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Abstract

The development of fast magic angle spinning (MAS) opened up an opportunity for the
indirect detection of insensitive low-y nuclei (e.g., 13C and "°N) via the sensitive high-y nuclei
(e.g., 'H and '°F) in solid-state NMR, with advanced sensitivity and resolution. In this thesis,
new methodology utilizing fast MAS is presented, including through-bond indirectly
detected heteronuclear correlation (HETCOR) spectroscopy, which is assisted by multiple
RF pulse sequences for 'H-'H homonuclear decoupling. Also presented is a simple new
strategy for optimization of 'H-"H homonuclear decoupling. As applications, various classes
of materials, such as catalytic nanoscale materials, biomolecules, and organic complexes, are
studied by combining indirect detection and other one-dimensional (1D) and two-
dimensional (2D) NMR techniques.

Indirectly detected through-bond HETCOR spectroscopy utilizing refocused INEPT
(INEPTR) mixing was developed under fast MAS (Chapter 2). The time performance of this
approach in 'H detected 2D "H{'>C} spectra was significantly improved, by a factor of
almost 10, compared to the traditional C detected experiments, as demonstrated by
measuring naturally abundant organic-inorganic mesoporous hybrid materials. The through-
bond scheme was demonstrated as a new analytical tool, which provides complementary
structural information in solid-state systems in addition to through-space correlation.

To further benefit the sensitivity of the INEPT transfer in rigid solids, the combined
rotation and multiple-pulse spectroscopy (CRAMPS) was implemented for homonuclear 'H

decoupling under fast MAS (Chapter 3). Several decoupling schemes (PMLGS', PMLGS”,

and SAM3) were analyzed to maximize the performance of through-bond transfer based on
decoupling efficiency as well as scaling factors. Indirect detection with assistance of

PMLGS], during INEPTR transfer proved to offer the highest sensitivity gains of 3-10. In

addition, the CRAMPS sequence was applied under fast MAS to increase the 'H resolution
during t; evolution in the traditional, '*C detected HETCOR scheme. Two naturally abundant
solids, tripeptide N-formyl-L-methionyl-L-leucyl-L-phenylalanine (f-MLF-OH) and brown
coal, with well ordered and highly disordered structures, respectively, are studied to confirm

the capabilities of these techniques.



Vil

Concomitantly, a simple optimization of 'H homonuclear dipolar decoupling at MAS rates
exceeding 10 kHz was developed (Chapter 4). The fine-tuned decoupling efficiency can be
obtained by minimizing the signal loss due to transverse relaxation in a simple spin-echo
experiment, using directly the sample of interest. The excellent agreement between observed
decoupling pattern and earlier theoretical predictions confirmed the utility of this strategy.

The properties of naturally abundant surface-bound fluorocarbon groups in mesoporous
silica nanoparticles (MSNs) were investigated by the above-mentioned multidimensional
solid-state NMR experiments and theoretical modeling (Chapter 5). Two conformations of
(pentafluorophenyl)propyl groups (abbreviated as PFP) were determined as PFP-prone and
PFP-upright, whose aromatic rings are located above the siloxane bridges and in roughly
upright position, respectively. Several 1D and 2D NMR techniques were implemented in the
characterizations, including indirectly detected 'H{"*C} and "F{"*C} 2D HETCOR, Carr-
Purcell-Meiboom-Gill (CPMG) assisted *’Si direct polarization and *’Si{'’F} 2D
experiments, 2D double-quantum (DQ) '°F MAS NMR spectra and spin-echo measurements.
Furthermore, conformational details of two types of PFP were confirmed by theoretical
calculation, operated by Dr. Takeshi Kobayashi.

Finally, the arrangement of two surfactants, cetyltrimetylammoium bromide (CTAB) and
cetylpyridinium bromide (CPB), mixed inside the MSN pores, was studied by solid-state
NMR (Chapter 6). By analyzing the '"H-'"H DQMAS and NOESY correlation spectra, the
CTAB and CPB molecules were shown to co-exist inside the pores without forming
significant monocomponent domains. A “folded-over” conformation of CPB headgroups was

proposed according to the results from 'H—>’Si 2D HETCOR.



