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ABSTRACT: Boron adsorption properties of poly(styrene-co-divinyl-

benzene) (PSDVB)-based anion-exchange resins with surface-grafted

N-methyl-p-glucamine (NMDG) depend strongly on their local surface

compositions, structures, and interfacial interactions. Distinct boron

adsorption sites have been identified and quantified, and interactions

between borate anions and hydroxyl groups of NMDG surface moieties

have been established. A combination of X-ray photoelectron

spectroscopy (XPS), solid-state nuclear magnetic resonance (NMR),

and Fourier-transform infrared (FT-IR) spectroscopy were used to

characterize the atomic-level compositions and structures that directly

influence the adsorption of borate anions on the NMDG-functionalized

resin surface. Surface-enhanced dynamic-nuclear-polarization (DNP)-

NMR enabled dilute (3 atom % N) tertiary alkyl amines and quaternary

ammonium ions of the NMDG groups to be detected and distinguished with unprecedented sensitivity and resolution at natural
abundance “N (0.4%). Two-dimensional (2D) solid-state ''B{'H}, *C{'H}, and ""B{''B} NMR analyses provide direct
atomic-scale evidence for interactions of borate anions with the NMDG moieties on the resin surfaces, which form stable mono-
and bischelate complexes. FT-IR spectra reveal displacements in the stretching vibrational frequencies associated with the O—H
and N—H bonds of NMDG groups that corroborate the formation of chelate complexes on the resin surfaces. The atomic-level
compositions and structures are related to boron adsorption properties of resin materials synthesized under different conditions,
which have important remediation applications.

B INTRODUCTION

Highly cross-linked polymers with surface-grafted acidic or
basic functional groups are used to adsorb and exchange
counterions from aqueous and organic solutions. The ion-
exchange properties of such polymer resins can be adjusted by
incorporating suitable surface functional groups for different

applications'” and in the production and processing of diverse
engineering materials, such as glasses, ceramics, fertilizers,
20-23 . .

Despite their

high technological importance, much remains unknown about
the relationships between the compositions, structures, and
properties of boron-containing materials, especially those

detergents, catalysts, and semiconductors.

technological applications including desalination,”” chroma-
tography-based separation and purification,’ and catalysis.*”°
For example, naturally occurring chitosan polymers or
synthetic styrene-divinylbenzene copolymers grafted with
surface COO™ or SO;™ functional groups have been shown
to exchange cations' or anions’~” when surface-grafted with
sorbitol,'’ mannitol,'" and N-methyl-p-glucamine (NMDG)
groups.'”"” Ton-exchange resins have also been used to
catalyze reactions, such as alkylation, isomerization, oligome-
rization, acylation, esterification, and nitration'*™'® and have
long been recognized for their environmental remediation
applications.”'>">'”'® Of particular interest, ion-exchange
resins have been used to reduce boron concentration levels
in soil, surface, and wastewaters, including as part of
decontamination efforts in Fukushima, Japan. Boron-contain-
ing materials are also used extensively in power generation
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involving dilute surface species.

In particular, many commercial boron-adsorption ion-
exchange resins are based on polymers grafted with NMDG
functional groups.'”'***** For such materials, the hydroxyl
groups of the NMDG moieties exhibit high binding affinity
toward borate anions.””*° This imparts the NMDG-function-
alized polymers with high boron adsorption capacities and
correspondingly favorable separation efficacies, compared to
728 electrodialysis,”
polymer-enhanced ultrafiltration,”® and sorption,*"** which

.2
other approaches such as reverse osmosis,
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Scheme 1. Schematic Diagrams of Different Amination Products That May Be Present on the Surfaces of PSDVB and NMDG

Surface-Grafted Resins”

“(A,C) Tertiary and (B,D) quaternary ammonium moieties with (A,B) and without (C,D) polyhydroxyl groups and (E) a sugarlike species.

tend to rely on weak noncovalent interactions. The reversible
interactions of borate anions with hydroxyl groups have been
exploited in the development of boron sorbents based on
nitrogen-doped graphene oxide surface-grafted with hydroxyl
groups,” diol-functionalized silica particles,”* and Nylon-6
fibrils grafted with NMDG moieties.”” The resulting boron-
adsorption properties of ion-exchange resins depend strongly
on their surface compositions and structures and also on
reaction conditions, such as, pH, temperature, concentration,
diffusion, and the transport properties of exchangeable ions.
While reaction conditions can be adjusted to improve the
boron-adsorption properties of the resins, molecular-level
understanding of how their surface compositions and
structures influence or account for such properties has been
limited. This has been due, in part to (i) poor solubility of the
resins in aqueous or organic solvents, which makes solution-
state characterization methods impractical, and (ii) the
heterogeneity of resin surfaces, which limits the utility of X-
ray scattering, electron microscopy, and standard surface
characterization methods. Nevertheless, boron-adsorbing res-
ins have been characterized by Fourier-transform infrared (FT-
IR) spectroscopy, scanning electron microscopy (SEM), mass
spectrometry (MS), and NMR spectroscopy.”* Such methods
provide structural information on complementary length and
time scales, though until now they have provided limited
insights on site-specific molecular-level interactions and
adsorption behaviors of borate anions adsorbed on the
heterogeneous resin surfaces. It has been hypothesized that
boron adsorption occurs by forming chelate complexes
between borate anions and hydroxyl groups of NMDG
moieties on the polymer surface,””*> although little direct
evidence has been available to date to establish the interactions
between borate anions and surface functional groups.

The nanoscale sensitivity and resolution of solid-state NMR
spectroscopy enables site-specific molecular interactions and
structures to be measured and distinguished in heterogeneous
materials lacking long-range structural order.>*? In particular,
interatomic proximities between dipole—dipole-coupled nuclei
can be established by analyses of powerful 2D correlation
NMR spectra. Recently, one-dimensional (1D) solid-state ''B
MAS NMR has been used to probe local boron environments
in chelate complexes of ion-exchange resins and supra-
molecular hydrogels.*”*" Similar analyses of solid-state 1D
'H and *C MAS NMR spectra have yielded insights on surface
compositions and structures of ion-exchange resins, though the
signals are often poorly resolved, due to distributions of species
associated with the polymer substrate (e.g., polystyrene) and
surface-grafted NMDG functional groups. In principle, the use
of solid-state N MAS NMR can also provide information on
“N-containing surface moieties with improved resolution,

though it is rarely used because of the low natural isotopic
abundance of >N (0.4%) and the often-low elemental contents
of N (<5 atom %) at NMDG-functionalized resin surfaces.
Crucially, DNP-enhanced solid-state NMR provides large
sensitivity enhancements that enable surface compositions,
structures, and properties of '*N-containing surface moieties to
be detected and analyzed with unprecedented sensitivity and
resolution, including for natural abundance ISN. DNP-NMR
techniques have been used to characterize the surface
structures and properties of zeolites and supported catalysts,
hydration properties of cements, porous solids, and poly-
mers, ™! which were previously infeasible by using conven-
tional NMR or other methods.

Here, complementary X-ray photoelectron spectroscopy
(XPS) and solid-state surface-enhanced DNP-NMR analyses
were conducted to elucidate the local surface compositions and
structures of NMDG-functionalized resins, as functions of their
syntheses and boron-adsorption conditions. The molecular-
level proximities and structures of chelate complexes on the
resin surfaces can be established by using powerful 2D
'H{'H}, "B{'H}, "B{"'B}, and "*C{'H} correlation NMR
techniques. These enable different types of boron adsorption
sites on the resin surface to be identified, which can
subsequently be quantified by using direct-excitation 1D ''B
MAS NMR. The results yield new quantitative insights on
surface compositions and site-specific boron interactions that
account for the boron-adsorption properties of the anion-
exchange resins.

B EXPERIMENTAL SECTION

Materials and Methods. Poly(styrene-co-divinylbenzene)
(PSDVB) resin and N-methyl-p-glucamine (NMDG) were purchased
from Sigma-Aldrich and used as-received. DIAION CRBO3 resins
were used as a representative case study, because different batches can
exhibit significantly different boron-adsorption properties. Different
DIAION CRBO3 ion-exchange resins, each before and after exposure
to boron, were obtained from Mitsubishi Chemical Co. and used as-
received. DIAION CRBO3 is a special grade of boron ion-exchange
resin that adsorbs boron at low concentrations and has an adsorption
capacity of 15—29 mg of boron per 1 g of NMDG-functionalized
resin. DIAION CRBO03 boron-adsorbing resins are generally
synthesized by chloromethylation of polystyrene, followed by
amination with NMDG moieties as shown in Scheme 1.

