water. Different water
environments lead to chemically-inequivalent bicarbonates, which results in two 3C signals
when bicarbonate is cooled down (100 K). Exposure to D20, replacing water, allowed for
interactions between the two bicarbonate species and the surrounding environments to be
elucidated, via low-temperature 3C-'H HETCOR.

Additionally, dynamic nuclear polarization (DNP) NMR was successfully performed on primary
amines (APS). 2D DNP HETCOR was used to determine the interactions between carbamate
pendant molecules and the surrounding environment. **C-H HETCOR, **N-'H HETCOR, and
29Si-'H HETCOR (all using enhancements provided by DNP) were performed, and the results

show coupling between carbamate and the hydroxyl groups on the SBA15 (silica) surface.
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Chapter 1: Introduction
1.1 Solid-state NMR

Solid-state nuclear magnetic resonance (NMR) spectroscopy is a powerful analytical technique

that exploits the interactions they experience with surrounding atoms and electrons to provide
atomic-level information of the structure of solids. NMR signals are the responses of samples to
radio frequency (RF) irradiation in an external magnetic field, and can be described by several
interactions including RF pulses, spin properties, and interactions between spins. The total

Hamiltonian is in Equation 1.1.12
ﬁ=ﬁz+ﬁRF+ﬁ]+ﬁC5+HD +ﬁQ Equatlon 11

H, is Zeeman Hamiltonian which is typically the dominant interaction, and represents the
interaction between the spins of the sample to the external magnetic field. Hx is the term to
address the interaction of spins to applied radio frequencies. H;, H.s, Hj, and H, are the four
internal Hamiltonians which can each lead to a broadening of NMR spectra. However, these four
Hamiltonians interactions which are often anisotropic and can provide chemical information,
especially structural and conformational information. ﬁ] is scalar coupling of two nuclei through
bonding electrons, and the magnitude is usually less than 100 Hz so typically unresolved in
solid-state NMR. H¢ represents the chemical shift interaction, and this Hamiltonian describes
the shielding effects of electrons around the nuclei. Hp is the dipole-dipole coupling describing

the interaction between two spins through space. ﬁQ is the quadrupolar Hamiltonian for the
nuclei with nuclear spin quantum numbers (1) >% which describes the interaction with the

electric field gradient (EFG) at a nucleus.®



1.2 Solid-state NMR methods

Solid-state NMR spectra are broadened by a range of anisotropic interactions,? and several

advanced NMR techniques are required to improve resolution and sensitivity before structural
information can be extracted. In this dissertation, we focus on the spin- % nuclei, tH, $3C, N and
29Si, s0 ﬁQ will not be discussed. The methods that were employed to reduce the broadening

from H.g and H), are briefly introduced below:

Magic-angle spinning (MAS): MAS is used routinely to provide high-resolution NMR spectra of

solids by removing the effects of chemical shift anisotropy and dipolar interactions. Both

H_s, and Hj share a term of ( 3cos?6 — 1)*2 in their Hamiltonians, so if the sample is spun
rapidly at the angle of 54.74° with respect the external magnetic field, the anisotropic broadening
effects will be patially averaged, leading to a sharp isotropic peak.>? We employ spinning from =
5 kHz to 25 kHz, and MAS probes can spin as high as the frequency as ~ 100 kHz.*

Cross-polarization magic-angle spinning (CPMAS): CPMAS is commonly used in solid-state

NMR especially for the low natural abundance nuclei such as **C (1.1%), 2°Si (4.6 %) and *°N
(0.3%) to enhance the NMR signal. There are two major drawbacks to acquire these low
abundance nuclei NMR: one is their inherently low sensitivity by being both low in abundance
and low gyromagnetic ratio, y. Another drawback is that all 3 nuclear spins typically have long
possess long relaxation time (T1). CPMAS uses the inherently higher polarization from abundant
nuclei, such as *H, and transfer that polarization to the low-abundance nuclei.>® CPMAS also
allows the low-abundance nuclei to relax at the rate of the faster H relaxation, so enhanced
NMR signals from the *H polarization, and more rapid T1 times shorten the time to acquire good
signals. CPMAS experiments rely on the heteronuclear dipolar interaction, meaning this

technique is unable to detect isolated nuclei, making CPMAS inherently not quantitative without
2



additional calibration steps. Additionally, CPMAS does not work with the dynamic species
because of the dipole-dipole interaction averaging to zero.

Correlation spectra (HETCOR): The interactions between the different types of nuclear spins can

provide information on their through-bond connectivity and through-space proximity and can be

measured by two-dimensional homonuclear or heteronuclear correlation spectra.?’8

1.3 Characterization of chemisorbed products of CO;
capture materials

Fossil fuel combustion creates a large amount of atmospheric CO,.° High concentrations of CO>
are believed to be a major contributor to global climate change, causing a negative on our
environment and society.® The aim of mitigating global climate change prompts the research of
carbon capture and storage (CCS). The goal of CCS is to reduce CO, emission to atmosphere by
capturing CO., from large CO- emitters such as that found in the flue gas of power plants, and
store the CO2 by geosequestration underground.!'? Aqueous amine solutions are the current
technology used to capture CO2 in some power plants.’® However, these amine solutions are
inefficient in sample regeneration (meaning requiring a large input of energy to release the
adsorbed CO»), leading to high costs. Solid amine sorbents materials have lower regeneration
energy and are less corrosive to the equipment, therefore is a promising material to replace the
current aqueous amine technologies.***> Amine-tethered mesoporous silica has a large surface
area and is easy to modify with different functional groups to have a high CO. uptake.}**> Unlike
aqueous amines, which have been extensively studied*®, the mechanism of CO, adsorption in
solid amine adsorbents is still ambiguous.'*1"*8 The mechanism of CO; interactions with solid
amine adsorbents was assumed to be similar to the agueous amines and to form carbamic acid,

carbamate, and bicarbonate which are shown in Scheme 1.1. In solid amines, there are several



parameters that influence the formation of the chemisorbed products such as humidity, the type
of amine, partial pressure of CO., and the sample preparation before CO2 loading. Itis
challenging to characterize amorphous systems such as mesoporous silica with common
characterization techniques such as X-ray diffraction because of the lack of long-range order.
There are studies using Fourier transform IR (FTIR) to identify products!®23, however, the
important C=0, NH3", and COO" vibrational bands have similar frequencies leading to overlap
and the difficulty for interpretation. Solid-state NMR is a powerful tool to characterize chemical
structure at the atomic level and to quantify chemical components, not limited by amorphous or,
with the proper approach, overlapping resonances.

Several groups observed different chemisorbed products in solid amine sorbents other than the
proposed chemisorbed products in Scheme 1.1- carbamic acid, carbamate and bicarbonate.
Danon et al. used FTIR spectra for different densities of primary amines on SBA15 and observed
two types of carbamate, ammonium carbamate and silylpropylcarbamate (also known as
“surface-bound carbamate” for the latter) for a low density of amines on SBA.*° High-density
amines on SBA15, in contrast, showed only ammonium carbamate.?* Our group reported (Moore
et al. %) used solid-state NMR on hyperbranched amine polymers on SBA15 and observed
multiple chemisorbed species. We observed two T relaxation times for a 3C resonance in the
region typically assigned to carbamate, and concluded this resonance was therefore composed
another type of carbamate or bicarbonate. Foo et al. used in-situ FTIR to investigate a study on
three different amines-- primary, secondary and tertiary-- on SBA15. They suggest that a
secondary amine could form two types of carbamic acid: a monomer and a dimer.?° Forse et al.
used solid-state NMR and DFT calculations on a similar solid amine material, a metal organic

framework with amine linkers, Zn, (dobpdc), and assigned the *C 161 ppm resonance to the



carbamic acid dimer.?® The *C 161 ppm resonance is the first solid-state NMR evidence
showing a distinguishable carbamic acid dimer. Mafra et al observed a new chemisorbed species
at 1*C 153 ppm and assigned it to a different type of carbamic acid. This carbamic acid is
believed to be sensitive to moisture and only exists at extremely dry conditions.?’
Although many groups have attempted to use FTIR and solid-state NMR to identify the
chemisorbed products of similar solid amine systems, the inconsistent results reflect the
complexity of the chemical environment and the resulting spectra, which are difficult to
interpret. In this dissertation, we used the consistent set of experimental conditions including
sample activation, density of amine groups on SBA15, and CO; exposure time. We observed that
the chemisorbed species have considerable variability depending on these conditions, and even
such chemisorbed products tended to revert to CO> and reactant amines and desorb under
ambient temperature and pressure.
1.4 Synthesis of amine-SBA15

To synthesize SBAL15, Pluronic P-123 (24.0 g) was dissolved in concentrated HCI (120 mL) and
distilled water (636 mL) in a 2 L Erlenmeyer flask. The solution was then stirred for 3 h at room
temperature. Afterwards, tetraethyl orthosilicate (46.24 g) was added dropwise to the solution. The
solution was then stirred continuously for 20 h at 40 °C. The mixture was then quenched and
filtered with excess distilled water. The resulting white powder was then dried in an oven overnight
at 75 °C. Afterwards, the sample was put into a calcination oven. To calcine the white powder, it
was heated to 200 °C at 1.0 °C min—1, held at that temperature for 2 h, heated to 550 °C at
1.0 °C min—1, held at that temperature for 6 h, and finally cooled to room temperature.
To graft 3-aminopropyltrimethoxysilane, SBA15 was evacuated on a Schlenk line at 120 °C at a

pressure of <20 mTorr overnight. Approximately 2 g of SBA15 was added to a flask with 200 mL



of toluene. Next, the aminosilane (APS, MAPS, and DMAPS) was added to the solution and stirred
at 85 °C for 24 h. The resulting product was then filtered with toluene, hexane, and ethanol and
evacuated on the Schlenk line at 120 °C and at a pressure of <20 mTorr overnight. The physical

properties are derived from nitrogen physisorption and nitrogen content of the resulting products

(Table 1.1).
Adsorbent Surface area (m”g!) | Pore volume (cm’g?) | N content (mmoINg™)
SBA15 950 0.96 -
APS-SBAIS 433 0.56 2.4
MAPS-SBA15 371 0.49 2.5
DMAPS-SBAIS 418 0.52 2.1

Table 1.1 physical properties derived from nitrogen physisorption and nitrogen
content adsorbents.

1.5 Synthesis of ['°N] APS-SBA15

Prior to 3-bromopropylsilane grafting, SBA15 was dried overnight under a pressure of <20 mTorr at 120
°C on a Schlenk line. Approximately 10 mL of toluene per gram of SBA15 and 1.2 mL of distilled water
per gram SBA15 were then added to a pressure tube, and everything was stirred for 2 h at room temperature.
(3-bromopropyl)-trimethoxysilane was then added to the solution, and the sample was heated to 120 °C and
stirred for 24 h. The reaction mixture was then filtered and washed with copious amounts of toluene, hexane,
and ethanol. Subsequently, the sample was put on a Schlenk line and dried overnight at a pressure of <20
mTorr at 120 °C.

The amination of the 3-bromopropylsilane grafted SBA15 was performed in a 50 mL Parr reactor
equipped with a temperature controller, a J-type thermocouple, a 3000 psi rupture disk, and a pressure
gauge. The procedure was similar to that reported previously.'® The stainless steel tubing plumbed to the
reactor was 0.125 inch in diameter and a three way ball valve was used to direct ammonia or helium to the

Parr reactor. A Teflon cylinder that had six evenly spaced holes drilled into it was used as a sample holder.