Chapter 1

Introduction to solid-state NMR

1.1 The basics of solid-state NMR spectroscopy

Since the first observation of nuclear magnetic resonance (NMR) in solid [1] and solution
samples [2] in 1940s, NMR has grown as an essential technique widely implemented in
numerous areas of science. Due to the lack of fast motional averaging of anisotropic
interactions, the resolution of solid-state NMR is remarkably lower than that encountered in
solution NMR, which also causes relatively lower sensitivity. In order to improve the quality
of solid spectra, magic angle spinning (MAS) was developed in 1958 [3], which assists in
removing the orientation-dependent interactions (e.g., chemical shift anisotropy and dipolar
couplings) by mechanical sample rotation. With the technological progress in probe
technology, the spinning frequencies have approached 80 kHz [4], which provides the
possibility of eliminating strong homonuclear dipolar couplings between 'H nuclei. The
resulting enhancement of resolution enabled successful implementation of indirect detection
in solid-state NMR [5-8] which greatly benefits the sensitivity of multidimensional
correlation spectra. In addition, through-bond heteronuclear spectroscopy via scalar (J)
coupling is feasible due to the extended relaxation time under fast MAS [9], providing a
complementary alternative to cross polarization (CP) that offers through-space correlations
based on dipolar interactions. Here, some basic solid-state NMR concepts are addressed and

several techniques closely related to our research are described.

Semi-classical model of NMR

The semi-classical model is suitable to describe the NMR properties of isolated spin-1/2

nuclei. The net magnetization M is considered as the vectorial sum of all individual nuclear



magnetic moments, which is non-zero in the presence of an external magnetic field (Figure

1.1), and is given by
M:?/J, (1.1)

where y is the magnetogyric ratio, a constant for a given nucleus, and J is the net spin

AV
S T

M=0 M+ 0

Figure 1.1. The semi-classical model of the net magnetization, M . In the absence of the
external magnetic field, M =0, due to the orientations of individually magnetic moments
(indicated by small vectors) being randomly distributed. With the field B applied, the non-

zero net magnetization appears along the B direction.

If the magnetic momentum M is placed in a homogeneous magnetic field B, a torque N

1s exerted as

N=MxB (1.2)

Also, the relationship between torque N and angular momentum J is



. d -
N=—J 1.3
o (1.3)
Combining Equations 1.1, 1.2 and 1.3, the motion of the magnetization is
d - Lo
—M =yMxB, 1.4
a M= (1.4)

which indicates that the magnetization M precesses around B at a constant frequency

w=-yB. In NMR experiments, the external magnetic field is generally assumed to be

oriented along the z direction, B = (0,0, B,), and the corresponding precession frequency is

called the Larmor frequency @, . For a nucleus with magnetogyric ratio y in a fixed magnetic

field
w, =yB, (1.5)
To conveniently describe the NMR experiments, the so-called rotating frame of reference
is usually employed. For the observer in the laboratory frame, the coordinates of the rotating
frame are rotating with the Larmor frequency, in the same sense. Thus, the precessing

motions of the nuclear magnetic moments are frozen in the rotating frame, if only an external

magnetic field is applied.

Quantum mechanical concepts of NMR

Zeeman interaction

For an isolated spin in a static, homogenous magnetic field, the Hamiltonian H of that
spin is associated with the Zeeman interaction

A

H=—-fi-B,=—yhl-B,=—yhl_B,, (1.6)
where the nuclear magnetic moment operator, (= 7hf , the nuclear spin operator,

[=(_1,I),and B,=(0,0,B,).



In most NMR experiments the Zeeman interaction is the dominant part of the Hamiltonian.
However, the Zeeman interaction term alone is not a useful source of structural information.
The local fields arising from other interactions, such as chemical shift and dipolar couplings,
which depend on the distribution of other nuclei and electrons in the vicinity of the observed

spin, provide structural information on the atomic scale.

Chemical shift interaction

One contribution to the local field is produced by the electron cloud around the nuclei that
is affected by the magnetic field EO. This local field causes the change of the resonance

frequency in the NMR spectrum, referred to as chemical shift.