Characterization. SEM micrographs were obtained at room
temperature using a FEI XL40 Sirion FEG digital scanning electron
microscope at 40 000X magnification and 7 kV electron beam voltage
(Figure 1a). Powder X-ray diffraction (XRD) experiments were
performed at room temperature on a PANalytical Empyrean Multi-
Function powder diffractometer using Cu Ka radiation with a
wavelength of 1.54 A. Powder patterns were acquired by varying 26
angles between 5° and 60° that were scanned at a rate of 12°/min.
The powder X-ray diffraction pattern (Figure 1b) of the boron-
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Figure 1. (a) SEM image of a boron-adsorbed NMDG-functionalized
resin with the specifications given in Table 1. The micrograph was
acquired at room temperature using a 7 kV electron beam and at
40 000X magnification. (b) Powder XRD pattern of the same resin
measured at room temperature exhibiting a broad reflection centered
at 17°, corresponding to a d-spacing of 0.26 nm associated with the
strong 77— interactions between PSDVB backbone moieties.

adsorbed resin exhibits a broad reflection centered at 17° (d-spacing
of 0.26 nm, as calculated from Bragg’s law), which is associated with
strong 7m—7 stacking interactions of the PSDVB moieties. XPS
measurements were conducted at room temperature on a Kratos Axis
Ultra X-ray photoelectron spectrometer. Survey XPS sweeps were
acquired over the range of 800—100 eV with a pass energy of 160 eV
in increments of 0.5 eV; high-resolution XPS scans were conducted
for O 1s (541—525 eV), C 1s (296—276 eV), and N 1s (410—390
eV) with a pass energy of 40 eV and a step size of 0.05 eV. Elemental
compositions of surface C, O, N, and B atoms were estimated by the
deconvolution of XPS signal intensities with Gaussian distributions
using Casa XPS 2.3.1S software (Casa Software Ltd., Teighnmouth,
Devon, UK.), corresponding to O (532.8 + 0.3 V), N (402—399
eV), C (284-292 eV), and B (191.7 + 0.4 eV) moieties.
Concentrations of borate anions and metal ions were determined
by using inductively coupled plasma (ICP) optimal emission
spectroscopy (Table S1). Solid-state FT-IR experiments were carried
out at room temperature using a Thermo Scientific Nicolet iS10 FT-
IR spectrometer equipped with a smart diamond attenuated total
reflectance (SD-ATR) accessory to acquire mid-infrared range
frequencies between 4000 and 500 cm™'. Physicochemical properties
such as porosity, mean particle size, surface area, and salt-splitting
capacity of the DIAION CRBO3 series resins are given in Table 1.
The salt-splitting capacity was determined by titrating resin surfaces
containing quaternary ammonium ions with counteranions.*”
Surface-Enhanced DNP-NMR Spectroscopy. The local N
environments of functional moieties on the resin surfaces were
characterized by using surface-enhanced N{'H} cross-polarization
(CP)-magic-angle spinning (MAS) DNP-NMR spectroscopy. DNP-
NMR techniques exploit electron spin polarization transferred to
nuclear spins via hyperfine interactions at low temperature (here, 92
K) by continuously irradiating electron spins with microwaves at the
electron Larmor frequency (263 GHz at 9.4 T). In principle, such
polarization transfer can yield NMR signal enhancements according
to the ratio of y./y,, where ¥, and y, are the respective gyromagnetic
ratios of the electron and nuclear spins. This leads to theoretical
sensitivity gains of up to ~660, ~2600, and ~6600 for 'H, *C, and

Table 1. Physicochemical Properties of Boron Adsorbing
Anion Exchange Resins®

before boron after boron

property exposure exposure
boron content (ppm) 0.1 2500
total exchange capacity (A + B+ C + D) 2.73 2.73

(mmol/g)

salt splitting capacity (B + D, mmol/g) 0.52 0.52
specific surface area (m?/g) 35 35
pore radius (nm) 30 30
mean particle size (mm) 0.56 0.56

“Schematic structures of A, B, C and D are shown in Scheme 1.

SN nuclei, respectively, which opens new opportunities for analyzing
surface compositions for a range of functional materials. The observed
sensitivity gains, however, depend on material compositions, the type
of polarizing radical, solvent, temperature, microwave power and
magnetic field strengths. Samples for DNP-enhanced "N NMR
experiments were prepared by the incipient wetness method;**37>% a
combination of 20 mg of resin and 20 uL of 16 mM TEKPol in
1,1,2,2-tetrachloroethane (TCE)>*” was thoroughly mixed using a
glass rod at room temperature to ensure macroscopically uniform
distribution of the polarizing biradicals on the resin surfaces, resulting
in a pastelike sample.”**™>° The sample was then immediately
transferred into a 3.2 mm (outer diameter) sapphire MAS rotor,
sealed with a polytetrafluoroethylene insert, fitted with a Vespel rotor
cap, and inserted into the precooled DNP-NMR probehead. All solid-
state DNP-NMR measurements were conducted on freeze-dried resin
samples (92 K) on a 9.4 T Bruker AVANCE-III NMR spectrometer
('H, 399.95 MHz and "N, 40.6 MHz) equipped with a Bruker 3.2
mm H-X-Y triple resonance variable-temperature MAS probehead, a
cooling cabinet and a 263 GHz gyrotron microwave source and
waveguide system operating at 120 mA of continuous microwave
irradiation.>® Surface-enhanced 1D *C{'H} and *N{'H} DNP-NMR
spectra were acquired using 2 ms of CP contact time with SPINAL-64
heteronuclear *C{'H} decoupling under 8 kHz MAS. The 'H and
BC 90° radiofrequency pulse durations were 2.5 and 4 pus,
respectively. The DNP-enhanced *C{'H} CP-MAS signals (Figure
2a) from the TCE solvent (73 ppm) and resin "*C nuclei (39 ppm)
increased initially to a TEKPol concentration of 15—20 mM, yielding
maxima of £jene = 162 and &, = 45 (relative to the intensities of
the same signals in the absence of microwave irradiation under
otherwise identical conditions, Figure 2b).** For higher TEKPol
concentrations, the signal enhancements decreased, due to para-
magnetic broadening or shorter spin—lattice relaxation times.
Notably, DNP-enhanced conditions enabled the detection of
N{'H} CP-MAS spectra (Figure 2c) on natural abundance N
(0.4%) in 18 h (&, = 12). This facilitated the direct measurement,
resolution, and identification of >N signals from tertiary amines and
quaternary ammonium ions, even at a dilute near-surface elemental
concentration of 3 atom % N.

Solid-State MAS NMR. To identify distinct boron adsorption
sites and to establish boron-resin surface interactions, conventional
solid-state 'H, 'B and *C MAS NMR spectra of NMDG, polystyrene
and the resins were acquired and analyzed. Samples were separately
packed into 4 mm (outer diameter) zirconia rotors and fitted with
Kel-F caps. All 1D C{'H} and ""B{'H} CP-MAS spectra and 2D
BC{'H} and 2D "B{'H} heteronuclear correlation (HETCOR)
spectra were acquired at room temperature on a 11.7 T Bruker
AVANCE-II NMR spectrometer ("H 500 MHz ''B 160 MHz, and
3C 125 MHz) using a 4 mm H-X-Y MAS probe head. The nutation
frequencies for 'H, 3C, and "B nuclei were 100, 83, and 83 kHg,
corresponding to 90° pulse lengths of 2.5, 3, and 3 us, respectively.
The spin—lattice relaxation times (T;) of 'H and B nuclei were
determined to be 3 and 30 s, respectively, based on inversion—
recovery measurements and analyses. 1D *C{'H} and ""B{'H} CP-
MAS experiments were acquired at 8 kHz MAS, with a CP contact
time of 2 ms by coadding 1024 transients with a 'H recycle delay of 3
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Figure 2. (a) DNP-enhanced 1D "*C{'H} CP-MAS signal intensities
of the TCE solvent and poly(styrene-co-divinylbenzene) (PSDVB)
resin plotted, as functions of the concentration of the TEKPol
biradical in 1,1,2,2-tetrachloroethane. Comparison of (b) 1D Bc{'H}
and (c) 1D “N{'H} CP-MAS NMR spectra of boron-exposed anion
exchange resins acquired at 92 K using 16 mM TEKPol in 1,1,2,2-
tetrachloroethane in the presence and absence of microwave (MW)
irradiation. DNP enhancements of 45 and 12 are measured for the
BC{'H} and “N{'H} CP-MAS signal intensities, respectively, of the
resin materials. Asterisks denote spinning sidebands.

s, corresponding to a total experimental time of 1 h each. To
understand the borate adsorption behaviors, S0 mg boron-free resin
beads were soaked in different vials containing 1 mL of aqueous
solutions of 8, 4, 2, 1, and 0.5 g/L boric acid at ambient conditions for
2 h. Boron-exposed resin beads were subsequently filtered and dried
at room temperature for 2 days, and the solid-state ''B{'H} CP-MAS
NMR experiments were carried out. 2D C{'H} and "B{'H}
HETCOR spectra were recorded at 12.5 kHz MAS with a CP contact
time of 2 ms and 40 ¢, increments, each with 64 coadded transients,
using incremental steps of 80 us, and a recycle delay of 4 s,
corresponding to a total experimental time of 4 h each.