The sample holder also had an internal screw such that samples could be sealed with a frit under high
pressure. The Parr reactor was kept in a drying oven (100 °C) prior to each use. All reactions were done in
a fume hood. Before each reaction, the empty Parr reactor was further dried by flowing helium at 100 °C
for 2 h. The 3-bromopropylsilane grafted SBA15 was then loaded into the Teflon cylinder and then sealed
with a 0.5 in stainless steel porous disk (2 um). The disk allowed ammonia to permeate the sample holder
while preventing the powder sample from dispersing during pressure changes. The sealed sample holder
was then put into the cup of the Parr reactor, which was then fitted and sealed with a Teflon o-ring. A leak
test was then performed by pressurizing the reactor with 1000 psi of helium. After a successful leak test,
all the helium in the reactor was released. Next, '’NH3 was introduced into the reactor with the outlet valve
closed. To condense as much labeled ammonia into the reactor as possible, the cup of the reactor was
immersed into a Dewar filled with liquid nitrogen. After the temperature of the reactor reached -60 °C, the
inlet valve was shut, and the reactor cup was warmed up to room temperature. While keeping the inlet and
outlet valves closed, the reactor was then heated to 100 °C for 5 h. After the reaction, ammonia was released
into a beaker filled with water. The reactor was further purged with helium for 15 min. The reaction product
was then filtered and washed with copious amounts of aqueous ammonia and dried overnight on a Schlenk
line under a pressure of <20 mTorr and at a temperature of 120 °C. This sample is named ['"N] APS-SBA.
The sample was sent to Atlantic Microlabs (Norcross, GA, USA) for elemental analysis to ensure that no

bromine was left on the sample. The amine loading of ['SN] APS- SBA is 1.5 mmol N/g.



1.6 Overview of chapters

There are four chapters of this dissertation. Chapter 1 is an introduction of solid-state NMR and a
literature review of solid-state NMR of CO> chemisorbed product species on solid-amine
SBAI15. Chapter 2 is describes a series of NMR methods to determine the chemisorbed products
species of solid-amine SBA15. A Combination of *C{**N} REDOR and **N{*3*C} REDOR were
performed on a primary amine, and the results shows the chemisorbed products comprised
carbamic acid, carbamate and possibly bicarbonate. We monitored the desorption process of a
primary amine and found that carbamic acid is the first species to desorb. In chapter 3, we study
the chemisorbed product species under humid (damp) conditions. Hydrated bicarbonate is found
in all three amines: primary, secondary, and tertiary. The hydrated bicarbonate splits into two *C
signals at 100 K. We replaced water with D20 to examine the two 3C signals of bicarbonate, and
the results suggest that different water environments cause chemically and magnetically
inequivalent sites. In chapter 4, we performed DNP NMR on solid-amine SBA15, and the DNP
enhancement enables the 2D correlation spectra. The *3C-'H HETCOR, *N-'H HETCOR, and
29Sj-'H HETCOR data reveal the conformation of the chemisorbed products— carbamate ion pair

is coupled to the SBA surface.
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Chapter 2: 1*°C and ®*N NMR of *CQO>
reacted APS-SBA15

This chapter is based on research described in two publications.

1. Title: Spectroscopic Characterization of Adsorbed 3CO; on 3-Aminopropylsilyl-
Modified SBA15 Mesoporous Silica
Authors: Chia-Hsin Chen, Daphna Shimon, Jason J. Lee, Stephanie A. Didas, Anil K. Mehta,
Carsten Sievers, Christopher W. Jones, Sophia E. Hayes
Adapted with permission from Environ. Sci. Technol. 2017, 51, 11, 6553-6559. Copyright ©
2017 American Chemical Society.
2. Title: N Solid State NMR Spectroscopic Study of Surface Amine Groups for Carbon
Capture: 3-Aminopropylsilyl Grafted to SBA-15 Mesoporous Silica
Authors: Daphna Shimon, Chia-Hsin Chen, Jason J. Lee, Stephanie A. Didas, Carsten Sievers,
Christopher W. Jones, Sophia E. Hayes
Adapted with permission from Environ. Sci. Technol. 2018, 52, 3, 1488-1495. Copyright © 2017

American Chemical Society.

In this chapter, solid-state NMR was used to interrogate the chemisorbed products of 3-
aminopropylsilane functionalized mesoporous SBA15 silica [(APS)-SBA15], which captures CO-
by chemisorption, using three hypothesized chemisorption reactions, shown in Scheme 2.1.1 N
NMR is expected to be very informative in amine-SBA15 materials as it can confirm the reaction
of amines and COx forms carbamate. However, the natural abundance of °N is only 0.365 % which
limits the routine use of "’N NMR;so, isotopic enrichment is often a necessary step. '°N enriched
APS-SBA15 was synthesized and rotational-echo double-resonance (REDOR) experiments were

used to probe the dipolar coupling between 3C and *°N enriched species.
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2.1 Overview of 13CO, reacted APS-SBA15

Solid amine adsorbents are under development because of their low heat capacity and the relatively
low threshold energy to desorb CO,.2 Amine modified mesoporous silica sorbents are promising
materials being evaluated for the capture of CO: released from high-concentration point sources
such as power plants. Research targeted at maximizing the efficiency of CO. uptake often focuses
on the material itself, for example, tailoring different types of amines, varying the pore size of
silica, and adjusting the amine density. Our goal is to study the interaction of CO, with the sorbent
material at the molecular level, determining chemisorption products between CO, and amines to
help maximize that efficiency.

The mechanism of aqueous amines reacting with CO, has been extensively studied.?® When
CO2 becomes absorbed by primary and secondary amines in solution, a carbamate ion pair is
formed.?* In contrast, bicarbonate is the chemisorption product formed by tertiary amines, but only
when water is present.>® This second pathway to bicarbonates is also available to primary and
secondary amines, et it is much less favorable.? Compared to reactions in solution, reactions of
CO- with solid amine adsorbents are more complicated as the solid-state host material’s reactivity
is influenced by several factors, including humidity, partial pressure of CO2, and both the density
and the nature of amine groups. These mesoporous systems are challenging to structurally
characterize with conventional analytical techniques such as X-ray diffraction due to the lack of
crystallinity. FTIR and solid-state NMR are two spectroscopic techniques that can provide
information about structure, especially the local coordination environment of chemical moieties
present in CO> chemisorption products, even in amorphous and surface-bound sites.

The identification of CO> chemisorption products is complicated by multiple reaction products

that can form, including two types of carbamate® (an ion-paired species with an ammonium
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propylsilane moiety, termed “ammonium carbamate ion pair,” and a surface-coordinated
carbamate “silylpropylcarbamate™) as well as bicarbonate.’” Bicarbonate was not found in several
previous studies,®®*! and this species has only been previously observed when the amine groups
are present at low concentrations (termed “low loading”) in parallel with ammonium carbamate
ion pairs.” In a recent study employing in-situ FTIR spectroscopy, multiple adsorbed CO; species
were postulated.*? The similarity of the vibrational stretching frequencies of the important C=0,
NHs*, and COO™ groups in FTIR spectra creates a situation where the experimental spectra are
complex and difficult to interpret.

Solid-state NMR is a complementary tool, particularly well-suited for amorphous or disordered
materials that can provide quantitative information about the adsorption products since such
species (C=0, NHs", and COO") are distinct in NMR. For example, in a recent study of an amine-
modified mesoporous silica sorbent (a hyperbranched aminosilica,)!® two overlapping CO:
chemisorption products were distinguished by the multiple transverse relaxation times (T2) of a

carbon peak where the 2 resonances were overlapped.'4

2.2 Experimental section

['N] APS-SBA15 was synthesized by Jason Lee, a collaboration with Dr. Christopher Jones at
Georgia Institute of Technology, using a literature procedure previously developed in their
group.'® SNHj3 (g) was used to aminate a 3-bromopropylsilane grafted SBA15. The sample was
sent to Atlantic Microlabs (Norcross, GA, USA) for elemental analysis to ensure that no bromine
was left in the sample. The amine loading of ['>N] APS- SBA15 is 1.5 mmol N/g.

['"N] APS-SBA15 was activated through drying at 110 °C under vacuum at 40 mTorr for 4 h in
a round bottom flask using a Schlenk line, subsequently cooled to room temperature, and then

transferred to a continuous-flow nitrogen-purged glove bag. Samples were packed into zirconia
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NMR rotors under N2 gas (to reduce water exposure from humidity). For *CO; loading, the rotor
was placed in a glass tube and connected to a gas manifold. The sample was then evacuated to 40
mTorr and dosed with 1 atm 3CO; for 10 h.

BN{'H} CPMAS NMR experiments were performed on an Oxford 8 mm bore 6.93 T
superconducting magnet with a Tecmag (Houston, TX) console equipped with a4 mm HXY MAS
Chemagnetics probe operating at >N and 'H frequencies of 29.90 MHz and 294.97 MHz,
respectively. The initial '"H CP /2 pulse length was 6 us (evacuated sample) or 2 us (COz loaded
sample), the '"H-'°N cross-polarization Hartman-Hahn contact time was 0.5 ms with an RF field of
~17-20 kHz, and a recycle delay of 2 s. The magic-angle spinning rate was controlled at 5 kHz.

BC{'H} CPMAS NMR and rotational-echo double-resonance (REDOR) were collected with a
14.1 T Bruker superconducting magnet and a Bruker AQS spectrometer equipped with a 4 mm
HCN Biosolids probe with *C, ’'N and 'H frequencies of 150.9 MHz, 60.81 MHz, and 600.13
MHz, respectively (collected at Emory University, in collaboration with Dr. Anil Mehta). The
magic-angle spinning rate was controlled at 10 kHz. The probe exit temperature air was set to be
below 0 °C to stabilize chemisorbed products during acquisition. The initial 'H CP 7/2 pulse width
was 1.9 s, 'H-13C cross-polarization Hartman-Hahn contact time was 3 ms with a 'H RF field
ramped over from the -1 to +1 sideband Hartman-Hahn CP match condition and a '3C CP RF field
of 62.5 kHz. The 'H-'"N cross-polarization Hartman-Hahn contact time was 1 ms with an '"H RF
field ramped over from the -1 to +1 sideband Hartman-Hahn CP match condition and a "N CP RF
field of 50 kHz. '3C m-pulse widths were 4 ps and '°N m-pulse widths were 8 us. ’N{3C} and
BC{>N} REDOR mr-pulses used xy-8 phase cycling'®, and EXORCYCLE phase cycling'” of the
final Hahn-echo refocusing pulse was used to minimize artifacts from RF-homogeneity.'®!

SPINAL-64 'H decoupling”® was used during both REDOR evolution and acquisition. The

18



observed-spin refocusing pulses were centered every rotor cycle, and the dephase-spin pulses were
centered half-way through the rotor period, for maximum dephasing. >’N/**C pulse widths were
optimized for each sample by choosing the pulse width that provided the maximum intensity where
the pulse width was arrayed for a fixed RF field strength with a 54.4 ms REDOR full echo (So)
experiment. C chemical shifts were referenced using adamantane as an external reference with
the —CH resonance set to 38.48 ppm?' and "N chemical shifts were set using spectra were
referenced (with respect to liquid NH3 at O ppm) using the unified scale applying a '>’N/'H ratio of

0.10132912.%2
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2.3 N NMR of ¥CO; reacted [**°N] APS-SBA15

The ®N CPMAS NMR spectrum of *N isotopically enriched APS-SBA15 ([*°N] APS-SBA15) is
complex, consisting of 3 resonances before exposure to *CO2(g) (Figure 2.1a) and 4 resonances
after (Figure 2.1b) as summarized in Table 2.1. After 1*CO, exposure, a new resonance becomes

apparent at 88 ppm in the °N spectrum, and it is assigned on the basis of its chemical shift, to one

a)

b)

AN

T x T E T = T = T = 1

120 100 80 60 40 20 0 .20

SN (ppm)
Figure 2.1 °N{*H} CPMAS of [*°N] APS-SBA15 (a) before
and (b) after 3CO, chemisorption adsorption referenced to
NHs at 0 ppm. The spectra were deconvoluted into multiple
Gaussian peaks listed in Table 2.1.