The chemical shift Hamiltonian of a certain spin I is
H, =-yhl"-c-B, (1.7)
Here o is a second-rank tensor, which is represented by a 3 x 3 matrix in a laboratory
frame of reference. In the case of EO =(0,0, B,), the truncated chemical shift Hamiltonian is
H, =—-yhi_c"B, (1.8)

The relative frequency change due to the chemical shift interactions is

la

a)cs = _]/GzszO = _a)OG:zlb (1 9)
In order to examine ), further, the chemical shielding tensor is rewritten in the principal

axis frame (PAF) associated with the orientation of the local molecular framework, as shown

in Figure 1.2. In terms of principal values, @ can be decomposed into two parts, the
isotropic component and the anisotropic component:

iso

o, =0 + 0 = -w,0, —%a}OA{%osz @ —1+nsin® Ocos2 ¢}, (1.10)



PAF PAF PAF PAF
), A=0o." —

where 6 and ¢ are angles defined in PAF, o, =%(0' +to, +o, o

XX h% zz iso ?

and 7 :(GPAF _O_PAF)/O_PAF'

xx W zz

In a typical powdered sample, each molecular orientation has a different chemical shift,

depending on the specific values of € and ¢ . The resulting powder spectrum is a

superposition of orientation-dependent contributions from all possible orientations 0 <6<

and 0 <¢<2m.

A ~ Zaxis in PAF
By

external field

spinning axis

X axis in PAF

Figure 1.2. The illustration of the principal axis frame (PAF) in the magic angle spinning

experiment. The chemical shielding tensor is in ellipsoid representation. The sample is spun
around an axis that aligned at the magic angle 6, =54.74° with respect to the external field.

(see section 1.2)

Dipolar coupling

Dipolar coupling, arising from the direct interaction between two magnetic dipoles, is
averaged out by rapid molecular tumbling in solution, but is a major reason for line
broadening in solid-state NMR. The Hamiltonian of dipolar coupling between two spins I

and S is



i-§_3(i-f)g§-f)) (L11)

I:Idd = _(&)7/1%7’32( 3
47 r r

The dipolar coupling constant, d, is defined as
d= Z‘—;hz % (1.12)

In terms of spherical polar coordinates, the truncated homonuclear and heteronuclear

dipolar Hamiltonians are written respectively as

A

Hhome = —d%(3 cos’@—-1)[31.8.—1-5] (1.13)

Hherr = —d(3cos’ —1)IS. (1.14)

The distance » between spins [ and S, and angle @ are defined in Figure 1.3.

7z A

Bo S

X

Figure 1.3. Illustration of I-S dipolar coupling with respect to the applied field, B, .

In solid-state NMR, the indirect coupling of spins through the bonding electrons, typically
referred to as scalar (J) coupling, is often neglected due to much smaller magnitude
compared to other interactions. However, through-bond spectroscopy is becoming feasible in

solids, as will be described in Section 1.4 and in Chapters 2, 3 and 5.

Quadrupolar coupling



For nuclei with a spin greater than one-half, the distributions of nuclear charges are no
longer spherical, which generates the electric quadrupole moments that can interact with the
gradients of electric fields due to the electronic charges surrounding the nucleus. For many
nuclei, the quadrupolar coupling is stronger than other local interactions in NMR, e.g.,
chemical shift interaction and dipolar coupling. In some cases it can even exceed the Zeeman

interaction. The Hamiltonian of quadrupolar coupling in PAS of electronic field gradient

(EFQ) is written by
. 1 A n
H, :ghz%[yj —I(I+1)+n,(I} - 1)1, (1.15)
where o, _M—qQ is the so-called quadrupole frequency, and 7, =V, —V_)/V_ (in
YA, > Mo =Wy P a) Ve
case of |V_| 2 ‘Vy}‘ > |Vm|) is the asymmetry parameter.

The parameter referred to as the quadrupole coupling constant is often used, given by

0.=€q0/h (1.16)

1.2 Magic angle spinning (MAS)
Lacking the averaging effect by fast motion in solution, the anisotropic broadenings in
spectra of solid samples cause much lower resolution and sensitivity. The development of

MAS has remarkably improved the solid-state NMR spectra by mechanically rotating

samples at an axis that is oriented at the magic angle (6, =54.74°) with respect to the

external magnetic field EO (see Figure 1.2). If the spinning speed is larger than the couplings,

MAS averages out the anisotropic interactions, leading to notable spectral narrowing.