All fast (60 kHz) 'H and '"B MAS NMR experiments were
conducted at 11.7 T and at room temperature using a 1.3 mm H-X
double resonance MAS probehead. Samples of NMDG, PSDVB resin
and boron-adsorbed NMDG-functionalized resin were separately
packed into 1.3 mm rotors fitted with Vespel caps. Single-pulse
(direct-excitation) '"H MAS NMR experiments were carried out by
coadding 16 transients with a recycle delay of 3 s, resulting in a total
experimental time of 2 min each. 2D 'H double-quantum (DQ)
single-quantum (SQ) spectra were acquired using the Back-to-Back
(BaBa) sequence with one rotor period.*” The DQ coherences were
excited and reconverted using a 16-step phase cycle that incorporated
Ap = + 2 on the DQ excitation pulses (4 steps) and Ap = + 1 (4
steps) on the z-filter 90° pulse, where p is the coherence order. 2D
data were acquired using 128 t, increments, each with 16 coadded

transients, a 3 s recycle delay, and using the States method to achieve
sign discrimination in the indirect dimension with a rotor-
synchronized ¢, increment of 13.3 ys, resulting in a total experimental
time of 2 h. For boron-exposed resins, quantitative single-pulse ''B
MAS NMR spectra were acquired by using 400 coadded transients
and a recycle delay of 30 s, corresponding to a total experimental time
of 3.3 h. The 2D "B{''B} dipolar-correlation NMR spectrum of
boron-adsorbed NMDG-functionalized PSDVB resin was acquired at
20 T (850 MHz for 'H), 298 K, and 25 kHz MAS.

The 'H and "*C chemical shifts were calibrated with respect to neat
TMS using adamantane as an external reference with a 'H chemical
shift of 1.85 ppm and "*C shifts of 29.5 and 38.6 ppm. "B chemical
shifts were calibrated with respect to the ''B shift for NaB(OH), at
—49.5 ppm using neat BF;(OC,Hj); as an external reference with a
UB shift of 0 ppm. N chemical shifts were referenced to neat
CH;NO, by using powdered NH,Cl at —341.2 as an external
reference (Table 2 of ref 60). To convert to the chemical shift scale
frequently used in protein NMR analyses, where the alternative
IUPAC (Appendix 1 of ref 61) reference is liquid NH; at —50 °C, it is
necessary to add 379.5 ppm to the given values.”>

B RESULTS AND DISCUSSION

Local Surface Compositions of Anion Exchange
Resins. Determining the local surface compositions of
boron-exchange resins, such as DIAION CRBO03, and in
particular the interactions of functional groups with adsorbed
boron, is of high interest for understanding the origins of their
interesting separation properties. Because the surface hetero-
geneities associated with NMDG-functionalized PSDVB resins
exhibit little to no long-range structural order, diffraction-based
techniques are generally not able to distinguish and identify
surface functional groups (Scheme 1). By comparison, analyses
of survey-scan (Figure 3a) and high-resolution XPS spectra
(Figure 3b) of boron-adsorbed resins enable near-surface
elemental compositions of O, N, C, and B moieties to be
determined. In a survey-scan XPS spectrum of boron-adsorbed
resin, signals at 533, 399, 285, and 191 eV are attributed to the
binding energies of O 1s, N 1s, C 1s, and B 1Is electrons.
Spectral deconvolution of these signals yields near-surface
elemental compositions of O, N, C, and B atoms, which were
19, 3, 77, and 0.6 atom %, respectively. An O/N atom ratio of
approximately 5.7 obtained from XPS measurements is
consistent with the O/N ratio of 6.0 for A and B, according
to their combined stoichiometry, indicating the presence of
these NMDG-type moieties on the resin surfaces. While
distinct binding energies associated with C and N atoms in
high-resolution XPS spectra (Figure 3) suggest the presence of
different carbon and nitrogen atom environments on the resin
surface, direct assignments of binding energies to different
nitrogen environments in alkyl amines or quaternary
ammonium ions are infeasible, based on XPS analyses alone.

The different surface moieties A, B, C, and D on the
NMDG-functionalized PSDVB resin can nevertheless be
distinguished by their different nitrogen environments. Till
now, this has been infeasible because of the low surface
compositions of nitrogen and very low natural abundance and
low gyromagnetic ratio of ISNI. However, recent advancements
in surface-enhanced DNP-NMR enable these historical
obstacles to be overcome. For boron-adsorbed resins, relatively
high signal enhancements observed under DNP-NMR
conditions allow different >N environments of dilute surface
species (3 atom % N) at natural abundance *N (0.4%) to be
detected, resolved and identified. For example, the solid-state
“N{'H} DNP-NMR spectrum (Figure 4) of a boron-adsorbed
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Figure 3. (a) Survey-scan and (b) high-resolution XPS spectra
acquired at room temperature for a boron-adsorbed NMDG-
functionalized PSDVB resin with binding energies (BE, €V) that
correspond to C 1s, N 1s, O 1s, and B 1s electrons.

NMDG-functionalized PSDVB resin exhibited a well-resolved
signal at 59 ppm and three partially resolved "N signals
between 20 and SO ppm. Deconvolution of the *N signals in
the range 20—60 ppm suggests a distribution of isotropic N
chemical shifts with signals centered at approximately 29, 38,
45, and 59 ppm. First, to distinguish between different
NMDG-type alkyl amines (Scheme 1), a separate “N{'H}
CP-MAS NMR spectrum for neat NMDG was acquired
(Supporting Information, Figure S1), which exhibited a signal
intensity at 25 ppm.®> This indicates that the °N signal at 29
ppm of the functionalized resin likely originates from the
tertiary amine group of A. The difference of 4 ppm between
the isotropic "N chemical shifts of neat NMDG and the resin-
grafted NMDG moieties is attributed to the variation of '*N
environments upon surface functionalization. The isotropic
SN chemical shifts reported in the literature®* suggest that '*N
signals associated with quaternary ammonium ions (here, B
and D) are displaced to higher frequencies (i.e., higher ppm
values) than those signals associated with the tertiary amines.®®
In addition, the '*N chemical shifts of cyclic amines, such as C,
are expected to appear at higher frequencies compared to
linear alkyl amines, such as A% Therefore, the N signal
intensity at 38 ppm is attributed to the tertiary amine moiety
C. The remaining two signals at 45 and 59 ppm likely originate
from the '°N sites in quaternary ammonium ions in B and D
moieties, respectively, which differ in their local bonding

Figure 4. (a) Surface-enhanced 1D “N{'H} DNP-MAS NMR
spectrum of a boron-exposed NMDG-surface functionalized PSDVB
resin on which *N signal assignments to A, B, C, and D moieties are
based. The spectrum was acquired at 9.4 T, 92 K, and 8 kHz MAS
and with a CP contact time of 2 ms using 16 mM TEKPol in 1,1,2,2-
tetrachloroethane (b) Schematic diagram of the resin surface showing
the different types of surface functional groups, A, B, C, and D.

environments. In particular, the higher frequency signal at 59
ppm is attributed to "N sites in cyclic quaternary ammonium
ions, D, bearing an aromatic substituent and a positive charge,
compared to the lower frequency signal at 45 ppm, consistent
with "N sites in cyclic tertiary amine moieties, C. Although
“N{'H} CP-MAS signal intensities are not strictly quantita-
tive, similarities in local ">N{'H} surface environments and low
molecular mobilities at 92 K of the closely related A, B, C, and
D moieties are expected to yield similar signal enhancements.
Their comparable relative intensities suggest that these
moieties are present in similar relative quantities and may
influence boron adsorption properties of the resin.
Identification of Distinct Boron-Adsorption Sites. To
understand the boron adsorption properties of the NMDG-
functionalized PSDVB ion-exchange resins, it is important to
identify and quantify boron adsorption sites on the resin
surfaces. A previous study”’ hypothesized that borate anions
adsorb on surface-grafted NMDG functional groups by
forming chelate complexes. These could include bischelate
complexes where borate anions interact with polyhydroxyl
groups of neighboring NMDG moieties, monochelate
complexes where borate anions coordinate to two hydroxyl
groups within the same NMDG moiety, or tetradentate borate
complexes where borate anions coordinate to four hydroxyl
groups within the same NMDG moiety. Such chelate
complexes are only expected to form when surface NMDG
moieties bear hydroxyl groups. In contrast, surface functional
groups without hydroxyl groups (e.g., the C and D moieties in
Scheme 1) are expected to exhibit lower affinities to borate
anions, which would likely occur mostly via weak interactions.
Distinct boron adsorption sites on the resin surfaces can
nevertheless be distinguished and identified by using 1D ''B
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MAS NMR measurements. Such analyses are feasible even at
relatively dilute quantities of borate anions, because of the high
80% natural abundance of ''B. The 1D ''B MAS NMR
spectrum acquired at 11.7 T at room temperature (Figure Sa)