or more carbamate species.?*>? The resonances at 24 ppm and 32 ppm are assigned to pendant
aminopropylsilane (APS) groups, and have different relative intensities before and after loading
13CO,. The 24 ppm resonance decreases in intensity, consistent with the reaction of **CO; with the
primary amine of [°N] APS-SBA15, forming carbamate (see Scheme 2.1a), and is therefore
assigned to the primary amine nitrogen of [**N] APS-SBA15.2” The resonance at 32 ppm increases
slightly in intensity with CO2 exposure, relative to other moieties, and is thus assigned to the
ammonium propylsilane nitrogen 2>2628 that is jon-paired to carbamate (or bicarbonate, as shown

in Scheme 2.1b). An ammonium propylsilane species ion paired with adsorbed CO> would have
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decreased mobility, leading to less averaging of the ®N-'H dipolar coupling, thereby enhancing
such rigid groups in the experiment. It is worthwhile to note that the ammonium propylsilane
present may also arise from protonation by the silanol groups and residual water on the silica
surface.?® The pendant APS species have been previously shown to hydrogen bond with such
silanol groups.®® Notably, the °N resonance at 44 ppm is not found in samples of APS-SBA15
synthesized by the more traditional route, via grafting 3-aminopropyl silane species,'? yet its
chemical shift is consistent with an alkyl amine.®! Post-grafting amination was conducted by
grafting bromopropylsilanes onto the surface of SBA15 and reacting it with ammonia gas. It is
possible that a newly-formed alkyl amine (APS) can attack a neighboring bromopropylsilane and
form a di-tethered species, which is a secondary amine (Scheme 2.2). Furthermore, primary amines
are also nucleophiles and can compete with the ammonia gas to react with the
bromopropylsilanes.? Therefore, this resonance at 44 ppm is likely a byproduct of the [*°N] APS-
SBAI15 synthesis used here, whereby alkyl halide groups are reacted with ammonia by post-

grafting amination to create alkylamine groups.® More evidence to support the presence of

Table 2.1. >N CPMAS chemical shift of '*CO; reacted ['°’N] APS-SBA15 and the cross-
polarization buildup time constant, Tis.

15N isotropic chemical shift
Chemical species (ppm) Tis (msec)
Aminopropylsilane 24 0.21+0.02
Ammonium
propylsilane 32 0.27+0.06
Ditethered amine 44 0.13+0.01
Carbamate 88 0.09+0.02
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Scheme 2.2 Hypothesized mechanism of formation of
ditethered amines.

detethered amines is the elemental analysis of [*°N] APS-SBA15 shown in Table 2.2. The expected

carbon-to-nitrogen ratio of APS is 3-to-1, however, the [*°N] APS-SBA15 shows a ratio of 5.5-to
-1 indicating more carbon than expected in the sample. The carbon to nitrogen ratio of a ditethered
amine is expected to be 6-to-1. The unexpected carbon to nitrogen ration suggests that there are

mixtures of APS and ditethered amines in the [*°N] APS-SBA15.

C (mmol/g)| N (mmol/g) | C/N

[*°N] APS-SBA15 8.5 1.5 55

Table 2.2 Elemental analysis of [*°N] APS-SBA15
(performed by Atlantic Microlabs (Norcross, GA, USA))

The cross polarization build-up time constants (Tis) are determined through fitting of the °N{*H}
contact time curve in the CPMAS experiment with the equation by Mehring, and are reported in
Table 2.1.% Shorter Tis values indicate a stronger dipolar interaction between nitrogen and protons;
the strength of the interaction is distance dependent and can also vary with dynamic motion, such
that a more rigid (less dynamically averaged) structure will lead to a stronger dipolar interaction.

The Tis of the nitrogen-bearing byproduct (at 44 ppm) is shorter than that of the aminopropylsilane
22



and the ammonium propylsilane groups, which indicates a stronger dipolar interaction between the
nitrogen and proton(s) and supports the idea of a more rigid structure than aminopropylsilane. The
Tis time constant of the carbamate is also shorter than that of the aminopropylsilane and the
ammonium propylsilane groups, even though the N-H bond distance(s) should be relatively
similar, suggesting that when the carbamate is ion paired (or hydrogen-bound to the surface), it is

less mobile.
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2.4 N{3C} REDOR and BC{**N} REDOR of 3CO,
reacted [*°N] APS-SBA15

The ®N-13C bond in carbamate -- assigned to the °N resonance at 88 ppm in the 1*CO,-adsorbed
[**N] APS-SBA -- was evaluated by measuring the dipolar coupling with a **N{**C} REDOR
experiment3*3* with 'H decoupling. The REDOR experiment reintroduces the **N-3C dipolar
coupling that is averaged to zero by magic-angle spinning (MAS) used in °N{*H} CPMAS
(Figure 2.1). REDOR data are collected in two sets of experiments, one with rotor-synchronized
spin-echo m-pulses on the so-called “observed” spin (**N) resulting with the full-echo (So)
spectra and a second set of experiments with dephasing m-pulses on the *C spins (termed “S>).
The rotor-synchronized *C r-pulses in the S spectra reintroduce the dipolar interactions between
15N and *3C spins. The intensity differences between the So (full-echo) and S (dephased) spectra
(AS) are directly related to the *N-3C dipolar coupling. When plotted (see Figure 2.2) as AS/So
to account for °N (observe-spin) relaxation as a function of REDOR evolution time, the
’N{!3C} REDOR data (Figure 2.2) fit well to an isolated **N-1*C spin-pair separated at a
distance of 1.45 A, consistent with a *>N-'3C bond found in amide-like species such as carbamate
and carbamic acid.?®243® It is worthwhile to note here that the REDOR data, approaching a value

of AS/So of ~1.0, suggests that there is little or no exchange of *2C for *C on the timescale of

these NMR experiments (5 to 7 days).
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Figure 2.2 >N{**C} REDOR dephasing of [*°N] APS-
SBA15 reacted with 13CO; for the °N 88 ppm
resonance (shown in Figure 2.1b.) The solid line is the
fit to the data corresponding to a ®N—3C distance of
1.45 A, as described in the text.

The '*C spectrum of the *CO»-adsorbed ['°N] APS-SBA15 is dominated by the chemisorption
product of 3COs; shown in Figure 2.3. Even though a single resonance is seen for '°N
chemisorption product(s), two strongly-overlapped *C carbon resonances are found. The 164 ppm
13C resonance can be deconvoluted into two resonances centered at 161 ppm and 165 ppm,
indicating the presence of at least two chemisorbed reaction products. The less intense resonance
at 161 ppm has been assigned based on previous studies to carbamic acid (RNCOOH.)*” The
chemical shift of the more intense resonance at 165 ppm is consistent with carbamate (RNCOO™
,)> yet is challenging to definitively assign because of the similarity of the chemical shifts of
carbamate and bicarbonate carbons at 164.2 ppm?* and 163.8 ppm,*8 respectively. Both carbamate

and bicarbonate can be formed under the experimental conditions employed here, where the
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Figure 2.3 Expanded region of *C{*H} CPMAS NMR spectra of
13CO, adsorbed [*°N] APS-SBA15. Blue lines are deconvolution

of spectral line shape to two resonances, red is the sum of these
two Gaussians, and black is experimental data.

samples contain surface water, and humidity was not rigorously excluded. Assignments based on
isotropic chemical shift alone are tenuous, as the solution-phase isotropic chemical shift of
bicarbonate is highly pH dependent.** Owing to their similar chemical motifs, carbamate chemical
shifts may also be similarly pH dependent. Therefore, the resonance at 165 ppm is potentially
carbamate, bicarbonate, or both species given their nearly indistinguishable isotropic chemical
shifts (< 1 ppm difference). These assignments were therefore evaluated using coupling from *C
to neighboring '*N spins through REDOR.

BC{>N} REDOR dephasing (where '*C is the observed spin) of the 165 ppm resonance (Figure
2.4) fits well to a '>C spin next to two '°N spins (a three-spin model***!), with one '3C-'°N distance

of 1.42 A, and the second *C-"N distance of 3.13 A. The 1*C-"N distance of 1.42 A is consistent
26



with the direct single C-N bond of carbamate that was observed in ’N{!*C} REDOR (Figure 2.2).
The more distant '°N site is most likely from an ammonium propylsilane ion coordinated with
carbamate. The possibility of the second '°N being a neighboring carbamate can be excluded
because ’N{'3C} REDOR (Figure 2.2) fits well to a single '’N-'3C dipolar-coupled spin-pair,

indicating each carbamate is isolated from other similar species.
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Figure 2.4 BC{®N} REDOR of [*°N] APS-SBA reacted
with 3CO,. The REDOR dephasing of AS/So versus the
dipolar evolution time is shown for the *C 165 ppm
resonance that arises after reaction with *3CO,. Fits to
the data are shown as solid lines and described in the
text.

In the *C{"*’N} REDOR fits, only 90% of the maximum dephasing is reached for the carbamate
165 ppm species. As nearly all '*C-'"N pairs that are formed are isotopically enriched by the
introduction of 1*CO» gas to make the enriched chemisorbed product, and N of ['°’N] APS-SBA15
is enriched at ~98%, the “missing” 10% of the expected intensity at 165 ppm must come from *C
spins that are not proximal to '°N spins. We suggest three plausible hypotheses to account for the

uncoupled '3C spins:
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1) During synthesis of ['°’N] APS-SBA15, 10% of the "’N has exchanged with natural
abundance nitrogen (1*N) leading to carbamates that are not isotopically enriched; the
BC-N carbamate dipolar coupling is not recoupled in the '*C{!*N} REDOR
experiment.

2) The C-N bond is present on a moiety that is undergoing motion that averages the *C-
5N dipolar coupling to zero, making it invisible in the *C{!>N} REDOR experiment.

3) Another 1*C species is present with a chemical shift at 165 ppm that does not have a 1*C-
5N bond, such as a bicarbonate, H'*CO5",

The first hypothesis, that '“N can exchange for '°N, is addressed first, considering the chemical
route for '*N incorporation. One possible source of *N in the synthesis of ['’N] APS-SBA15
comes from the filtration step. The sample was filtered after the amination and washed with an
ammonium hydroxide solution to remove HBr formed as a side product. If some unreacted
bromopropylsilane pendant molecules were present on SBA-15, one might hypothesize that they
could react with *N ammonium hydroxide, to form YN aminopropylsilane. However, NH4" is a
poor nucleophile, and such a reaction at low temperature and with brief exposure is highly unlikely.

We address the second hypothesis, that the loss of '*C {"’N} REDOR intensity at the dephasing
maximum is due to motional averaging of the '*C-1°N dipolar coupling to zero. We note that no
loss is observed in the complementary >N {!3C} REDOR dephasing maximum (Figure 2.2). This
finding shows that all >N present as carbamate is directly bonded to *C, indicating that the '*C-
SN bond has little motion that leads to an average dipolar coupling of zero, and allows us to
discount this hypothesis.

Taken together, this evidence suggests the third hypothesis is the most likely, and we posit that

10% of the signal at 165 ppm is carbon that is not bound to nitrogen, with bicarbonate being the
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most likely candidate. A possible criticism of this assignment can be anticipated, namely that
bicarbonate (an anion) should have weak coupling to a neighboring cation, such as ammonium
propylsilane.

Nevertheless, the potentially distant coupling of 1*C bicarbonate to a neighboring >N would be
weak given the long through-space C-N distance, and in very low concentration. Prior work of
detection of bicarbonate species by FTIR spectroscopy suggested such species form in relatively
small amounts compared to carbamate species.’ In addition, bicarbonate may be paired with an
entirely different cationic species in APS-SBA, such as H;O".*>* Prior studies have shown spectra
of humid CO; on bare silica, where it appears that there is a carbonate-like species forming with
just CO2/water on SBA15.7 However, due to the large surface coverage of amines on the silica
sorbent, there should be little to no free hydroxyl groups with which CO> can interact, making it
unlikely that carbonate-like species form on the ['°N] APS-SBA15 material.

A recent study** on a related material paints a different picture of a chemisorbed CO:> species.
Instead of carbamate, this other study assigns all species to various carbamic acid moieties. We
note that this system utilizes a different host material and a slightly different grafting agent (SBA-
15 functionalized with 3-aminopropyltriethoxysilane, “APTES”). An important contrast to this
other study is that our >N data and our IR spectra indicate the presence of both amine and
ammonium propylsilane groups, whereas this APTES study found only amines present,

demonstrating a key difference between our two systems.