In case of chemical shift anisotropy, the averaged frequency under fast MAS is written as

cs

o :—%a)OA{3cos2ﬂ—1+77sin2,6’cos2¢}%(3cos2 0, - +a (1.17)



Here the angles # and 6, are indicated in Figure 1.2, and other parameters are predefined
in equation (1.10). If the rotor orientation is set at the so-called magic angle, 8, = 54.74°,

the term 3cos’@,—1=0, and thus the broadening due to chemical shift anisotropy is
eliminated.
For dipolar couplings, the geometric factor (3cos” #—1) in equations (1.13) and (1.14) can

also be averaged, at least partly, assuming that the rate of MAS exceeds the dipolar

interaction
<3cos29—1>:%(3cos2¢9R—1)(3coszﬂ—1) (1.18)

However, in rigid systems the line broadening due to 'H-'H homonuclear dipolar
couplings cannot be completely eliminated by MAS alone due to its size and homogeneous
character. A technique referred to as CRAMPS (combined rotation and multiple-pulse
spectroscopy) can be implemented to achieve state-of-the-art resolution in 'H (or '°F) spectra

of such systems [10].

Homogeneous and inhomogeneous line broadening

Based on its origin, the line broadening can be classified as inhomogeneous or
homogeneous (see Figure 1.4). In the case of inhomogeneous broadening, the spectrum is a
superposition of independent narrow lines, whose individual Larmor frequencies

continuously span a wide spectral range. For example, the inhomogeneity of the external
field EO results in position-dependent Larmor frequencies, so the overall lineshape is a sum

of contributions from nuclei in different locations in a sample. Other typical examples of
inhomogeneous broadening are: chemical shift anisotropy, chemical shift dispersion, and
two-spin dipolar coupling. The resonances contributing to the inhomogeneously broadened
spectra can be individually observed by using selective excitation. In contrast, in the case of

homogenous broadening, the whole spectrum reacts to excitation as an undivided entity.



Such is the case for broadening caused by multi-spin dipolar coupling interactions. In fast

MAS, the linewidth of homogeneously broadened 'H spectra is roughly inversely

proportional to the MAS rate, v,. That is, homogeneous broadening can be further narrowed
by increasing v, .
inhomogeneous homogeneous

/ \
JAWWM / \
- O N—

Figure 1.4. Visualization of inhomogeneous and homogeneous line broadening.

The recent development of fast MAS (40 - 80 kHz) provided new opportunities for
eliminating both homogeneous and inhomogeneous dipolar broadening interactions. In
addition, fast MAS provided opportunity to introduce indirect detection and though-bond
spectroscopy into solid-state NMR. Until recently, these techniques were rarely implemented
due to broad 'H linewidth and fast transverse relaxation. In addition, fast MAS offers several
other advantages that promote the application of solid-state NMR spectroscopy, including the
possibility of probing small samples, using high radiofrequency (RF) power as well as low-
power RF decoupling schemes [11], generating side-band free spectra, and utilizing the large
spectral width of the indirect dimension in rotor-synchronized experiments.

In the following sections, the indirect detection and though-bond spectroscopy, which are

mostly related to our research, are addressed.

1.3 Indirect detection of low-y nuclei
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During the last two decades most of heteronuclear shift correlation NMR experiments in

solution utilized direct detection of 1H, whereas the low-  nuclei, such as BC or 15N, were

observed indirectly. The detection of 'H nuclei in the F2 dimension is advantageous due to

their high magnetogyric ratio y. In solid-state NMR spectroscopy, these so-called indirect

detection schemes were impractical, because of the need of using RF irradiation for
homonuclear 'H-"H decoupling.