Figure 5. (a) Solid-state single-pulse 1D "B MAS NMR spectrum
acquired at 11.7 T, 298 K, and 60 kHz MAS and (b) 1D "'B{'H} CP-
MAS NMR spectrum acquired at 11.7 T, 298 K, and 8 kHz MAS of
boron-adsorbed NMDGe-resin. In (a), the integrals of signal intensities
associated with the mono- vs bischelate complexes were found to be
17 + 3% and 83 + 3%, respectively. (c) Plots of normalized "'B{'H}
CP-signal intensity associated with the formation of mono- and
bischelate complexes, as functions of boric acid concentration.

of a boron-exposed NMDG-functionalized PSDVB resin
exhibited well-resolved ''B signals at 13.1 and 8.2 ppm,
which are attributed to distinct boron-adsorption sites on the
resin surfaces. The positions and line shapes of the "B (spin I
= 3/2) signals may be influenced by second-order quadrupolar
interactions that are sensitive to the nature of bonding
interactions and coordination number of the boron atoms.
For example, tri- and tetracoordinated boron atoms have been
shown to exhibit different chemical shifts, line shapes, and
quadrupole coupling constants,”°" which permit such boron
environments to be readily distinguished from each other. In
particular, for the borate anions adsorbed on the NMDG-
functionalized resin, the relatively narrow ''B signal intensities
(full-width-at-half-maximum of 200 Hz) and displacements of
"B signals to lower frequencies (0—20 ppm) suggest the
presence of tetrahedrally coordinated borate anions in chelate
complexes.® Based on the ''B signal assignments of

tetrahedrally coordinated borate anions in chelate complexes
in the literature,””’%”" the ''B intensities at 8.2 and 13.1 ppm
in Figure Sa are assigned to borate anions in mono- and
bischelate complexes, respectively.

To gain quantitative insight into the relative populations of
the different adsorbed boron species, the integrated ''B signals
associated with the mono- (8.2 ppm) versus the bischelate
(13.1 ppm) were measured and compared. Based on their
integrated ''B intensities in the single-pulse ''B MAS NMR
spectrum of Figure Sa, the relative percentages of borate anions
adsorbed as mono- or bischelate complexes were determined
to be 17 + 3% and 83 + 3%, respectively. This points to
preferential formation of bischelated borate anion complexes,
compared to monochelated boron species, on the NMDG-
functionalized PSDVB resin surfaces.

The molecular-level origins that account for selective boron
adsorption as bischelate complexes have been challenging to
establish. It has been hypothesized that the borate anions
electrostatically interact with the residual metal cations present
on the NMDG-functionalized resin surface.”* For the NMDG-
functionalized PSDVB-resin, ICP atomic emission spectrosco-
py analyses showed that trace amounts of metal cations were
present, although their absolute and relative quantities were
small (Supporting Information, Table S1). While borate anions
could interact with traces of such metal cations, no such
additional signals are detected in the single-pulse 1D ''B MAS
NMR spectrum of Figure Sa (within the sensitivity limits of the
measurement). Nevertheless, an additional signal is observed at
3.8 ppm in the 1D ""B{'H} CP-MAS spectrum of Figure Sb.
The excitation of abundant 'H nuclei and subsequent
polarization transfer via 'H—''B dipole—dipole interactions
to nearby (<1 nm) ''B nuclei enhances the intensity of this
weak B signal at 3.8 ppm, which is attributed to borate—
metal complexes, consistent with previous observations in the
literature.”* These relatively weakly interacting borate anions
can be desorbed and removed from the resin surface by
subsequent washing (Supporting Information, Figure S2), after
which no detectable signal at 3.8 ppm remains, while ''B{'H}
CP-MAS signals from the boron chelate complexes at 8.2 and
13.1 ppm persist.

The adsorption behaviors of borate anions on the NMDG-
functionalized resins can be understood by titrating initially
boron-free resin surfaces with aqueous solutions containing
different concentrations of borate anions. A plot of the
integrated ''B signal intensities of surface-adsorbed borate
anions in mono- and bischelate complexes, as measured in 1D
B{'H} CP-MAS spectra as a function of boric acid
concentration (Figure 5c), shows an increasing trend in
boron uptake as the boric acid concentration increased from
0.5 to 8 g L™". Although the ''B intensities associated with
mono- and the bischelate complexes are enhanced by cross-
polarization from nearby protons and thus are not strictly
quantitative, the local boron bonding environments are
expected to yield similar signal enhancements and provide a
reasonable estimate for the relative percentages of borate
anions in mono- versus bischelate complexes. In particular, the
"B{'H} CP-MAS signal intensities from the bischelate
complexes are significantly higher than those for the
monochelate complexes and similar to the relative integrated
intensities of the same signals in the single-pulse ''B
MAS spectrum of Figure Sa. Moreover, the relative intensities
were similar over the range of boric acid concentrations
investigated (0.5-8 g L7'), which suggests that the
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Figure 6. Solid-state 1D "*C{'H} CP-MAS NMR spectra acquired at 11.7 T, 298 K, and 8 kHz MAS of (a) NMDG (b) the PSDVB resin, and
(c,d) the NMDG-functionalized PSDVB resin (c) before and (d) after exposure to boron. Asterisks denote spinning side bands.

concentration of borate anions in aqueous solution does not
have a large influence on the selectivity of boron adsorption for
bischelate complexes on the resin surfaces. It is noteworthy
that a similar trend was observed for boron-adsorbed anion
exchange resins and guanosine borate hydrogels,”*””" where
the formation of borate diesters was preferred over the
formation of monoesters to facilitate gelation. The 1D ''B
MAS and "B{'H} CP-MAS NMR measurements thus allow
the different distributions of boron adsorption species on the
resin surface to be resolved and their relative populations to be
estimated, although they provide little information on the
specific interactions between borate anions and the surface
functional groups.

Interactions between Borate Anions and Surface
Functional Groups. Analyses of the intermolecular inter-
actions that account for the formation of chelate complexes are
expected to aid understanding of their roles and influences on
macroscopic boron adsorption properties. Local structures of
boron chelate complexes and their mutual interactions can be
established by analyzing solid-state 'H, *C and ''B MAS
NMR spectra, although severely overlapped 1D 'H and "*C
signals often hinder such analyses. For example, separate 1D
'H and *C MAS NMR spectra of NMDG, the PSDVB resin,
and the NMDG-functionalized PSDVB resin were acquired
and compared. All show broad distributions of 'H intensities
between 0 and 10 ppm (Supporting Information, Figure S3),
which were not feasible to assign to specific sites. Improved

resolution was obtained in the 1D "C{'H} CP-MAS NMR
spectra (Figure 6), which enabled assignments of the following
BC signals: -NCH; (C7, 38 ppm), —NCH, (C6, 56 ppm),
and —CH (CS, C4, C3, and C2 at 71, 68, and 74 ppm,
respectively) and —CH, (CI, 62 ppm) groups of NMDG
moieties (Figure 6a).”* In a similar manner, the analysis of
the 1D “C{'H} CP-MAS NMR spectrum of PSDVB resin
enabled the assignments of the methylene (CH,, 41 ppm),
benzylic (CH, 47 ppm), and aromatic (127, 129, and 146
ppm) C moieties of PSDVB resin (Figure 6b), and their
similar spectral features in the *C{'H} CP-MAS NMR
spectrum of NMDG-functionalized resin (Figure 6c).

By comparison, the 1D “C{'H} CP-MAS NMR spectra of
NMDG-functionalized resins (Figure 6c,d) before and after
exposure to boron showed different distributions of '*C
isotropic chemical shifts associated with the NMDG surface
moieties. For example, Figure 6¢ shows the solid-state 1D
single-pulse *C MAS spectrum of the NMDG-functionalized
PSDVB resin, where "*C signals are observed from phenylene
(146 and 135—125 ppm) and vinyl (47, 41 ppm) groups of
PSDVB and from the alkyl groups (50—80 ppm) of NMDG.
Compared to the spectrum of NMDG alone (Figure 6a),
broad and nearly featureless '*C signals are observed in the
region 50—80 ppm, which reflects the compositional and
structural heterogeneity of the NMDG-functionalized resin.
While the *C signal intensities associated with PSDVB and
NMDG surface moieties can be distinguished in Figure 6d,
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subtle differences in the distributions of the '*C chemical shifts
in the region 50—80 ppm could be attributed to the changes in
the 13C environments of the NMDG surface moieties A and B
upon exposure to boron.