2.5 Desorption of CO;

While CO; adsorption has been shown to result in carbamate, carbamic acid, and possibly other
chemisorption products, this reaction is thermodynamically reversible.!'*>*8 CO, can be released

over time, typically under conditions of heat and vacuum that favor desorption and often lead to
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urea formation.*’*® While CPMAS is inherently not quantitative, at a constant (cross-polarization)

contact time, the relative intensities of the resonances can be helpful for monitoring
(a) ' ' ' t=0hrs
" C —

6, (Ppm)

Figure 2.5 ®*N{*H} CPMAS NMR spectra of [**N]JAPS-SBA15, measured at two times, t, after
loading CO; gas into the sample. The spectra were recorded at (a) t=0 hrs (b) and t=102.2 hrs. The
experimental spectra are shown in black, overlaid with the sum of a;; the fitted Gaussian peaks in
dashed-line magenta. The peaks are assigned: 3-aminopropylsilane (blue), ammonium
propylsilane (green), ditethered secondary amine (red), and chemisorbed products (cyan).
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the sample evolution as a function of time. Thus, we are able to monitor the changes occurring
during CO» desorption using '"N{'H} CPMAS. In this work, the desorption happened
spontaneously. In Figure 2.5, we plot two spectra of the *CO»-exposed ['°N] APS-SBA15 at two
different times after 2*CO, exposure: 0 h and 102.2 h. In this case an o-ring spacer was placed
inside the NMR rotor to slow down the release of CO> from the sample space during the
experiment (maintaining an atmosphere of released CO» gas). Comparing spectra recorded
immediately after CO» loading, and 102.2 h later, there are changes in the intensities of the
different !N resonances, without normalizing the spectra. In particular, the product resonance (d,

e =~ 88ppm) decreases, while the aminopropylsilane resonance (a, 24 ppm) increases.

a b C
(a) (b) o (c) )
NH, NH, ’/rl'vljﬁ
24 ppm 32 ppm 44 ppm
d e f
@ © o o |
HN NH; gy
OH NH H
NF_D
fr ¢
88 ppm 88 ppm

Scheme 2. Chemical structures of species in the [*°N]
APS-SBA15 and their °N chemical shift. (a)3-
aminopropylsilane, (b) ammonium propylsilane,
(c)ditethered secondary amine, (d)carbamic acid ,(e)
ammonium carbamate and (f) surface carbamate

Using the integrated intensities extracted from the deconvoluted >N {'H} CPMAS spectra, the
change in the resonance intensities as a function of time can be monitored, as plotted in Figure 2.6.
Figure 2.6 depicts the total >N intensity (the sum of the integrated intensity from all resonances),

which has a very slight negative slope-- an unsurprising observation for such long NMR
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experiments (where loss of RF tuning and diminution of the optimal CP conditions both contribute
to this effect). Nevertheless, we do not expect a change in the total amount of '°N in the sample
during our experiments. To correct for this slight slope, the total decreasing intensity was fitted
with a linear function. We then divided all the curves in Figure 2.6 by the linear function, thus
deconvoluting the effect of the change in total intensity from the loss of CO; products as a function
of time. The corrected curves are plotted in Fig. 2.6b, where the amplitudes of the curves are
plotted as a fraction of change of each curve.

Examining Fig. 2.6b, it is clear that the chemisorbed product intensity and the 3-
aminopropylsilane intensity change concurrently, and with a similar timescale. We note that the
fractional change between the product resonance (decrease) and the 3-aminopropylsilane
resonance (increase) differ slightly. However, given the low signal-to-noise ratio of the latter, it is
difficult to assess with certainty if this effect is real.

Also in Fig. 2.6b, we see that the ditethered secondary amine intensity, as well as the sum of the
3-aminopropylsilane, ammonium propylsilane and chemisorbed product intensities can be
considered constant during this experiment. It may be surprising that the ditethered secondary
amine does not react with CO», as there are reports in the literature that show carbamate formation
on secondary amines. The difference here may be the rigidity of the ditethered secondary amine
(as shown by the >N contact time curve), making it less likely to react with CO, than the singly-
tethered secondary amines discussed in the literature, perhaps due to difficulty in interacting with

a second N-bearing group to accept a proton from a carbamic acid intermediate.
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Figure 2.6 Integrated intensities of different >N peaks as a function of time, t, after loading CO: gas into the
[*N] APS-SBA15 sample. The peaks are assigned to: 3-aminopropylsilane (blue, a), ammonium
propylsilane (green, b), ditethered secondary amine (red, ¢), chemisorbed product (cyan, d and e), total
intensity (magenta), and the sum of 3-aminopropylsilane + ammonium propylsilane + chemisorbed products
(black). (a) Integrated intensity in a.u. and (b) fraction of change of the intensity overlaid with the fitting to

single exponential functions (black lines).
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It is curious to note that the ammonium propylsilane signal does not change as a function of
time. This is unexpected for several reasons. This protonated form of APS is believed to ion-pair
with carbamate;'? yet counterintuitively, when the chemisorbed product is lost over time, this
resonance remains constant. In a recently published paper, we showed the '°N spectrum of ~1.5
mmol N/g >N-APS SBA 15 sample before and after loading with CO; (the “before” spectrum was
heated under vacuum as described in the Materials and Methods section).*” The data show that
when CO is loaded into the sample, we saw a decrease in the 3-aminopropylsilane resonance, and
an increase in the ammonium propylsilane and the chemisorbed product resonances. This suggests
that the formation of the carbamate is stabilized by ammonium proplysilane when CO; is
introduced into the sample (note that the 3C{'H}-CPMAS of the same sample showed the

formation of both carbamate and carbamic acid).*’

This leads to the question: upon the loss of
chemisorbed product, why is the ammonium propylsilane not changing? As such, there are several
possible explanations for what is taking place in our sample:

1. The fact that the ammonium propylsilane signal persists when CO2 is removed from the
sample suggests that ammonium carbamate is not lost during CO» desorption. Therefore,
it is likely that at least two nitrogen-bearing products are formed when COz is introduced
into the sample, and we cannot resolve the two using >’N-NMR at 7T (both appear at 88
ppm). One of the products has previously been assigned as carbamate (see Scheme 2.2,
species €). The second product is likely carbamic acid (see Scheme 2.2, species d) (also
seen in the '3C spectrum), but could also be surface bound carbamate (see Scheme 2.2,
species f).%

a. Carbamic acid: As can be seen in Scheme 2.1, carbamic acid is not ion-paired to

any ammonium propylsilane groups; therefore, its desorption would not result in
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a change in the ammonium propylsilane. Carbamic acid is known to be less stable

9142337 and, therefore, it would make sense that

than ammonium carbamate
carbamic acid would be the dominant species lost in Figure 2.6, leaving behind

ammonium carbamate.

b. Surface bound carbamate: The second species is a surface-bound carbamate that
is not stabilized by proplyammonium. In this case, the proplyammonium would
be independent from the surface bound carbamate, and therefore, its
concentration would remain flat. However, there is no reason to expect that
surface-bound carbamate would be less stable that ammonium carbamate during
desorption. Moreover, surface-bound carbamate has been shown to form at low

APS concentrations, but not at higher concentrations due to steric hindrance.®®

2. Another less likely scenario is that the carbmate that has been formed is able to convert
to bicarbonate. In the presence of water, bicarbonate is known to form, and could act to
stabilize the ammonium propylsilane. We have shown that bicarbonate is formed in small
quantities during '*CO, chemisorption.** The bicarbonate would not be visible in a
N {'H}-CPMAS experiment because it does not contain a nitrogen, but this conversion
from carbamate to bicarbonate would result in no change in the proplyammonium

intensity (and a decrease in the chemisorbed product resonance at >N 88 ppm).

In 13C solid-state NMR, two resolved peaks are observed in the region that corresponds to
carbamate and carbamic acid;* however, only one '°N resonance is discernable here. With this
additional knowledge provided by '*C, and given the discussion above, vide infra, the product °N

resonance (88 ppm) is attributed to two species, ammonium carbamate and carbamic acid.
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2.6 Conclusion

In summary, we have found the chemisorption products of *CO; reacting with ['*N] APS-
SBA1S5 are comprised of carbamic acid, carbamate, and a carbon moiety that lacks any adjoining
nitrogen, which we assign to bicarbonate. The combination of "N{'3C} REDOR and its
counterpart, *C{!>N} REDOR, makes a compelling case for such an assignment. N{!*C}
REDOR shows that the carbamate nitrogen species are subject to a single '’N-'3C distance
consistent with a directly bonded pair. In contrast, '>*C{"*N} REDOR (at the resonance frequency
where both carbamate and bicarbonate overlap) shows carbon interacting with multiple '°N sites—
a directly-bonded '*C-""N pair, and a more distant interaction, likely an ammonium propylsilane
moiety with which the carbamate would ion pair. The *C{!°N} REDOR dephasing did not build
up to the full 100% intensity that is expected, and the significance is that the “missing” intensity
would be attributable to '3C resonating at 165 ppm and not in dipolar contact with '°N. Bicarbonate
is a species that is consistent with these findings and has been previously identified by FT-IR in
related work,” and proior studies of (related) hyper-branched amino silica solid amine sorbet.'*

The synthetic route for preparation of the '’N-enriched APS is different from other preparations,
and NMR spectroscopy was used previously'? to examine structural differences between the
natural abundance and enriched samples. A new '°N resonance that was observed in the amine

region has been assigned to a di-tethered amine.
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Chapter 3: 13CO» reacted amine-SBA15 in
humid conditions

This chapter is based on research described in the following publication.

Title: The “Missing” Bicarbonate in CO2 Chemisorption Reactions on Solid Amine Sorbents
Authors: Chia-Hsin Chen, Daphna Shimon, Jason J. Lee, Frederic Mentink-Vigier, Ivan Hung,
Carsten Sievers, Christopher W. Jones, Sophia E. Hayes

Adapted with permission from J. Am. Chem. Soc. 2018, 140, 28, 8648-8651. Copyright © 2018

American Chemical Society.

In this chapter, we discuss the unexpected finding of a hydrated bicarbonate formed by
chemisorption of 3CO, on aminopropylsilane (APS), methylaminopropylsilane (MAPS), and
dimethylaminopropylsilane (DMAPS) pendant molecules grafted on SBA15 mesoporous silica.
The most commonly-used sequence in solid-state NMR, *C CPMAS, failed to detect
bicarbonate in these solid amine sorbent samples; therefore, we have employed a Bloch decay
(“pulse-acquire”) sequence (with *H decoupling) to detect such species. The water that is present
likely contributes to dynamic motion of the bicarbonate product, thwarting CPMAS but enabling
direct 3C detection by shortening the spin-lattice relaxation time. Since solid-state NMR plays a
major role in characterizing chemisorption reactions, the detection of previously elusive
bicarbonate species (which are also challenging to observe in IR spectroscopy)! represents an
important advance. We note that employing this straightforward NMR technique can reveal the
presence of bicarbonate that has often otherwise been overlooked, as demonstrated in APS, that
has been thought to only contain adsorbed CO- as carbamate and carbamic acid species.? As in
other systems (e.g, proteins), dynamic species that sample multiple magnetically-inequivalent

environments have resonances that tend to broaden as their motion is “frozen out.” Here, we
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show two distinct bicarbonate species upon cooling to = 100 K, and coupling to different protons
is shown through *C-*H HETCOR measurements. This chapter demonstrates that bicarbonates
have likely been formed in the presence of water but have gone unobserved by NMR due to the
nature of the experiments most routinely employed, perspective that will transform the way the
sorption community will view CO: capture by amines, as well as protocols for performing

experiments.