The general expression for the signal-to-noise ratio (S/N) derived from 1D measurements
is

3

o NIy NS (1.19)
where N is the number of NMR active spins in the sample, which is related to the amount of

molecules in the sample volume and the abundance of the observed spins; 7 is the

temperature of the sample with the surrounding coil; y, _ represents magnetogyric ratio of

exc

the excited spins, y,, 1s the magnetogyric ratio of the observed spins, W, indicates the

linewidth of observed spins, and NS denotes the total number of scans in the experiment. The

32

sensitivity scales as y, . due to the larger Boltzmann population difference. The y,, * term

is due to the proportionality between y,, and the nuclear magnetic moment as well as the

Larmor frequency (and thus the signal induced in the coil). Regardless of the value of y, the

S/N ratio depends on B, 32 due to the proportionality between y and @y and between the

signal induced in the coil and B, "*.

Take "H-"C heteronuclear shift correlation as an example to compare the signal-to noise
(S/N) ratios of direct detection (DD) and indirect detections (ID). With the same excited spin
('H) and different observed spins (°C and 'H, respectively) the sensitivity enhancement

factor [12] is given by
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§ = (S/—N)ID o (7/_11)% (%)% (1.20)

C(S/N)yy e

In solution NMR, the lines are naturally narrow, and the enhancement factor of indirect
detection depends mainly on the gyromagnetic ratios of the nuclei involved (~8 in the case of
'H-"C and ~30 for 'H-">N). In solids this advantage is diminished due to much broader 'H
lines, unless the strong 'H homonuclear couplings are reduced by fast MAS. Indeed, the
development of indirect detection in solid-state NMR, and the sensitivity enhancements have
been obtained in both isotopically enriched samples [5,13] and natural abundant samples
[9,14]. Further improvement of sensitivity can be achieved by redesigning the NMR probes

to favor observation of 'H and "F nuclei.

1.4 Through-bond spectroscopy

Through-bond correlation spectroscopy, which maps out the interactions through chemical
bonds by scalar (J) coupling, is one of the key areas of NMR methodology. It is widely used
in solution NMR, where a great number of pulse sequences have been developed that rely on
polarization transfer between J-coupled homonuclear or heteronuclear spin pairs, e.g.,

correlation spectroscopy (COSY) and heteronuclear single quantum correlation (HSQC).

ﬁ i m"
- T—rg T =
So €Tz g1ty

Figure 1.5. Definition of 7,' in the spin-echo experiment.
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Although the utilization of J coupling has been increasing in solid-state, mainly for
spectral editing [15-16] and direct measurement of J values in organic and inorganic
materials [17-18], wider application of though-bond spectroscopy in solids was hindered by
the fast decay of transverse spin magnetization. However, as mentioned in section 1.2, the

homogeneous dipolar interactions can be reduced by increasing the rate of MAS. In other

words, the transverse relaxation time 7, ' (described in Figure 1.5), which is related to the

decay of magnetization due to strong dipolar couplings that is non-refocusable by the spin-

echo sequence, can be extended with the help of faster MAS [19].

To explain the effect of 7,' on the magnetization transfer via J coupling, consider as an

example a basic through-bond experiment, such as insensitive nuclei enhanced by

polarization transfer (INEPT).

100
evolution of H  evolution of X —~ I — liquids
S 1 — solids
H |‘ I | I E 40 4oy T,H=] ms
£ 2
£ ° 2 8
X I " I \W g0
|
T T T, T I
-100
T1 (rns)

Figure 1.6. The pulse sequence of INEPT (left) and the proton evolution curves of typical

liquid and solid samples (right). The curves are given by following expression: sin(27J ., 7,)

(blue, liquids) and sin(27.J,7,)e 27" (red, solids).

As indicated in Figure 1.6, in an INEPT experiment, during the first spin-echo sequence

the 'H nuclei are subject to the transverse relaxation, whereas during the second part of the
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sequence the relaxation losses are incurred by the polarized spins, in this case °C. The right
part of Fig. 1.6 shows the evolution of 'H magnetization in a CH pair in liquid (blue) and
solid (red) samples. In liquids, fast molecular reorientation essentially eliminates the

relaxation losses during the polarization transfer, i.e. the transferred magnetization evolves as

sin(2zJ ., 7,) with typical J_, values being around 130 Hz. In solids, on the other hand, this

evolution is attenuated by strong exponential decay, which significantly reduces the

efficiency of magnetization transfer. In case of 7,'= 1 ms, at 7, =% (the optimized

JCH
parameter in solution), the signal intensity in solid drops to only 2 %, and the maximum
achievable intensity obtained with this fast decay is less than 20%. Thus, slowing down the
transverse relaxation in solids is crucial for improving the efficiency of polarization transfer
via J coupling.