The different NMDG functional moieties A, B, C, and D on
the PSDVB resin surface are shown schematically in Figure 7a,

Figure 7. (a) Schematic diagram of the PSDVB resin surface
consisting of tertiary amines (A, C) and quaternary ammonium ions
(B, D), some of which are cross-linked by borate mono- and
bischelate complexes. Solid-state NMR spectra of the boron-adsorbed
NMDG-functionalized resin acquired at 11.7 T and at room
temperature; (b) single-pulse '"H NMR spectrum acquired at 60
kHz MAS and (c) 2D *C{'H} and (d) 2D "'B{'H} HETCOR NMR
spectra acquired at 12.5 kHz MAS each by using CP contact time of 2
ms, plotted with 1D *C{'H} and ""B{'H} CP-MAS spectra on the
top horizontal dimensions, respectively.

the structures of which are consistent with the 2D NMR
analyses in Figure 7b—d. A combination of solid-state 2D
UB{'H} and “C{'H} heteronuclear correlation (HETCOR)
NMR spectra enables the molecular interactions between
adsorbed borate anions and NMDG functional groups to be
unambiguously identified. Such spectra are sensitive to
heteronuclear dipole—dipole interactions between ''B and 'H
nuclei or between *C and 'H nuclei, which permit the
chemical shifts of coupled spin pairs to be correlated.
Enhanced resolution provided by the 2D "B{'H} HETCOR
spectrum, in which intensity correlations from multiple 'H
signals are resolved in the vertical '"H dimension, can be
distinguished at 2.6 and 3.5 ppm for the —NCH, and —CH
moieties of NMDG, and 6.7 ppm for the aromatic groups of
PSDVB. Strong 2D intensity correlations are observed between
the !'B signal at 13.1 ppm associated with bischelated borate
anions and the 'H signals at 2.6 and 3.5 ppm, which are thus
assignable to different —CH and —CH, groups of the NMDG
moieties, respectively. These correlated intensities indicate that
the borate anions in the bischelate complexes interact with the
hydroxyl groups of C2—C5 of NMDG moieties, as depicted in
the schematic diagram in Figure 7a. Two weaker intensity
correlations are observed between the ''B signal at 8.2 ppm
associated with monochelated borate anions and 'H signals at
approximately 2.6 and 4.2 ppm that likely correspond to the

terminal —CH, and terminal —OH groups of the
C1 and C2 NMDG moieties, which suggests that these borate
anions interact with the NMDG end groups (Figure 7a).
Although the 'H resolution is limited, the 'H and ''B signals
associated with different boron adsorption sites can be resolved
by correlating their respective signals in the 2D frequency map.
Such strong correlated intensities are expected to originate
principally from borate anions that are cross-linked to hydroxyl
groups of adjacent NMDG functional groups, consistent with
the formation of chelate complexes on the PSDVB resin
surface.”*”””! The absence of correlated !'B (~3.8 ppm) and
'H signals rules out the possibility of a significant fraction of
weakly adsorbed borate anions on the NMDG-functionalized
resin surface.

Complementary insights on the local structures of the
chelate complexes can be obtained by analyzing the 2D
BC{'H} HETCOR spectrum of boron-adsorbed NMDG-
functionalized PSDVB resin (Figure 7d), which correlates the
isotropic 'H and "*C chemical shifts of dipole—dipole-coupled
spin pairs. As for the 2D "'"B{'H} HETCOR spectrum, severely
overlapping 'H signals are resolved in the indirect (vertical)
dimension of the spectrum, which allows the "H signals to be
confidently assigned to —NCH;, —NCH,, —CH,, —CH, —NH,
and aromatic groups through their *C—'H intensity
correlations. The assignments of '*C signals are based on the
analyses of 1D and 2D “C{'H} CP-MAS and HETCOR
spectra of NMDG, PSDVB resin, and NMDG-functionalized
resin shown in Figure 7 and in the Supporting Information,
Figures S4—S7. Based on analyses of the latter, strong intensity
correlations associated with dipole—dipole-coupled *C—'H
moieties in the 2D *C{*H} HETCOR spectrum of the boron-
adsorbed resin (Figure 7d) were distinguished and identified:
BC NMR signals at 40—4S ppm (C10, C11) and 'H NMR
signals at 1.2—2.2 ppm (HI0, H11) originate from the vinyl
groups and "*C signals in the range 125—135 ppm (C9) and
'H signals at 6.7 ppm are associated with aromatic groups of
the PSDVB resin, respectively. Likewise, a broad distribution of
correlated 2D '*C signal intensities in the range 60—75 ppm
(C1—-C6) and 'H signals in the range 2.2—4.2 (HI—H6) ppm
is attributed to the directly bonded '*C—"H pairs in the of the
surface-grafted NMDG groups on the PSDVB resin.

Of particular interest are the distributions of correlated 2D
13C signals in the range of 60—75 ppm and 'H signals at 6.7
ppm, and between "*C signals at 125—135 ppm and 'H signals
at 2.2—4.2 ppm, which indicate the sub-nanometer proximities
(<1 nm) between the NMDG surface functional groups and
the PSDVB resin. In addition, spatial proximity between —NH
sites of NMDG and aromatic groups of PSDVB is manifested
by strong 2D intensity correlations between *C signals 60—75
ppm (CI1—C6) in Figure 7d and 'H signals at 6.1 ppm in
Figures 7c,d, which establish the nanoscale proximities of the
adsorbed borate anions in bischelate complexes (''B, 13.1
ppm), —NH groups of NMDG, and the PSDVB resin. In
contrast, the absence of such as correlated signals between g
and 'H suggests that borate anions in the monochelate
complexes are adsorbed near the end groups (CI and C2) of
surface NMDG moieties, as depicted in the schematic diagram
(Figure 7a). This is further supported by the presence of a
strong correlated signal intensity between the borate anions in
monochelate complexes (''B, 8.2 ppm) and hydroxyl groups
(—OH, 4.2 ppm). Importantly, the different chelate complexes
and the assignments of their associated 'H, !B, and C
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chemical shifts enable the interactions between the borate
anions and different adsorption sites to be probed by
complementary solid-state 2D "B{'H} and “C{'H} HET-
COR NMR measurements.

The solid-state NMR results were corroborated by FT-IR
analyses (Figure 8) that showed distinct spectral features for

Figure 8. Solid-state FT-IR spectra acquired at room temperature of
the NMDG-functionalized PSDVB-resin (a) after and (b) before
exposure to boron, (c¢) NMDG, and (d) PSDVB-resin. Vibrational
stretching frequencies associated with C—0, C—N, C=C, C—H, N—
H, and O—H bonds of the different local bonding environments of
the mono- and bischelate complexes are shown. The vertical shaded
region depicts subtle changes associated with the C—H and —OH
vibrational frequencies upon boron exposure.

NMDG, PSDVB-resin and NMDG-functionalized PSDVB-
resins before and after exposure to boron. Broad distributions
of signals in the ranges of 1000—1200 cm™"' and 3100—3500
cm™" (gray shaded region) in the FT-IR spectra of NMDG-
functionalized PSVDB-resins manifest the heterogeneity of the
resin surfaces. By comparison, relatively narrow signals are
observed for the NMDG functional groups. In particular, a
displacement of C—H (3225 cm™') and O—H (3320 cm™)
bonding vibrational frequencies (Figure 7b) to higher values of
3325 cm™" (Figure 7c) indicate changes in the local C—H and
O—-H bonding environments upon surface-grafting of the
NMDG moieties (Figure 8c). In addition, further displacement
of ~35 cm™" in the vibrational bands toward higher frequency
(3360 cm™) in the FT-IR spectrum of boron-adsorbed resins
(Figure 8b) reflects changes in local bonding environments of
the tertiary amines, quaternary ammonium ions, and hydroxyl
groups in chelate complexes upon boron exposure.
Proximities of Adsorbed Borate Anions on the Resin
Surface. The 1D B MAS and 2D "B{'H} CP-MAS NMR
analyses above provide valuable information on distinct boron
adsorption sites, relative populations of adsorbed borate
anions, and local structures of borate anions in mono- and
bischelate complexes. However, they provide limited informa-
tion on the distributions of the chelated borate anion
complexes on the NMDG-functionalized resin surfaces.
Complementary insights into the local structures of borate-

chelate complexes were obtained by analyzing a 2D ''B{''B}
homonuclear dipolar-mediated spectrum. Spatially proximate
borate complexes (<1 nm) are expected to manifest correlated
signal intensities in 2D ''B{''B} dipolar correlation NMR
spectra acquired at different spin-diffusion mixing times, which
are characteristic of the strengths of ""B—"'B dipole—dipole
interactions. The feasibility of observing such 2D correlation
intensities can, however, be realized only when two or more
borate anions are adsorbed to the same NMDG moiety or to
adjacent NMDG moieties grafted onto the resin surfaces. For
example, the 2D "'B{''B} spectrum in Figure 9 acquired using