3.1 Overview of bicarbonate in humid conditions

The formation of bicarbonate in CO> chemisorption reactions on solid amines has been debated
in the past.!*® Solid-state NMR is used extensively to characterize chemisorption products
because the method can determine structures of these non-crystalline systems. NMR can be
employed in a manner that leads to quantification of products, as well as reactants, and can detect
side products that are formed.” ' In NMR in particular, the bicarbonate '*C chemical shift appears
at a range of values, depending on the environment that contributes to the shielding experienced
by the *C nucleus, and hence is sensitive to pH.!! As a result, bicarbonate moieties may appear at
different frequencies in similar samples, and the NMR resonance may even be masked by that of
more prominent carbamate or carbamic acid resonances.!'? Carbonate (CO3%") is not observed here,
because conditions that favor its formation (pH > 11) are not present. In this work,

dimethylaminopropylsilane species (DMAPS) grafted onto SBA15 was selected as an ideal

Scheme 3.1 Proposed reaction of CO; with DMAPS in the
presence of water.

\ N/
N— ‘NH D
+ H0 + CO, =—— & oH
DMAPS bicarbonate
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“model” system for characterization by solid-state NMR. (Scheme 3.1) While tertiary amines such
as DMAPS are not of practical importance in carbon capture applications due to their low CO-
uptake,® they have been chosen for study here because the only chemisorption product that can
be formed is a bicarbonate which requires the presence of water.!** The highly-utilized (and
studied) primary and secondary amines (such as APS and MAPS) can adsorb CO,, forming both
carbamate and bicarbonate species.'** For DMAPS there is no obfuscation of the bicarbonate
signal with that of carbamate or carbamic acid, which is critical since all three moieties appear in

a similar chemical shift region and are therefore very difficult to discriminate from one another. 146

3.2 Experimental section
Sample preparation: Dimethylaminopropylsilane (DMAPS), methylaminopropylsilane (MAPS)

and aminopropylsilance (APS) pendant molecules were added to the surface of SBA15
mesoporous silica, forming “solid amine sorbents” (hereafter simply referred to as “DMAPS,”
“MAPS,” and “APS” respectively). These sorbents were each activated though vacuum followed
by heating to remove any residual adsorbed gases. Typical procedures were as follows: the
sample was placed in a round bottom flask at 105 °C and 40 mTorr vacuum for 4 hours.
Subsequently, 40 mg of this activated DMAPS (or MAPS, APS) was mixed with 40 mg water
and packed into a zirconia rotor for solid-state NMR. The packed rotor was then put (uncapped)
into a glass sample holder, connected to a gas manifold, and then loaded with 1 atm of **CO;
(Sigma-Aldrich, 99% 3CO,). Exposure times to this gas ranged from 10 hours to 20 hours after
which the rotors were capped and out in sample vials. As reported previously for APS, MAPS,
and DMAPS, respectively,™ surface area for each material was found to be 433, 371, and 418
m2gL, pore volume is 0.56, 0.49, and 0.52 cm3g%, and nitrogen content is 2.4, 2.5, and 2.1

mmolNg™.
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Solid-state NMR: Spectra were examined at multiple solid-state NMR facilities, including labs

at Washington University, Department of Chemistry; the National High Magnetic Field
Laboratory, Tallahassee, FL; the NMR Laboratory in the Department of Chemistry, Ohio State

University facility; and the Georgia Institute of Technology NMR Center.

Room-temperature (RT) experiments: 3C{*H} MAS and CPMAS spectra of 13CO, reacted APS
and MAPS were recorded at 14 T with a Bruker 2.5 mm HX probe operating at $3C frequency of
148.31 MHz and *H frequency of 589.84 MHz. For 3C{*H} Bloch decay NMR at room
temperature, typical m/2 pulse widths were 7.5 ps, using a recycle delay of 10 s. For *C{*H}
CPMAS, the contact time was 2 ms, and a recycle delay of 6 s was used. The MAS rotational
frequency was set 10 kHz. *C{*H} CPMAS of DMAPS at room temperature was recorded at 7
T with a 5 mm HXY MAS Chemagnetics probe operating at **C and *H frequencies of 74.17
MHz and 294.97 MHz, respectively. The contact time was 2 ms, the recycle delay was 4 s, and

the MAS rotational frequency was 5 kHz. Data were recorded at Washington University.

Low-temperature (100K) experiments: C{*H} MAS and CPMAS spectra of 13CO; reacted
APS, MAPS, and DMAPS were recorded at 14 T with a Bruker 3.2 mm HXY LTMAS probe
operating at 13C frequency of 150.93 MHz and H frequency of 600.27 MHz. For 3C{*H} Bloch
decay at room temperature and 100 K, the 7/2 pulse width was 4.5 us, the MAS rotational
frequency was 10 kHz, and a recycle delay of 10 s (RT) and 30 s (100K) were used. For 3C{H}
CPMAS, the contact time was 2 ms, and the recycle delay of 10 s at 100 K. Data were recorded

at The Ohio State University NMR facility.

Intermediate-temperature (223K-250K) experiments: 23 C{*H} CPMAS of 3CO,-reacted DMAPS

at variable temperatures (250 K and 223 K) were recorded at 9.4 T operating at a *C frequency
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of 100.56 MHz and *H frequency of 399.92 MHz. The contact time was 2 ms, the recycle delay
was 4 s, and the MAS rotational frequency was 10 kHz. Data were recorded at the Georgia

Institute of Technology facility.

Low-temperature (~97 K) 3C-'H HETCOR experiments: the HETCOR spectrum of *CO,-
reacted DMAPS was recorded at 14.1 T with a Bruker 3.2 mm HCN LTMAS probe operating at
13C frequency of 150.89 MHz and H frequency of 600.11 MHz. The BC{*H} CPMAS contact
time was set to 150 ps, and a proton decoupling power of 100 kHz. The spinning speed was set
to 7 kHz, and the recycle delay was optimized and set to 19.5 s. The HETCOR spectrum was
obtained with 64 points in the indirect dimension while applying supercycled PMLG5%%,
homonuclear decoupling®’!8, optimized as detailed in Ref 1°. The scaling factor (s = 0.59) and
proton chemical shift were obtained by applying the sequence under the same conditions to a

solid-state glycine sample. Data were recorded at National High Magnetic Field Laboratory.

3.3 BC NMR of BCO; reacted wet DMAPS

Figure 3.1 shows C{'H} NMR spectra for '*CO-reacted DMAPS that was dampened
substantially with water prior to 1*CO, gas exposure. Figure 3.1a is the result of a room temperature
(“RT”) Bloch decay magic-angle spinning (MAS) NMR experiment and shows a very narrow (for
solid-state NMR) 270 Hz "*C resonance centered at 163 ppm (experiments with and without 'H
decoupling were identical; here, 'H decoupling is included for all experiments for consistency).
Figure 3.1b is a '*C{'H} CPMAS spectrum at RT and shows that no signal is observed. (Note: a
very small signal can be observed on occasion, with no discernable correlation to experimental
conditions, simply reflective of better or poorer Hartmann-Hahn matching). Below, are two low-

temperature 100 K NMR experiments: Figure 3.1c is *C{'H} Bloch decay MAS NMR, and Figure
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3.1disa BC{'H} CPMAS experiment. In both, the single room-temperature resonance is separated

into two species, which are broadened considerably and shifted from that of the bicarbonate signal

DMAPS
--tertiary amine

a) RT
Bloch decay

b) RT
CPMAS

ANNASAN NN TN AANN A e s SN NNANS AN

c) 100 K
Bloch decay
d) 100 K
CPMAS
I v 1 v 1 v 1 v 1
175 170 165 160 155

3"°C (ppm)

Figure 3.1 Bicarbonate *C NMR from CO,-reacted
DMAPS-SBAL15: a) and b) at room temperature (RT)
via BC{*H} MAS Bloch decay NMR (“pulse-acquire”),
and *C{*H} CPMAS, respectively; c) and d) at 100 K
by the same sequences, as indicated on the figure.
Rotational frequency for MAS, vr, was 10 kHz.

at RT. The similarity of appearance between the two spectra shows that both are in hydrogen-rich

sites, where a better signal-to-noise ratio is obtained with CP.

What is significant is that the low temperature experiment shows that '*C {'H} CPMAS is now
feasible under low temperature conditions, even though it “failed” at room temperature. With
dynamic motion arrested, cross-polarization is possible, suggesting that dynamic averaging occurs
in highly hydrated samples at RT. Upon freezing, there is an induced speciation into two

magnetically-inequivalent sites. We find that the Figure 3.1 observations can be “cycled” between
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low and high temperatures, and the speciation is reversible. That is, when the sample is warmed,
a single resonance is observed again at room temperature. We surmise that one of the two signals
is hydrated bicarbonate, but now “motionally-arrested”, thereby permitting efficient 'H-'3C dipole-
dipole coupling. The other resonance is slightly more challenging to assign. The two species are
shifted in frequency from one another, indicating these are different chemical environments;
however, both species are assigned as bicarbonate, as other forms of chemisorbed CO> on tertiary
amines (i.e., carbamate, carbamic acid) are not expected. Carbonate (CO3>) is a possibility in
highly basic environments; however, this species has not been found in these solid amine systems
(but cannot be conclusively ruled out.) In order to determine the chemical identity of the second
species, we look to the example of a related system: "N{'H} CPMAS of pyridine in SBA15 at
120 K to 130 K.?>?* by Buntkowsky and co-workers. In this work, two pyridine signals were

observed by N NMR, assigned to a surface-bound species, and a “free” pyridine. At room
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temperature, one pyridine resonance was observed. Another example is the study of dipeptide
adsorbed SBA15 by Jayanthi et al., two different characteristic adsorbate sites were identified—a
so-called “frozen” conformation arising from interactions with the surface, and one where the
adsorbate adopts an “isotropic-like motional state.”**?> We have examined a series of spectra over
temperatures ranging from 100 K to room temperature. The narrow bicarbonate resonance at 250
K broadens and shifts slightly to high frequency at 223 K, and a second resonance is evident as a
small shoulder, denoted by an arrow in Figure 3.2. Figure 3.2 shows the beginning of evident for
two-site exchange between these resonances, where the NMR signals arise as a weighted average
between two sites, with a “coalescence region” in between. Such exchange phenomena have also
been observed in a dipeptide of glycine-(2,2)-dz-alanine adsorbed on SBA15 in the presence of

minimal amounts of water,?* at 4 to 7 H,O molecules/nm?.

M..
\ M

yi
160 . 1';'0 . 1&0 . 1&0 . ,8‘“0‘7I0'6I0..‘.':0'4I0'3I0.2lol1lﬂl (IJ .-1I0
8'°C (ppm)
Figure 3.2 Variable temperature '*C{'H} CPMAS from
water-dampened *CO,- reacted DMAPS solid-amine
sorbent at 250 K and 223 K. The enriched bicarbonate
signal(s) appear in the region from 160-170 ppm; the sp’
carbons (at natural abundance) on the
dimethylaminopropyl pendant species are shown in the
region from 5 to 65 ppm.




In an attempt to further characterize the two sites, '>*C-"H HETCOR at low temperature (100 K)
was performed. Figure 3.3(a) shows a 2-dimensional '*C-'"H HETCOR plot that shows the two
bicarbonate signals at low temperatures are coupled to different protons, leading to their chemical-
and magnetic-inequivalence. The '3C resonance at 162 ppm has cross-peaks with two proton
environments, at 3.5 ppm and 5.5 ppm for 'H. The *C resonance at 168 ppm has only one cross-
peak at 'H = 4 ppm, which is consistent with the proton chemical shift of “physisorbed” water.?®
Xu et al. used in situ solid-state NMR to monitor the adsorption of water in porous silica and found
multiple water environments including adsorbed water (interacting, hydrogent-bonded, with the
surface hydroxide) at 'H 5.4 ppm and another physisorbed water environment at 'H 3.8 ppm that
does not couple to the surface. We surmise that the 168 ppm resonance couples to the water that
is not hydrogen-bonded to the surface, such as a hydrated bicarbonate in the “middle” of the
SBA15 pore structure. The 162 ppm resonance couples to another water environment,?® that we

describe using the rest of the HETCOR plot.
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Figure 3.3 BC-'H HETCOR of bicarbonate from **CO; reacted DMPAS-
SBAI15 at 100 K. (a) carbonyl carbon region at contact time of 150 ps and
(b) aliphatic carbon region at contact time of 500 us. The dash line at 2.5
ppm is assigned to CH» and CHs and the dash line at 5.5 ppm is assigned to
the H-bonded surface hydroxide.