Besides fast MAS, an alternative way to increase 7,' is the previously mentioned

CRAMPS method. Recently, through-bond spectroscopy assisted by CRAMPS under fast
MAS has been successfully implemented on rigid solid samples with natural abundance, e.g.,
tripeptide N-formyl-L-methionyl-L-leucyl-L-phenylalanine (f~-MLF-OH) and brown coal
[14]. These experiments demonstrate the gradual merging of instrumental and

methodological aspects of NMR spectroscopy in solids and solutions.
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Chapter 2
Indirectly detected through-bond chemical shift correlation NMR
spectroscopy in solids under fast MAS: Studies of organic-inorganic hybrid

materials

Published in J. Magn. Reson., 196 (2009) 92-95
Kanmi Mao, Jerzy W. Wiench, Victor S.-Y Lin, and Marek Pruski

2.1 Abstract

Indirectly detected, through bond NMR correlation spectra between °C and 'H nuclei are
reported for the first time in solid state. The capabilities of the new method are demonstrated
using naturally abundant organic-inorganic mesoporous hybrid materials. The time
performance is significantly better, almost by a factor of 10, than in the corresponding °C
detected experiment. The proposed scheme represents a new analytical tool for studying
other solid-state systems and the basis for the development of more advanced 2D and 3D

correlation methods.

2.2 Introduction

The usefulness of solid-state NMR spectroscopy in structural analysis hinges on the
availability of high-resolution spectra and good sensitivity. Remarkable advances are
currently being made in both these areas due to the development of fast magic angle spinning
(MAS) [1,2]. Recent reports have shown the major advantages of using fast MAS in the
study of organic-inorganic mesoporous materials [3,4]. Most importantly, MAS at 40 kHz
provided a simple and artefact-free way of achieving high 'H resolution in these materials
without the use of multiple-pulse radiofrequency (RF) irradiation and stroboscopic

observation (CRAMPS [5]) [3]. Excellent sensitivity per spin, lack of spinning sidebands and
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the possibility of using low-power decoupling schemes [6] have enabled convenient
acquisition of highly resolved 2D 13C{IH} and *’Si{'H} heteronuclear correlation (HETCOR)
NMR spectra. Another consequence of achieving CRAMPS-quality resolution without
stroboscopic sampling is the opportunity for sensitivity enhancement by detecting the low-y
(X) nuclei indirectly via high-y 'H nuclei. Although the maximum gain of (s/yx)"” is
unrealistic in solids, we found the time performance of indirect detection to be better than the
standard *C{'H} HETCOR experiment by a factor of more than ten. Remarkably, the
indirectly detected *C-'H HETCOR spectra of samples containing a few pmole of
covalently bound functional groups (in the absence of templating molecules) were obtained
within minutes or hours without using isotope enrichment [4].

The fast MAS-based HETCOR spectra reported thus far are based on cross polarization
(CP), providing through-space correlations via the dipolar interaction. Due to the strength of
dipolar coupling (which is on the order of 20 kHz for closely spaced C-H pairs), the CP
transfers are fast and efficient. However, they can be affected by molecular motions and are
poorly suited for differentiating between short- and long-range correlations. Although the
through-bond scalar (J) couplings are much weaker (in directly bonded C-H pairs the 'Jey
values are on the order of 100 Hz), their utilization in solids has become increasingly
practical following the progress in MAS technology and RF decoupling methods. The J
couplings have been successfully exploited in various 1D and 2D experiments, including
measurement of J-coupling constants [7-9], spectral editing [10-12], and acquisition of
homo- and heteronuclear correlation spectra in organic and inorganic materials [13-16].