Figure 9. Solid-state 2D ''B{''B} dipolar correlation NMR spectrum
of boron adsorbed on NMDG-functionalized PSDVB resin; the
spectrum was acquired 20 T (850 MHz for 'H), 298 K, and 25 kHz
MAS. The diagonal intensity correlations at 82 and 13.1 ppm
correspond to ''B signals of borate anions adsorbed on mono- and
bischelate sites of the NMDG-functionalized resin surface, as depicted
in the schematic structures in the inset.

a short spin-diffusion mixing time of 100 ms exhibits diagonal
intensity correlations that correspond to ''B signals that are
associated with isolated populations of mono- and bischelate
complexes on the NMDG-functionalized resin surface. No off-
diagonal intensity correlations are observed between the ''B
signals of borate anions adsorbed in mono- (8.2 ppm) and
bischelate (13.1 ppm) complexes, even for longer spin-
diffusion times of up to 1 s. The solid-state 'B{''B} results
are consistent with the oxygen-to-boron ratio 35 atom %
measured from XPS analysis of the boron-adsorbed resin
(Figure 3). Combined solid-state NMR and XPS analyses
suggest that the borate anions are sparsely distributed on the
resin surface and that the adsorbed mono- and bischelate
boron sites appear to be at least 1 nm apart or farther.
Correlating Surface Compositions and Structures
with Boron Adsorption Properties. The molecular
interactions that account for different boron adsorption
properties are related to the nanoscale surface compositions
and structures of the NMDG functional groups and their
byproducts. NMDG-functionalized PSDVB resins synthesized
under different conditions exhibited subtle differences in their
adsorption behaviors upon exposure to borate anions in
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aqueous solutions, which are expected to originate from
different surface compositions. This is corroborated by the
measurement of total ion-exchange capacities (TEC, A + B +
C) by ion titration methods for two different resin
preparations, which we refer to here as batches I and II. To
better understand the different factors that ultimately influence
the boron-adsorption properties of different NMDG-resin
batches, combined XPS and solid-state NMR (Supporting
Information, sections S—8) analyses were carried out. For both
resin batches, near-surface concentrations of O, N, C and B
atoms were measured by the deconvolution of XPS signal
intensities at 532, 399, 285, and 191 eV associated with the
binding energies of O 1s, N 1s, C 1s, and B Is electrons,
respectively (Supporting Information, Figure S8). Subtle
differences in the oxygen-to-boron (O/B) ratios of 39 and
33, nitrogen-to-boron (N/B) ratios of 7.2 and 6.2, and oxygen-
to-nitrogen (O/N) ratios of 5.4 and 5.7 in batch I and II resins
(Table 2) suggest different surface compositions of A, B, and C
(and D) exchange sites on the NMDG-functionalized resins
(Supporting Information, Table S3).

Table 2. Surface Elemental Compositions and Boron
Adsorption Capacities of Different Resin Batches

batch I  batch II

O/B ratio (atom %) 39 32.5
N/B ratio (atom %)“ 7.2 6.2
O/N ratio (atom %) 5.4 5.7
boron concn (ppm)” 2500 2500

total exchange capacity (A + B + C + D) (mmol/g)* 2.7 32

“Determined from XPS analyses. *Determined from ICP-MS
elemental analysis. “Determined from titration experiments.

A more insightful distinction of the atomic-level structures
results from surface-enhanced N{'H} DNP-MAS NMR
spectra, which show different distributions of '*N signal
intensities (Supporting Information, Figure S9). Deconvolu-
tion of the 'N{'H} signals enabled distinct '*N environments
on the resin surfaces to be identified. For the batch I resin, °N
signals at 59, 45, 38, and 29 ppm are assigned to N
environments in D, B, C, and A, respectively, as discussed
above. Similarly, for the batch II resin, *N signals at 46, 38,
and 29 ppm are assigned to '*N environments in B, C and A,
respectively, with little or no signal intensity observed at 59
ppm. Although “N{'H} DNP-MAS NMR spectra are not
necessarily quantitative, an estimation of the relative quantities
of A, B, C, and D exchange sites in the batch I and II resins
can be obtained by deconvoluting of '*N signal intensities
(Supporting Information, Table S4). This leads to estimates
for the relative densities of NMDG-type A and B exchange
sites containing hydroxyl groups that account for boron
adsorption of 34 + 22 = 56 (£5%) for the batch I resin and 22
+ 46 = 68 (+£5%) for the batch II resin. The different boron
adsorption properties of the different resins likely result from
their synthesis and processing conditions, which lead to
distinct resin surface compositions. Combined XPS and
surface-enhanced 1D '“N{'H} DNP MAS NMR analyses
suggest that the batch II resin has a relatively higher
concentration of B exchange sites that leads to improved
adsorption properties compared to the batch I resin. In spite of
the relative differences in the surface compositions, the
concentrations of borate anions adsorbed on batch I and II

resins were determined by ICP-MS analyses to both be
approximately 2500 ppm (Table 2).

The boron adsorption behaviors of different resin batches
were assessed by analyzing solid-state 1D '""B{'H} CP-MAS
NMR spectra of boron-free resins titrated with different
concentrations of borate anions (Supporting Information,
Figure S10). The analyses of boron adsorption isotherms
determined from the 1D ""B{'H} signal intensities associated
with the mono- (8.2 ppm) and bischelate (13.1 ppm)
complexes (Figure S10) showed subtle differences for the
different resins. In particular, the batch II resin exhibited
superior boron adsorption behavior than the batch I resin,
which reflects their different distributions of A and B anion-
exchange sites. In particular, NMDG-type B surface moieties
consisting of quaternary ammonium cations are expected to
electrostatically interact with borate anions and form cross-
links with polyhydroxyl groups, consistent with their enhanced
binding affinities, compared to A sites on the resin surfaces.
The enhanced performance of batch II resin thus appears to be
associated with a higher concentration of B exchange sites.
Although different local compositions tend to influence the
total boron adsorption properties, the mechanism of boron
adsorption is expected to involve the formation of stable
chelate complexes in both resin batches. This is further
corroborated by analyses 2D ''B{'H} and *C{'H} HETCOR
NMR spectra (Supporting Information, Figure S11) for the
batch I and II resins, which exhibit similar correlated signals
and intensities that point to similar interactions between the
adsorbed borate anions and hydroxyl groups of the NMDG
functional groups.

B CONCLUSIONS

To summarize, the nanoscale surface compositions and
structures that account for different boron-adsorption proper-
ties of anion-exchange resins have been unknown until now
because of the dilute concentrations (3 atom %) of surface
moieties and low isotopic natural abundances of NMR-active
species (e.g, "°N, 0.4%). An atomic-level understanding of
reactive polymer surfaces and interfaces that lack long-range
structural order is difficult to establish by using conventional
techniques, such as X-ray diffraction, XPS, or electron
microscopy. Boron-adsorbed resin surfaces bearing different
types of NMDG surface moieties have been characterized by
combining XPS and DNP-enhanced "N MAS NMR spectros-
copy and conventional solid-state 'H,"'B, and "*C solid-state
NMR. The sensitivity and resolution associated with NMR
spectroscopy, especially 2D and DNP methods, permit subtly
different moieties to be identified and distinguished at distinct
boron adsorption sites on heterogeneous polymer surfaces. In
particular, surface-enhanced "N DNP-NMR spectra enabled
different "N local environments in tertiary amines and
quaternary ammonium jons to be detected, identified, and
quantified. The surface-enhanced DNP-NMR results were
corroborated by XPS analyses, which showed different near-
surface elemental compositions of O, C, N, and B atoms. In
addition, ''B MAS NMR analyses revealed approximately 83 +
3% of borate anions were adsorbed on the resin surface in the
form of bischelate complexes and 17 + 3% as monochelate
complexes. Local structures of chelate complexes were
established by analyzing 2D "'"B{'H} and *C{'H} HETCOR
NMR spectra of NMDG, PSDVB, and boron-adsorbed resin,
which established that the surface-adsorbed borate anions are
in close proximity to the hydroxyl groups of the NMDG
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moieties. The use of solid-state DNP-enhanced NMR
spectroscopy, together with FT-IR and macroscopic analyses,
represents a general approach toward measuring, correlating,
and quantifying nanoscale surface compositions and structures
with the adsorption properties of diverse functionalized resins.
The resulting molecular-level understanding of compositions,
densities, and distributions of ion-exchange sites is expected to
guide rational design of resins with improved adsorption
properties for applications in environmental remediation,
separation and purification, and catalysis, the functional
properties of which depend strongly on surface compositions
and structures.
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1. Inductively-Coupled-Plasma atomic emission spectroscopy of NMDG-functionalized

PSDVB resins

Table S1. Elemental concentrations of metal ions in NMDG-functionalized resins

Concentration NMDG-functionalized resin
(Equivalents) Before boron exposure After boron exposure

B <1 2500

Na <10 <10

Mg <1 <1

Al <1 <1

Ca <10 <10

Fe <10 <10

Ni <1 <1

7Zn <1 <1

Upon treatment with Millipore water, the !'B signal originate from the mono-chelate complex was
observed to be less intense relative to the !'B signal from the bis-chelate complex. This is attributed

to relatively weak affinity interactions of borate anions in mono-chelate complexes in comparison
to the borate anions in bis-chelate complexes. The borate anions in mono-chelate are thus more
likely to exchange with counter ions in aqueous solutions as previously observed by Davis and co-
workers, for example, in guanosine borate gels [Refs. 40 and 41 of the main paper].
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2. 1D SN{'H} DNP-MAS NMR spectra of boron-adsorbed NDMG-functionalized resins and
precursor species.