Figure 3.3(b) shows the aliphatic carbon region and the assignments of carbon in pendant
DMAPS. These sp’ carbons in DMPAS have cross-peaks with a 'H chemical shift at = 2.5 ppm,
the protons of methyl and methylene groups. Carbon 1, 2, and 3 in a DMAPS have another cross-
peak with the 'H = 5.5 ppm resonance, noting this correlation is weak and does not appear at short
contact times. The 'H = 5.5 ppm chemical shift is consistent with the proton chemical shift of
surface Si-OH hydroxide which is hydrogen bonded to water.>?¢?° This correlation suggests that
the carbon backbone of DMAPS couples to the surface hydroxide, and the more distant carbons 4

and 5 do not show any coupling. One possibility for why carbons 4 and 5 do not show any
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correlation to 'H at 5.5 ppm could be due to motional averaging from slow methyl rotation
(averaging all *C-'H couplings but the directly-bonded *C-'H interaction). Notably, the '*C
resonance at 162 ppm has a cross-peak to this 'H =~5.5 ppm proton which suggests that this
bicarbonate is also close to the surface hydroxide. A proposed model of two bicarbonates is
dipicted in Scheme 3.2, where the two bicarbonates couple to different water environments. The
13C 168 ppm resonance is surrounded by water and is distant from the surface, and the °C 162
ppm species is coupled to surface adsorbed water at Si-OH sites and the protons from water at 3.5

ppm that are not hydrogen-bonded to the surface.

bicarbonate
C 168 ppm

phy51sorbed ’ water

H 4 ppm
PP blcarbonate

¢ Pc162 ppm
_\
DMAPS@& "~ !
[}

adsorbed water+ SiOH ol

'H 5.5 ppm |

Scheme 3.2 A proposed model of pendant DMAPS on a pore surface of SBA15
mesoporous silica. Water on the silica indicated by “droplet” shapes (“—OH), and
water hydrating bicarbonate away from the surface is the shaded blue sphere. Two
bicarbonates from water-damped, **CO, _reacted DMAPS-SBA15 at 100 K. The
dotted line represents coupling.
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3.4 13C NMR of CO; reacted wet DMAPS (DO exposure)

We probe further this model of two bicarbonate '*C signals at 100 K, one close to surface and
another further away from the surface surrounded by physisorbed water as detailed in section 3.3.
To examine this model, we use D20 in place of H>O to facilitate the reaction of DMAPS and '*CO»
to form both deuterated bicarbonate and its hydration. In theory, only the bicarbonate signal that
is coupled to the surface hydroxides (that still possess their 1H’s) will show in *C{'H} CPMAS.
The other bicarbonate, surrounded by D,O, will not show up in *C{'H} CPMAS because there is
no *C-'H dipolar interaction present. *C{'H} CPMAS of D0 wetted *CO; reacted DMAPS is
shown in Figure 3.4. The red line represents *C{'H} bicarbonate spectrum formed when using

H>O, and the black line represents bicarbonate formed using D>O. There are still two resonances

—D,0
——H,0

180 175 170 165 160 155 150
5 °C (ppm)

Figure 3.4 ®C{*H} CPMAS of *CO; reacted DMAPS-

SBAI15 at 100 K. Black line represents bicarbonate

formed from H,O exposure and red line represents
bicarbonate formed from D»O exposure.
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in the D,0O-exposed DMAPS, and the 168 ppm resonance is attenuated with D>O uses. It is possible
that the surface hydroxide protons are exchangeable; so, a small amount of D>O exchanges with
the surface hydroxide and becomes mostly HDO. The *C 168 ppm bicarbonate now is surround
by D>O, HDO, and possibly some H>O, which results in an attenuated CP signal compared to the
H,0-exposed experiment. Figure 3.5 shows '*C-'H HETCOR of '*CO; reacted wet DMAPS (D20
exposed) at 100 K. Five '3C resonances at 0-60 ppm are assigned to the aliphatic carbons in pendant
DMAPS (referred to Figure 3.3) with protons still present on the sp® carbons. They have similar
cross-peaks with 'H at 3.3 ppm, which are protons of methyl/methylene. The two '*C resonances
of bicarbonate in Figure 3.5 show more complex correlations but better resolution than the
HETCOR of Figure 3.3. Figure 3.3 resonances were not as resolvable because of the strong
homonuclear dipolar interactions due to a large amount of H2O wetting the samples. The two
bicarbonates have new cross-peaks in Figure 3.5. By using D20 to react with DMAPS and form
bicarbonate, it reduces the strong 'H-'H dipolar interaction and reveals new cross-peaks. Both 1*C
resonances at 162 and 168 ppm couple to protons at 3.3 ppm, which is the H’s the carbon backbone
of pendant DMAPS. The coupling of the two bicarbonates to the pendant DMAPS is consistent
with our proposed reaction in Scheme 3.1, with additional caveat— that both bicarbonates are in
proximity with neighboring pendant DMAPS but with the 162 ppm resonance in a distinct (now-
resolved) environment. The different proton environments lead to two '*C chemical shifts of
bicarbonate: the 162 ppm resonance corresponds to the bicarbonate that is close to the surface
hydroxide, further coupled to adsorbed water and the sp’ carbons. 168 ppm resonance corresponds
to the bicarbonate that is far away from surface and coupled to the physisorbed water, but also in

proximity to the sp® carbons to allow for dipole-dipole interactions to these.
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Figure 3.5 3C-'H HETCOR of bicarbonate from D0 exposed *CO, reacted DMAPS-SBA15at
100 K. The dashed line at 3.3 ppm is assigned to CH, and CH3 and the dashed line at 5.5 ppm is
assianed to the H-bonded surface hvdroxide.
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3.5 18CO, reacted APS and MAPS

Aminopropylsilnae (APS) and methylaminopropylsilane (MAPS) are two other relevant pendant
species that with H>O present react with CO and form chemisorbed products species, which can
be carbamate, and bicarbonate (Scheme 3.3). (More details can be referred to Chapter 2). To
demonstrate the generality of the presence of bicarbonate in other pendant amine systems, in
Figure 3.6 we show a pair of 3C solid-state NMR spectra for a related **CO,-reacted primary
amine pendant molecule, aminopropylsilane (APS), in SBA15. Adsorbents containing these
functional groups have been widely studied by 3C NMR after exposure to *C02.2% Again, in
the presence of water, using *C{*H} MAS Bloch decay, we observe both a bicarbonate signal
(at 161 ppm) and a second signal that we have assigned previously*® at 164 ppm to carbamate
(Figure 3.6a). Also, notable in the **C{*H} CPMAS spectrum shown in Figure 3.6b is a tiny
signal attributable to bicarbonate. Substantial motional averaging of bicarbonate decreases the
intensity of this signal when relying on dipole-dipole coupling between *H and *3C spins in
CPMAS, hence the signal is challenging to record when relying cross-polarization. Figure 3.7

shows the *3C NMR of 3CO; reacted secondary amine methylaminopropylsilane, (MAPS)-

@ R H R
N-R +N-R
_//C\
+ HO + CO; =—— o) OH
R=CHgs, H bicarbonate
® R R o
NH N—(- HN'
@]

R=CHs, H carbamate

Scheme 3.3 Proposed reaction of CO; with a primary
amine and a secondary amine.
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SBAI15. The 3C resonance at 164 ppm is assigned to carbamate (see chapter 2) The 161 ppm
resonance also shows the same chemical shift as bicarbonate in APS and DMAPS, and an
attenuated CP signal due to motional averaging, which we assign to bicarbonate.

We have shown that bicarbonate is able to be formed in three types of amines: primary,
secondary and tertiary. As shown and discussed in Section 3.3, bicarbonate turns into two
distinct *C resonances when cooled to 100 K: 168 ppm, which we assign to the bicarbonate
coupled to “interior” water which does not couple to the surface, and 162 ppm, which is the
bicarbonate that couples to the surface-adsorbed water. Figure 3.9 is the 3C{*H} CPMAS of
13CO, reacted wet APS, MAPS, and DMAPS at 100 K where carbamate at 164 ppm and the two
bicarbonate resonances may all be present. The two bicarbonate signals are also found in the

primary and secondary amines, APS and MAPS.
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Figure 3.6 *CO;- reacted water-dampened
aminopropylsilane (APS)-SBA1S5 solid-amine sorbent
forms both carbamate and bicarbonate, evidenced by
13C NMR at room temperature: a) via *C{'H} MAS
Bloch decay, and b) via '*C {'H} CPMAS.

{ IMAPS
---secodary amine

a) Bloch decay

b) CPMAS
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Figure 3.7 13CO»- reacted water dampened
methylaminopropylsilane (MAPS)-SBA15 solid-amine
sorbent forms both carbamate and bicarbonate, evidenced
by *C NMR at room temperature: a) via *C{'H} MAS
Bloch decay, and b) via *C {'H} CPMAS.
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Figure 3.8 *C{*H} CPMAS of water-dampened 3CO;
reacted solid amine sorbents at 100 K. Top is DMAPS
(3° amine), middle is MAPS (2° amine) and the bottom
is APS (1° amine). The dashed line at 168 and 162 ppm
represents the two bicarbonate signals. The blue line
represents the peak deconvolution, red represents the
sum of fitted peaks, and black represents experimental
data.
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3.6 Test of water confinement effects

Mesoporous silica has a high surface area and contains pores and channels of similar sizes
resulting in a variety of applications such as catalysis, drug delivery, and gas storage.*® To
increase the efficiency of these applications, it is critical to consider host-guest interactions and
the thermodynamic changes of confined guest molecules. It is not known if guest molecules
confined in nanoscale pores of solid-amine sorbents show different properties from those in the
bulk.®! Examples of confined molecules changing properties include the decreased of the melting
point of confined water by ~ 50 K (273 K to 223 K) and liquid-like of behavior of confined
solid-state ibuprofen.®:32 The binding strength to the inner surface of mesoporous silica can
determine the dynamic properties of confined guest molecules. It has been reported in
mesoporous silica that as few as 4-7 water molecules per nm? can induce local motion of bound
guest molecules on the silica surface.?*

In the water-dampened *CO- reacted amine-SBA15, hydrated bicarbonate shows liquid-like
behavior which leads to inefficient CPMAS. It brings up a question: what causes the dynamic
motion of bicarbonate? Is the dynamic motion induced by the surrounding water, or is the
bicarbonate in a confined environment and adopting liquid-like behavior? To examine if the
confinement induces the dynamic motion of bicarbonate, we used microsopic SiO; particles
(Cabosil, fumed silica) as the amine support instead of SBA15 (a porous silica.) Figure 3.10
shows the *3C NMR of water-dampened *3CO, reacted APS-Cabosil. Using a Bloch decay, we
observe two resonances at 164 ppm and 161 ppm. The 164 ppm resonance is assigned to
carbamate, and the *3C 161 ppm resonance is assigned to bicarbonate (see Section 3.5.) The
bicarbonate shows dynamic motion on high surface area fumed silica and has an attenuated CP

signal, suggesting that the dynamic motion is not induced by confinement since this is not a
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mesoporous material. Figure 3.11 shows the 3C NMR of *CO; reacted DMAPS-Cabosil. The
only chemisorbed product of DMAPS (a tertiary amine) that can be formed is bicarbonate
(Scheme 3.1), and again, bicarbonate is found on this high surface area fumed silica with amine
pendants, not requiring nano-confinement for motional narrowing. The *C 161 ppm resonance is

assigned to bicarbonate and in exhibiting dynamic behavior causing inefficient CP.
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(a) CPMAS

(b) Bloch decay
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Figure 3.9 Water-dampened and '*CO»- reacted aminopropylsilane (APS)-
Cabosil, solid-amine sorbent forms both carbamate and bicarbonate,

evidenced by *C NMR at room temperature: (a) via *C{'H} CPMAS, and
(b) via BC{'H} MAS Bloch decay.