The heteronuclear J correlation sequences reported for solids are based on mixing schemes
developed for solution NMR, of which refocused INEPT is the most common. The key to
achieving high efficiency in this experiment is to prevent the decoherence of transverse
magnetization due to interactions that are non-refocusable by the rotor-synchronized spin-

echo sequence under fast MAS. Since transverse relaxation is dominated by the dipolar
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couplings, the corresponding 7," values and the efficiency of INEPT are expected to increase

with increasing MAS rate w. In addition to fast MAS, the use of proton homonuclear
decoupling can be used to extend the 'H coherence lifetimes [17].

Here, we demonstrate that the benefits of fast MAS and polarization transfer via INEPT
can be mutually utilized to measure, for the first time, the indirectly detected 2D lH{BC}
through bond correlation spectra in solids. The new method is used to study mesoporous
silica nanoparticles (MSN’s) containing the templating molecules or covalently bound

surface functional groups under natural abundance.

2.3 Experimental
NMR measurements

The pulse sequence for the 2D "H{*C} INEPT experiment, shown in Figure 2.1b, draws
from the previously described CP-based schemes (Figure 2.1a) [4,18]. The experiment uses
the tangentially ramped >C{'H} CP (or >C{'H} INEPT, not shown) to create the initial >C
magnetization, which then evolves during ¢, under the isotropic chemical shift in the presence
of low-power decoupling (SPINAL-64 or, as shown in the figure, a single z pulse [4]).
Following the #; period, >C magnetization is stored along the By field, while the residual 'H
coherence is purged using two long pulses (zzr = 40 ms for CTAB and 25 ms for PFP) with

orthogonal phases, where the magnitude of RF field at the 'H frequency satisfies the rotary

resonance recoupling condition vy, = 0.51& [19,20]. Subsequently, the INEPT sequence is

applied to transfer °C polarization back to 'H nuclei. The SPINAL-64 "*C decoupling is used
during the detection period (#;), to eliminate the residual dipolar broadening and the J
splitting of 'H lines in the v, dimension. The so-called steady duty cycle compensation is
implemented (if needed, i.e. when SPINAL-64 'H decoupling is used during #;) [21], along

with other previously described measures [4], to minimize the #-noise. All measurements
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were performed on a Varian NMR System 600 spectrometer, equipped with a 1.6-mm triple

resonance FastMAS™ probe, using 1 = 40 kHz.

(@), X (b), X X X X
M ] el sl o | o
H| v X[ Y % H| v XY
Y YY X X XYY X
| ]

13C X X SPINAL-64 13C Y
Tcp

p 4 2%g Tp b b 2%g

o T 1, b

Figure 2.1. Pulse sequences for CP-based (a) and INEPT-based (b) 'H detected HETCOR
experiments under fast MAS. Solid rectangles represent 772 and 7z pulses. Phase cycling was
simplified by the use of direct digital receiver. States-TPPI detection was implemented

through appropriate phase switching of the first 72 pulse in the '°C channel.

Sample preparation

Two samples were synthesized according to the procedures described in our previous
papers: (1) a non-functionalized sample of mesoporous silica containing the surfactant
(CTAB), referred to as CTAB-MSN [22], and (2) a sample functionalized via co-
condensation with covalently bound pentafluorobenzene groups (-CH,-CH,-CH,-C¢Fs), and
referred to as PFP-MSN [23]. CTAB was removed from PFP-MSN by acid extraction. Based
on the deconvolution of *’Si MAS spectra, we estimated that 13 +2 % of silicon atoms in this
sample are bound to carbon, which corresponds to the functional group concentration of 1.2
mmol/g. The samples were packed in MAS rotors after exposure to ambient conditions in the

laboratory. The static 'H linewidths were 6 kHz in CTAB-MSN and 12 kHz in PEP-MSN.

2.4 Results and discussion
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Figure 2.2. (a) 2D indirectly detected 'H{"*C} spectrum of CTAB-MSN with INEPT mixing

recorded at 14.1 T, using w = 40 kHz, v,, = 110 kHz during short pulses, v, = 60 kHz

(with tangent ramp) during CP, vg,. = 100 kHz during short pulses and CP, v;, = 10 kHz

during SPINAL-64 decoupling. The spectrum was acquired in 240 rows, 4 scans per row
with #; increments of 50 us, 7cp = 2.0 ms, 77 = 1.1 ms, 7» = 1.2 ms, and recycling delay of 1.5
s. Total acquisition time was 50 min. (b), (c) Selected cross-sections along H (b) and C (c)
dimensions of spectrum (a) (bottom traces), and of the corresponding C-detected spectrum

acquired under the same experimental conditions (top traces).