Figure S1. Surface-enhanced 1D "N {'H} DNP-MAS NMR spectra acquired at 9.4 T, 92 K, and
8 kHz MAS, with a CP contact time of 2 ms and using 16 mM TEKPol in 1,1,2,2-tetrachloroethane
on (a) NMDG-functionalized ion-exchange resin acquired using 16384 co-added transient and a
relaxation delay of 4 s corresponding to a total experimental time of 18 h and (b) NMDG acquired
using 8192 co-added transients and a relaxation delay of 4 s corresponding to a total experimental
time of 9 h. (¢) Conventional 1D "N{'H} CP-MAS NMR spectra of powdered NH4Cl acquired
under similar conditions, though at 298 K, using 512 co-added transients and a CP contact time of
1 ms and relaxation delay of 4 s corresponding to a total experimental time of 35 m. >N signal
assignments of surface species A, B, C, or D are labelled as indicated in (d) the schematic diagram
of the functional groups on the resin surface.

3. 1D "B{'H} CP-MAS NMR spectra of NMDG-functionalized resins

Figure S2. Solid-state 1D "'"B{'H} CP-MAS NMR spectra acquired at 11.7 T and at room
temperature of NMDG-functionalized resins containing adsorbed boron (a) before and (b) after
washing with ultrapure water. Assignments of borate mono- (8.2 ppm) and bis-chelate (13.1 ppm)
complexes and non-covalently bound boron atoms (3.2 ppm) are labeled above the respective
signals or by the shaded bands.
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4. Solid-state 1D 'H, 2D 3C{'H} HETCOR and 2D 'H{'H} DQ-SQ correlation NMR
spectra of NMDG, PSDVB resin, and NMDG-functionalized resin

Figure S3. Solid-state 1D '"H MAS NMR spectra acquired at 11.7 T, 298 K, and 60 kHz MAS of
(a) NMDG, (b) PSDVB resin, and (c) boron-adsorbed NMDG-functionalized PSDVB resin.
Assignments of 'H signals associated with alkyl and aromatic groups are indicated that are
accompanied by the schematic structure figures (right).

Dipole-dipole-coupled '*C-"H moieties can be distinguished and identified by recording
2D BC{'H} heteronuclear correlation (HETCOR) NMR spectra at different CP contact times.
Improved resolution is achieved in the indirect 'H dimension of the 2D *C{'H} HECTOR spectra
of NMDG (Figure S4), which enabled different 'H signals to be distinguished and assigned. In
particular, strong intensity correlations associated with dipole-dipole-coupled '*C-'H moieties in
the 2D *C{'H} HETCOR spectrum of NMDG (Figure S4a) acquired using a short 0.1 ms contact
time establishes spatial proximities of '*C-'H pairs in terminal -NCH3 (C7 38 ppm and H7 1.2
ppm), -NCH: (C6 56 ppm and 'H 1.5 ppm), central -CH—(C2 74, C3 68, C4-5 71 ppm and H2-5
2.6 ppm) groups and ~CH,OH (C! 62 ppm and 'H 1.5 ppm) moieties. In addition, 2D correlation
intensities between '*C signals (C2-C6) and 'H signal at 4.2 ppm indicate close proximities
between carbon atoms and hydroxyl groups. A 2D 3C{!H} HETCOR spectrum of NMDG was
acquired under identical conditions, except using a longer 2 ms contact time (Figure S4b); it
establishes spatial proximities of '*C-'H pairs between central carbon atoms and — NH (6.5 ppm)
groups and central carbon atoms and OH groups (8.1 ppm) moieties. The high ppm value of OH
(8.1 ppm) is attributed to strong hydrogen-bonding interactions between hydroxyl groups of
neighboring NMDG moieties. Notably, 'H chemical shifts of -OH (4.5 ppm), -NH (6.1 ppm) and
hydrogen-bonded -OH groups (8.1 ppm) are clearly resolved in the 'H dimension of the 2D
BC{'H} HETCOR spectrum.
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Figure S4. 2D 3C{'H} HETCOR NMR spectra of N-methyl-D-glucamine, which were recorded
at 11.7 T, room temperature, 12.5 kHz MAS, and with a CP contact time of (a) 0.1 ms or (b) 2 ms.
Projections of the 2D !3C and 'H intensities are shown along the top horizontal and left vertical
axes, respectively. Dashed lines depict the 3C-'H signal assignments, with numbering as shown
in the accompanying schematic diagram.

Concurrently, correlated 2D intensities observed in the 2D *C{'H} HETCOR NMR spectrum
of PSDVB resin (Figure S5a) acquired using a short contact time of 0.1 ms are characteristic of
dipole-dipole couplings between directly bonded 3C-'H pairs; correlated signals of C10 (41 ppm),
C11 (47 ppm) and 'H signals of 1.5 ppm correspond to vinyl — CH and — CH> groups, and between
3C signals of C9 at 129 ppm and 'H signals at 6.7 ppm originate from benzyl groups. In the 2D
BC{'H} HETCOR NMR spectrum (Figure S5b) of PSDVB resin acquired using a longer contact
time of 2 ms, correlated 2D intensities between C10 (41 ppm), C11 (47 ppm) and aromatic 'H
signals of 6.7 ppm and between C9 carbon atoms (129 ppm) and 'H signals vinyl — CH and — CH»
groups, and between 13C signals at 129 ppm and 'H signals at 6.7 ppm originate from benzyl groups
at 1.5 ppm are observed, which indicate long-range dipole-dipole interactions between aromatic
and vinyl groups of PSDVB resin. These 2D correlated intensities establish that the aromatic
carbon atoms are spatially proximate (< 1 nm) to the benzylic and methylene hydrogen atoms.
Analyses of 2D BC{'H} HETCOR NMR spectra of NMDG and PSDVB provide an indispensable
basis to separate to distinguish and identify 2D correlation intensities in the analogues HETCOR
spectra of boron-adsorbed NMDG-resin acquired using short (0.1 ms) and long (2 ms) of contact
times, as shown in Figure S6, which will be discussed in the next section.
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Figure S5. 2D BC{'H} HETCOR NMR spectra of PSDVB, which were acquired at 11.7 T, 298
K, 12.5 kHz MAS, and with a CP contact time of (a) 0.1 ms or (b) 2 ms. Projections of '3C and 'H
spectra are shown along the top horizontal and left vertical axes, respectively. Dashed lines depict
the 13C-'H signal assignments.