(a) CPMAS

(b) Bloch decay
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Figure 3.10 Water-dampened and '3CO»- reacted
dimethylaminopropylsilane (DMAPS)-Cabosil form bicarbonate
evidenced in 3*C NMR at room temperature: (a) via *C {'H}
CPMAS, and (b) via 3C{'H} MAS Bloch decay.
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3.7 Conclusion

Using conventional NMR data collection procedures at room temperature, the bicarbonate '3C
signal is significantly attenuated—or absent ;therefore, the chemisorption products may potentially
be missed or “mis-assigned” inadvertently by using this standard technique. Because Bloch decay
is so infrequently successful, owing to the long '*C T relaxation times that are typically found in
solids, it is a sequence that is not often employed. Thus, these '*C NMR data show how researchers
might have overlooked important chemisorbed products, and it is imperative that both CPMAS
and MAS Bloch decay sequences be applied to study these CO; capture reactions in solid amine
sorbents in the future.

In summary, a single narrow resonance at 163 ppm observed in *C{'H} Bloch decay NMR of
DMAPS, MAPS and APS grafted onto mesoporous silica, is assigned to bicarbonate. We show in
this work, to our surprise, that bicarbonates have likely been present all along under humid
conditions, but they may have been missed by solid-state NMR. We selected DMAPS, a tertiary
amine adsorbent, to identify the adsorbed product—bicarbonate--but then extended the
metholodology to show that the same species also form on primary and secondary amine-
containing samples. CPMAS of hydrated-bicarbonate formed from DMAPS is only consistently
possible at very low temperatures, because this species shows dynamic motion caused by
surrounding water.!>!* The motion is arrested at 100 K, where bicarbonate then appears as two
chemically-distinct species: one that retains a hydrated “shell”, and one is associated with the
surface of the solid-amine sorbent. The two-site exchange model between bicarbonate surrounded
by water and surface-bound bicarbonate at intermediate (223 K and higher) is consistent with other

literature precedent and our data. Therefore, researchers exploring CO> adsorption in materials are
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cautioned to perform both Bloch decay and '*C{'H} CPMAS in order to examine the possible

existence of bicarbonate.
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Chapter 4: DNP of *CO> reacted amine-
SBAI15

Here, we use DNP to enhance the solid-state NMR studies of APS (aminopropylsilane)-SBA15.

The purpose is to interrogate the nature of amine-CO2 binding via **C, ©*N and 2°Si DNP NMR
to differentiate between many possible reaction products. The proposed reaction of CO2 and APS
is shown in Scheme 3.1. The DNP enhancement also enables 2D correlation spectra of amine-
CO2 reacted species.

H o .
NH, N—- HaN
0

+ COZ —_—

Scheme 4.1 Hypothesized mechanism of CO2 and APS.

4.1 Overview of DNP

Solid-state NMR is a powerful technique in characterizing structures especially the local
coordination environment of amorphous and disordered materials. It is therefore a well-suited
tool for mesoporous systems such as amine-SBA15.2° However, solid-state NMR suffers from
low sensitivity. Isotopic enrichment is one solution to enhance the signal intensity, but is both
costly due to the high cost of the isotopically enriched reagents and can introduce impurities
from side products during the labeling process. Dynamic nuclear polarization (DNP) NMR
spectroscopy is another promising method to enhance the sensitivity of solid-state NMR by
several orders of magnitude. It employs a radical species such as nitroxide to enhance nearby
nuclear spins while irradiating the sample with both microwave and radio-frequency pulses to

acquire the DNP NMR signal.2® The most common way to introduce the DNP radical agent into
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materials is to impregnate the DNP solution. The process includes making a DNP solution,
which is made by dissolving a radical in solution and then mixing the DNP solution with the
material to be studied. There are several parts in the wetness impregnation that affect the DNP
enhancement such as the choice of solvent, the concentration of DNP solution, and the amount of
the DNP solution mixing with samples.? One technical limit of DNP NMR experiments is that
the experiments must be conducted at <100 K because of more efficient polarization transfer
from electron to nuclei at 100 K. One issue with this scheme, therefore, is that the materials may
exhibit different structural details at room temperature compared to 100 K. In this chapter, we
show the success of DNP NMR on spectroscopy of the amine-SBA15 and prove that the material

can survive at 100 K with DNP solution present.

4.2 Experimental section

NMR experiments: All DNP data were collected in collaboration with Prof. Anne Lesage, Dr.
David Gajan, and Dr. Dorothea Wisser, CNRS. DNP was performed on a Bruker 9.4T NMR
system (approximately 400 MHz for *H) and a microwave frequency of 263 GHz. Experiments
were performed in 3.2 mm zirconia rotors with an HXY MAS probe. Samples (powders) were
combined with a liquid solution of the TEKPol radical species’ in 1, 1, 2, 2-tetrachloroethane
(TCE) (16 mM concentration) using the impregnation technique®, and samples were loaded in an
inert atmosphere glovebox. Experimental DNP data were recorded at a sample temperature of

105 K.

DNP was performed on the *3CO. loaded amine-SBA15. We observed good enhancement of the
samples with TEKPol in TCE. There are two enhancement factors (¢) to evaluate whether DNP

works. One enhancement factor, & (*H/**C CP, TCE), is measured by comparing the *H and *C
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CP intensities of the TCE signals with and without microwave irradiation. These measurements
help optimize polarization transfer, including evaluating the concentration of DNP solution,
microwave power. Another enhancement factor, € (**C, carbamate) is measured by comparing
the 13C intensities of chemical component in which we are interested. In our case, it is a
chemisorbed product species such as carbamate, with and without microwave irradiation. The
value represents the enhancement at the surface of the material where this moiety is exposed to

the DNP solution, and to evaluate how the DNP radical enhances the material’s signal.

Sample preparation: The synthesis of APS-SBA15 and [°N] APS-SBA15 can be found in the
previous chapter. The sample was pretreated at 110 °C for 3 h under vacuum in a round-bottom
flask on a Schlenk line and cooled to room temperature. The valve of the round-bottom flask was
closed, and the flask was transferred to a continuous-flow nitrogen-purged glovebag for packing
into glass tubing and subsequently connected to the gas manifold. The sample was then
evacuated to 30 mTorr and dosed with 1 atm of *3CO. for 10 h. The glass tubing was flame
sealed and then shipped to Lyon, France. The tubing was opened in the glove box. The sample

was mixed with the radical which follows the procedure described in the NMR experiments.

4.3 13C and >N DNP NMR of APS and [**N] APS

Figure 4.1 shows *C{*H} DNP CPMAS of *CO, reacted APS (4 mmol N/g). The resonance at
76 ppm is assigned to TCE which is from the DNP solution. The *C{*H} DNP CPMAS of
13CO;, reacted APS looks no different from the room temperature *C{*H} CPMAS NMR data
(chapter 2), showing that neither the radical nor the low temperature affects the APS and
chemisorbed species. Three resonances found at 0-50 ppm are the natural abundance of *C
resonances of APS pendant molecules. The 164 ppm resonance is the chemisorbed product

species, which is assigned to an carbamate ion pair.
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Figure 4.1 3*C{*H} DNP CPMAS of $3CO; reacted
APS-SBA15 (4 mmol N/g) and TCE is solvent from the
DNP solution. * denotes a spinning sideband.

The °N isotope has a natural abundance of 0.365 %.° Consequently, its observation without
isotopic enrichment is very challenging. We have acquired N CPMAS using DNP of the APS
sample (at natural abundance). Notably, since we cannot differentiate carbamate and bicarbonate
by 3C CPMAS, ®N CPMAS can at least confirm the presence of carbamate. By ®°N{*H} DNP
CPMAS, the N NMR detection is enhanced. >N{*H} DNP CPMAS NMR of 3CO; reacted
APS is shown in figure 4.2. The chemisorbed product peak is at 88.3 ppm, and it is assigned to
carbamate. The resonance at 33.3 ppm is assigned to a protonated aminopropylsilane which is
denoted as “ammonium” in this dissertation (the counter ion of either carbamate or bicarbonate),
and the shoulder at 24.3 ppm is unreacted APS.1° The assignment of °N resonances can be

deferred to chapter 2.
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Figure 4.2 SN{*H} DNP CPMAS of 3CO; reacted APS
(4 mmol N/g). Blue line represents deconvolution, red
line represents fitted peaks and black line represents
experimental data.
13C{'H} DNP CPMAS of [**N] APS-SBAI15 is shown is Figure 4.3 for comparison. The 3C

resonances at 0-60 ppm are assigned to the natural abundance carbon backbone of pendant APS.
Notably, there are four resonances for these carbons instead of three due to the ditethered
byproduct of the °N labeling synthesis whose characterization is given in chapter 2.
Interestingly, the sample was not intentionally exposed to **CO-, however there is a small peak
located at 164 ppm. This resonance is consistent with carbamate, the chemisorbed product (at
natural abundance). It is possible that even without sample activation, the sample is still able to
adsorb atmospheric CO; leading to this carbamate signal. *>N{*H} DNP CPMAS of [*°N] APS-
SBA15 is shown is Figure 4.4. The assignments are identical to those reported in chapter 2. (24

ppm is the APS amine, 32 ppm is ammonium, and 48 ppm is the ditethered byproduct.) Similar
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to C{*H} DNP CPMAS (Figure 4.3), there is a small carbamate peak at 88 ppm due to

atmospheric CO. reacting with the pendant amines.

TCE

carbamate

2(I)0 I 1%0 I 1(I)0 I 50 0
8'3C (ppm)

Figure 4.3 3C{*H} DNP CPMAS of [*°N] APS-SBA15
(1.5 mmol N/g).
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Figure 4.4 SN{'*H} DNP CPMAS of [**N] APS-SBA15
(1.5 mmol N/g). The blue line represents deconvolution,
the red line represents fitted peaks and black line
represents experimental data
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4.4 DNP HETCOR of APS and ["°N] APS

Here, we use DNP to enhance our signal so that it is possible to perform 2-dimensioanl
experiments such as HETCOR to provide correlation information between carbon to proton and
nitrogen to proton.

Figure 4.5 shows °*N-'H DNP HETCOR of *CO; reacted APS. The °N resonance peaked near
32 ppm clearly contains multiple resonances. It can be deconvoluted into two *°N peaks. The
shoulder at 24 ppm is assigned to amine (APS) and 32 ppm is assigned to ammonium. The
presence of the 24 ppm resonance suggests there are some residual unreacted amines. The
ammonium has cross-peaks with two proton environments, ~ 1 ppm and 9 ppm. The *H chemical
shift of sp3C methylene and pendant amines are in the range of 1-3 ppm. Therefore, it suggests
that >N ammonium could be coupled to both methylene *H’s and amine 'H’s of APS (on its
backbone or a neighboring pendant). Another cross-peak at 9 ppm to the *H from ammonium is
consistent with the short-range coupling. This is evidence confirming presence of ammonium
(the counter ion to carbamate) which is consistent with the conventional model of carbamate ion
pairing. The N resonance at 88 ppm is assigned to carbamate, and it has a cross-peak with the
same methylene proton. The H at a sp3-carbon could be from the pendant backbone of the
chemisorption product or a neighboring APS. Figure 4.6 is a plot overlapping two *N-'H DNP
HETCOR spectra of [*°N] APS at two contact times, 250 ps and 1ms. A small °N resonance at
88 ppm is found corresponding to carbamate *°N from amines adventitiously reacting with
atmospheric CO,. The *N carbamate resonance has cross-peaks with two distinct protons at
different contact times. Carbamate is correlated with *H at 4.8 ppm at the shorter contact time,
which we deposit is the directly-bonded proton of carbamate. At the longer contact time, the

experiment allows increased *H-H spin diffusion, so the proton signal of carbamate becomes
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less resolvable in the proton bath including the proton of methylene, amine, and ammonium.
Here, since we observe N of ammonium and carbamate directly, there are few ambiguities

assigning protons of carbamate and proton of ammonium by **N-*H DNP HETCOR.