To gain insight into the local structures of chelate complexes and mutual interactions between
boron atoms and the functional groups on the resin particle surface, 2D *C{'H} HETCOR NMR
and '"H{'H} DQ-SQ correlation spectra of a boron-adsorbed NMDG-functionalized PSDVB resin
was analyzed and compared (Figures S6 and S7). In the 2D 3C{'H} HETCOR spectrum recorded
using a short recouping time of 0.1 ms, broad distributions of '*C NMR signals at 40-45 ppm (C10,
CI1) and '*C NMR signals at 1.2-2.2 ppm (H10, HII) originate from the vinyl groups, and
distributions of correlations between '*C signals in the range 125-135 ppm (C9) and 'H signals at
6.7 ppm correspond to aromatic groups of the PSDVB resin, respectively. Whereas, a broad
distribution of 2D correlations between 3C signal intensities in the range 60-75 ppm (CI-C6) and
'H signals in the range 2.2-4.1 (HI-H6) ppm is attributed to the directly bonded '*C-'H pairs in
the of the surface-grafted NMDG groups on the PSDVB resin. By comparison, 2D *C{'H}
HETCOR spectrum recorded using a short recouping time of 2 ms exhibited correlated 2D
intensities stemming from long-range '*C-'H dipole-dipole interactions between NMDG surface
functional groups and the PSDVB resin. For example, distributions of 2D correlation intensities
between '3C signals in the range of 60-75 ppm and 'H signals at 6.7 ppm, and between '*C signals
at 125-135 ppm and 'H signals at 2.2-4.1 ppm indicate the close proximities (< 1 nm) between
NMDG surface functional groups and PSDVB resin. In particular, subltle differences and broad
distributions of correlated 2D intensities of '*C-'H moieties in surface-grafted NMDG moieties
(Figure S6a) in comparison to the analogue 2D correlations of NMDG moieties (Figure S4a) is
attributed to the surface heterogeneity associated with grafted NMDG moieties on the PSDVB
resin. In addition, the absence of 3C-'H correlated 2D intensities between NMDG carbon atoms
(CI1-C5, 60-57 ppm) and hydrogen bonded protons of hydroxyl groups (OH, 8.1 ppm) is due to
the lack of hydroxyl groups upon the formation of boron chelate complexes.
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Figure S6. 2D 3C{'H} HETCOR NMR spectra of boron-adsorbed PSDVB-NMDG-resin, which
were recorded at 11.7 T, room temperature, 12.5 kHz MAS, and with a CP contact time of (a) 0.1
ms or (b) 2 ms. Projections of 13C and 'H spectra are shown along the top horizontal and left
vertical axes, respectively. Dashed lines depict assignments of 2D 3C-'H correlation intensities.

Molecularly proximate and dipole-dipole-coupled 'H-!H pairs can be probed by analyzing 2D
'"H{'H} double-quantum — single-quantum (DQ-SQ) correlation NMR spectra of NMDG
functional groups, PSDVB resin, and boron-adsorbed NMDG-functionalized PSDVB resins
(Figure S7). In the 2D 'H DQ-SQ NMR spectrum of NMDG (Figure S7a, gray color dots), self-
correlation intensities correspond to CH> (SQ = 1.2 and DQ = 2.4 ppm), NCH3 (SQ = 1.5 and DQ
= 3.0 ppm), NCH> (SQ = 2.6 and DQ = 5.2 ppm) and NH (SQ = 4.2 and DQ = 8.2 ppm) and NH
(SQ =6.1 and DQ =12.2 ppm) moieties, and cross-correlated 2D intensities associated with NCH3
and NH (DQ = 6.0 ppm), NCH; and NH (DQ = 7.1 ppm) are observed (Table S2). By comparison,
in the 2D 'H DQ-SQ NMR spectrum of PSDVB resin (Figure S7b, green color dots), self-
correlation intensities at SQ = 1.7 and DQ = 3.4 ppm, SQ = 2.2 and DQ =4.4 ppm and at SQ = 6.7
and DQ = 13.4 ppm correspond to "H-'H proximities in vinyl and aromatic groups. In addition,
and cross-correlated 2D intensities at 8.4 and 8.9 ppm in the DQ dimension associated with 'H-'H
proximities between vinyl and aromatic groups of PSDVB are observed. Analyses of 2D 'H{'H}
spectra of NMDG and PSDVB spectra enable distinct 2D correlation intensities in the 2D "H{'H}
DQ-SQ spectra of boron-adsorbed NMDG-resin to be distinguished and identified. Likewise, in
the NMDG-functionalized PSDVB resin, the assignments of 2D self-correlation intensities
associated with NMDG and PSDVB moieties are realized and depicted in colored gray (NMDG)
and green (PSDVB) dots, which is consistent with the analyses of the 2D *C{'H} and ''B{'H}
HETCOR NMR spectra of boron-adsorbed resins discussed in the previous sections.
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Figure S7. Solid-state 2D 'H{'H} DQ-SQ NMR correlation spectra acquired at 11.7 T, 298 K
and 60 kHz MAS of (a) NMDG, (b) PSDVB resin, and (¢) boron-adsorbed NMDG-functionalized
PSDVB resin. The corresponding 1D 'H double-quantum filtered (DQF) MAS spectra are shown
along the top horizontal axes. Correlated signal intensity originates from dipolar-coupled 'H-'H

pairs are depicted by gray (NMDG) and green color (PSDVB) circles.

Table S2. Experimental 'H SQ and DQ chemical shifts of NMDG and PSDVB resin

Chemical site H SQ (ppm) 'H DQ (ppm)
N-methyl-D-glucamine (NMDG)
CH>+CH> 1.2+1.2 2.4
NCH;3+ NCH3 1.5+1.5 3.0
NCH2+NCH> 2.6+2.6 5.2
NH+NCH3 4.2+1.5 6.0
NH+NCH 4.2+2.6 7.1
NH-+NH 4.2+4.2 9.0
OH+OH 6.1+4.2 10.6
OH+OH 8.1+4.2 12.6
Poly(styrene-co-divinylbenzene) (PSDVB)
CH»>+CH> 1.5+1.5 3.0
CH>+CH 1.5+2.2 3.7
CH+CH 2.2+2.2 4.4
CHaromatic+CH2 6.8+1.7 8.5
CHaromatictCH 6.8+2.2 9.0
CHaromatictCHaromatic 6.8+6.8 13.6
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5. XPS analyses of NMDG-functionalized ion exchange resins with adsorbed boron for
different batches

Figure S8. Survey scan XPS spectra acquired at room temperature for (a) Batch I and (b) Batch II
boron-adsorbed NMDG-resins with signal intensities at 532, 399, 285 and 191 eV assigned to O
Is, N Is, C Is and B Is. The elemental compositions of O, N, C and B atoms are shown in the
inset Tables and fitting parameters are given in Table S3, which depict subtle differences in the
composition of N.

Table S3. Binding energy values determined by XPS and elemental concentrations of O, N, C
and B atoms for Batch I and Batch II boron-adsorbed NMDG-functionalized resins.

Element Binding energy (eV)  Full width at half maximum Area At%
Batch I
O 1s 532.0 2.52 10668.29 19.50
N Is 399.0 2.34 1516.79 3.39
Cls 285.0 3.01 19018.95 76.48
B Is 191.0 2.13 70.18 0.5
Batch 11
O 1s 532.0 2.55 11723.02 19.51
N Is 399.0 243 1789.03 3.64
Cls 284.5 2.97 20866.41 76.39
B Is 192.0 2.13 83.33 0.55
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6. 1D >'N{'H} DNP-NMR analyses of different batches of NMDG-functionalized resins

Figure S9. Surface-enhanced 1D "N{'H} DNP-MAS NMR spectra for (a) Batch I and (b) Batch
IT resins after boron exposure, which manifest different distributions of surface nitrogen species.
The spectra were acquired at 9.4 T ('H 400 MHz, '>N 40.6 MHz), 92 K, 8 kHz MAS with a CP
contact time of 2 ms and using 16 mM TEKPol in 1,1,2,2-tetrachloroethane.

Table S4. Deconvoluted signal integrals and lineshape analyses of surface-enhanced 1D
ISN{'H} DNP MAS NMR spectra of NMDG-functionalized Batch I and II resins.

Deconvolution parameters Batch I Batch II

Chemical shift (ppm) 59 45 38 29 46 38 29
Gaussian broadening (Hz) 230 360 340 380 460 460 460
Normalized signal integrals (a.u.) 1.0 1.2 1.4 1.9 1.0 0.7 0.5
Densities of exchange sites (+5%) 18 22 26 34 46 32 22

7. Boron adsorption behaviors of different batches of NMDG-functionalized resins

Figure S10. Solid-state 'B{'H} CP-MAS NMR spectra acquired at 11.7 T, 298 K, and 8 kHz
MAS using CP contact time of 2 ms for (a) Batch I and (b) Batch II boron-adsorbed NMDG-
functionalized resins. !'B signal assignments are shown for mono- and bis-chelate complexes. (¢,d)

Plots of normalized "B{'H} CP signal intensity, as functions of boric acid concentration for (c)
Batch I and (d) Batch II resins.
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8. Solid-state 2D "B{'H} and '3C{'H} correlation NMR spectra of different NMDG-
functionalized resins.

Figure S11. Solid-state 1D '"H MAS NMR spectra acquired at 11.7 T, room temperature, and 60
kHz MAS and 2D "B{'H} and *C{'H} heteronuclear correlation NMR spectra acquired under
identical conditions expect using 12.5 kHz MAS of (top; a, b, ¢) Batch I and (bottom; d, e, f) Batch
IT boron-adsorbed NMDG-resins. 2D "B{'H} and '*C{'H} correlation intensities indicate the
presence of mono- and bis-chelate complexes on the resin surfaces, which establish that the boron
adsorption occurs through the formation of chelate complexes.
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