13C-'H DNP HETCOR of 3CO; reacted APS (4 mmol N/g) is shown in Figure 4.7. The *C

resonance at 164 ppm is assigned to carbamate from *CO, chemisorption, and three resonances

at 0-40 ppm are assigned to the carbon backbone (natural abundance) of APS. The resonance at
70 ppm is from the DNP solvent, TCE. The 3C resonance of carbamate has a strong cross-peak
with the proton at 2 ppm with a long “tail” that extends up to 12 ppm. *H at 2 ppm is in the range
of methylene and amine protons. The spectrum is consistent with the previous finding (in Figure
4.7) that carbamate couples to methylene and amines in the *°N-H DNP HETCOR. The long tail
of the cross-peak at 164 ppm is interesting because a similar correlation was not found for °N-
!H DNP HETCOR. It is possible that the proton of carbamate (at 4.8 ppm for *H) and proton of
nearby ammonium in the ion pair (9 ppm) are both present resulting in a long tail. Another
possibility is that carbamate-bearing pendant bends to the surface and couples to the surface
hydroxides that are present on silica (H of = 5.5 ppm). The hydrogen bonding between
carbamate, surface and water molecules on the surface could lead to similar chemical shifts, such

that the protons overlap each other and cannot be resolved.
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Figure 4.5 >N-'H DNP HETCOR of *CO; reacted APS
(4 mmol N/g). Contact time is 1 ms. Dotted line at ~1
ppm corresponds to *H’s of CH2, NHz or both, and
dotted line at 9 ppm corresponds to *H’s of NH3".
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Figure 4.6 >N-'H DNP HETCOR of [*®*N] APS (1.5 mmol N/g). Black
represents 250 s of contact time and blue represents 1 ms of contact
time. Dotted line at 4 ppm corresponds -HNCOO".
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Figure 4.7 3C{*H} DNP HETCOR of $3CO; reacted
APS (4 mmol). The contact time is 1 ms. Dotted line is a
guide to the eye.

4.5 2Si{13C} DNP REDOR of APS using 2Si-‘H HETCOR

The enhancement of DNP allows us to perform 2-dimentional experiments that would be too
time consuming with conventional NMR. To understand the interaction between *CO; reacted
APS and the silica surface, the Lyon group performed the proton edited 2°Si{**C} REDOR
experiments.!! The REDOR spectra are recorded as a series of 2D 2°Si-'H HETCOR spectra,

where each spectrum corresponds to either a So (without dephasing pulses) or S (with $3C

H ]DUMBO DUMBO JcpP SPINAL-64

112 2 [ _ l _
13C I I

Figure 4.8 proton edited 2°Si{**C} REDOR sequence.
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dephasing pulses). Slices are then extracted along the proton dimension to follow the dephasing

effect of a given carbon resonance. The sequence is depicted in Figure 4.8.

The 2°Si-'H DNP HETCOR of *CO; reacted APS is shown in Figure 4.9. The spectrum shows
two 2°Si resonances at ~ -100 and ~ -68 ppm, and the chemical shift is consistent with Q3 (Si
(OSi)3(OH)) and T3 (RSi(OSi)s, R being the alkyl chain) correspondingly.%12 Q3 (Si (OSi)3(OH))
couples to two protons at 2.5 ppm and 6.8 ppm. The 'H at 2.5 ppm is the surface hydroxide'* and
6.8 ppm resonance is a surface hydroxide that is hydrogen bonded to other species such as H.O
or APS.1315 Here, we examine the surface hydroxide of Q3 sites to see if there is interaction
between surface hydroxide and carbamate. The slices which are corresponding to the hydroxide
at 2.5 ppm are extracted to follow selective dephasing of *C carbamate (164 ppm). If there is no
dipolar interaction of carbamate and surface hydroxide, then there would be no intensity
difference with or without *C dephasing pulses. The results are shown in Figure 4.10. At a
shorter dephasing time of 0.16 ms, the two spectra look identical with error on the order of noise.
After 0.16 ms, each spectrum begins to show differences when compared to the spectra with 3C
dephasing pulses. This difference arises if carbamate dipolar coupled with the surface hydroxide.
If carbamate experiences such surface-mediated dipole-dipole coupling, we posit that carbamate
is oriented (or tilted) toward the surface. Furthermore, the long tail in the *3C-'H HETCOR for

the 164 ppm resonance reflects a range of dipolar coupling — not discrete 2-spin interactions.
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Figure 4.9 2°Si-'H DNP HETCOR of *CO; reacted APS. Dotted line at 1

ppm represents CHy, 2.5 ppm represents OH, and 6.8 ppm represents OH in
hydrogen bonds.

Reference, ty.,, = 0.16 ms
REDOR, ty.,, = 0.16 ms
Reference, tye,, = 15 ms  Reference, tye,, = 60 ms
REDOR, t4,, = 15 ms REDOR, t,.;, = 60 ms
Reference, ty.,, = 30 ms
REDOR, tyepn = 30 ms
Figure 4.10 2Si slices in 2°Si-*H DNP HETCOR of *CO; reacted APS
are extracted at 8*H 2.5 ppm with 3C dephasing pulses and without
dephasing pulses. Reference represents without *3C dephasing pulse and
REDOR represents with 3C dephasing pulse.
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4.6 Conclusion
We show that DNP was successfully performed on the amine-SBA15. Both *C and **N could be

observed at natural abundance. The chemisorbed species, carbamate, was found in *C{*H} DNP
CPMAS and N{*H} of *CO; reacted APS. However, the 1D spectra were not enough to fully
understand the system. The DNP enhancement enabled 2D HETCOR spectra to be recorded. The
combination of **N-*H DNP HETCOR and **C-*H DNP HETCOR gave a picture of dipole-
dipole interactions between APS and carbamate. Carbamate and ammonium (the counter ion of
carbamate), show strong coupling to methylene 1H’s and this interaction could be from the
pendant, neighboring APS, or both. We report the -HNCOO- of carbamate is 4.8 ppm and NH3*
of ammonium is 9 ppm by *N-H DNP HETCOR. The long “tail” found in **C-'H DNP of
carbamate resonance suggests there is has hydrogen bonding to the surface silanol groups.
Furthermore, we use slice-selective 2°Si-'H HETCOR to designate resonances for targeted *C
REDOR dephasing by 2°Si{**C} DNP REDOR of $3CO; reacted APS. The ?Si spectra show
differences between So (without dephasing pulses on the 3C carbamate signal) and S (with *3C
dephasing pulse on carbamate) which suggests that the carbamate experiences a dipole-dipole

interactions to the surface hydroxide.
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Chapter 5: Conclusions and future directions

5.1 Conclusions

We have interrogated the interaction of CO2 and solid amine sorbents, primarily through
employing solid-state NMR to study these materials. Multiple chemisorbed products species
were found in spectra including *C, and N CPMAS. However, the chemical shift assignment
alone was not enough to determine the possible chemisorbed product species. More advanced
NMR techniques were therefore used to confirm the formation of carbamic acid, carbamate ion
pairs, and bicarbonate in the primary amine, aminopropylsilane (APS) reacting with *3CO, under
“dry” condition (not intentionally adding water) : (1) *N{**C}REDOR of APS allows us to
determine the strength of the heteronuclear dipole-dipole interaction of chemisorbed product
species, from which we were able to extract the distance information of both the directly-bonded
C-N pair carbamate (at 1.42 A) and the more distant C-N interaction between the *3C on
carbamate and its counterion, ammonium *°N (3.13 A). Furthermore, some of the reduced
intensity of the 3C{**N} REDOR curve (the lack of a buildup to 100%) is consistent with the
presence of bicarbonate as a side-product in the chemisorption of CO. on APS. (2) Monitoring
the product intensity over time suggests carbamic acid overlaps with carbamate in °N spectrum,
and carbamic acid, being less stable, converts to amine as the sample ages. (3) We show DNP
NMR is able to resolve structures of in the mesoporous surfaces of the solid amine sorbents and
with good enhancement. By using the 2D HETCOR (via DNP) including **C-tH, **N-H, and
295i-1H, these data elucidate interactions of the carbamate ion pair and SBA15 surface. The
coupling in 3C-'H and ?°Si-*H HETCOR suggest the carbamate is coupled to the surface through

hydrogen bonding to Si-OH.
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Under humid (or water-dampened) conditions of solid amine sorbents reacting with 3CO,, we
found bicarbonates are able to be formed in all three types of amine: primary, secondary, and
tertiary. Water not only facilitates the reaction of amines and CO2 to form bicarbonate, but also
induces dynamic motion of bicarbonate leading to very inefficient detection by CPMAS NMR,
the most ubiquitous solid-state NMR technique used to detect *3C. In order to test the hypothesis
of dynamics interfering with the NMR experiments at room temperature, the materials were
cooled down to temperatures as low as 100K. The single room temperature bicarbonate signal in
the tertiary amine, DMAPS (where bicarbonate is the only chemisorption product), turns into two
bicarbonate signals, at 162 and 168 ppm,at these low temperatures, indicating two magnetically-
and chemically-inequivalent bicarbonate species. By using D20 in place of water to wet the
solid-amine sorbent prior to *CO, exposure to reduce the strong homonuclear interaction from
'H in H20, we were able to assign the bicarbonate signals by **C-*H HETCOR: One bicarbonate
(*3C 168 ppm) is surrounded by water which does not couple to the surface, and the other
bicarbonate (**C 162 ppm) is coupled to the surface water. Both are in close enough proximity

to couple to the protons on the sp? carbons of the pendant groups.

5.2 Future directions

The ultimate goal for studying the solid-amine sorbents is to find better materials to capture CO..
We chose a series of amines (APS (1°), MAPS (2°), and DMAPS (3°)) as model compounds to
probe the interaction of CO2 and solid amine sorbents. Insights from NMR will allow researchers
to develop practical and cost-effective solid amine sorbents materials, meaning higher CO>
uptake such as amine polymers, poly(ethyleneimine) (PEI), with lower energy costs for post-
capture regeneration. For example, the finding of bicarbonate enters a relatively recent debate

about its existence in these solid-amine sorbents, because it is believed to require higher energy
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to regenerate the materials. In addition, the new finding to test for the presence of bicarbonate by

using Bloch decay NMR s critical for the entire community that characterizes these materials.

One practical aspect is to study experimental conditions that mimics real flue gas conditions such
as humidity, and mixed gases (N2, NO2, SO>). The study could be explored in several ways: (1)
An investigation to see if acid gases such as NO2 and SO, would affect the structures of solid
amine sorbents. To characterize the structures of solid amine sorbents after acid gas exposure to
see if there are any changes in dry and humid condition. (2) Load *CO2 to examine if the
chemisorbed products are the same without acid gas exposure. And more importantly, are the
products still reversible after acid gases exposure? (3) Load mixed-gas on the solid-amine
sorbent and characterize the chemisorbed products. Is CO> of the flue gas the most favored gas to
be adsorbed on solid-state amine sorbents, and are the **CO2 chemisorbed product species the
same when other acid gases present such as N2+CO2, and H20 vapor+CO2+NO.? (4) Does the
experimental condition that mimics the flue gas affect the CO2 adsorption efficiency, and how
does it affect? Is the changed efficiency from structural changes of solid amines or from

unexpected chemistry happen in the system?

Numerous questions can be derived from combinations of solid supports, different amines
infiltrating the high surface area materials, different conditions of temperature and humidity
under which the gas is captured (or released), and whether flue gases need some level of pre-
treatment before exposure to the sorbent. Solid-state NMR provides a “window” into many of

these processes, as the materials are engineered to assist with CO> reduction.
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