The 2D "H{"*C} INEPT spectrum of CTAB-MSN is shown in Figure 2.2a, where the peak

assignments are shown based on the NMR spectrum of CTAB in solution. Acquisition of 4
scans per row yielded a signal to noise ratio of = 200 for *C resonance at 30.5 ppm. As

demonstrated in Figures 2.2b and 2.2c, the sensitivity is better by a factor of 3 than in the
corresponding °C detected spectrum, and as good as in the indirectly detected CP-based
spectrum (not shown). 2D CP-based and INEPT-based 'H{"*C} correlation spectra of PFP-
MSN are shown in Figures 2.3a and 2.3b. The observed cross-peaks show that the attached

functional groups have the structure consistent with the PFP groups shown in Figure 2.3a,
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thereby confirming that functionalization of the silica surface has indeed taken place as
intended. Also present is a resonance representing the surface methoxy groups. The
correlations due to long-range interactions (C2-H1, C2-H3, C3-H2 and C4-H3,) are only
observed in Figure 2.3a, which well demonstrates the through-bond filtering capabilities of
'H{"*C} INEPT method. For the most prominent peaks, the CP-based and INEPT-based 2D
spectra in Figure 2.3 have similar intensities per scan. We note, however, that spectrum (a)
has been acquired using zcp = 4.5 ms in order to achieve substantial polarization between
weakly coupled nuclei. This condition did not favor the strongly coupled pairs (C1-H1, C2-
H2 and C3-H3) whose intensities would have been higher when using zcp in the 0.5 ms range.
By shortening zcp to 50 us, the correlations due to weakly coupled spins can be completely

eliminated, yielding a spectrum similar to *C{'H} INEPT, albeit much less intense.
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Figure 2.3. 2D indirectly detected 'H{'’C} spectra of PFP-MSN with CP (a) and INEPT (b)
mixing. The spectra were acquired in 160 rows, with #; increments of 25 us, zcp = 4.5 ms,
recycling delay of 1 s, 48 (a) and 128 (b) scans per row, 7; = 0.6 ms, and 7, = 0.8 ms (c).
Acquisition times were 4.5 h (a), and 12.5 h (b). Other experimental details are provided in

caption to Figure 2.2.
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Figure 2.4. Measurements of transverse relaxation times 7’; (b) and I";' (c) during INEPT

as a function of &

While all expected resonances were detected in the MSNs, the relative intensities are
influenced by a both CP and INEPT transfers. A detailed analysis of optimization strategies
in this and other indirectly detected schemes will be presented separately. Here, we only
report on the measurements of transverse relaxation in CTAB, which were made as a

function of 1k under conditions relevant to INEPT, i.e., using Hahn echo without
heteronuclear decoupling. The measurement of "*C relaxation (7°C ), which in our experiment
is operative during 7;, used C{'H} CP, whereas dephasing of 'H (described by "' and
effective during ) was studied following the "H{'°C} INEPT. As shown in Figures 2.4a and
2.4Db, a linear dependence on w was found, both for 77}' and 7y , in agreement with an earlier

report [16]. This is critically important to our experiment. By reducing w to 20 kHz, the
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sensitivity gain due to indirect detection would be essentially eliminated even if 'H resolution

remained constant.

2.5 Conclusions

We have demonstrated that refocused INEPT can be used with fast MAS to measure
through-bond, 'H detected HETCOR spectra of naturally abundant organic-inorganic
mesoporous solids with excellent sensitivity and resolution. The time performance is
significantly better, almost by an order of magnitude, than in the °C detected 2D “C{'H}
INEPT and matches that of through space, CP based 'H{'*C} method. The proposed scheme
represents a new analytical tool for studying other solid-state systems and the basis for the
development of more advanced 2D and 3D correlation methods. The development of more
efficient homonuclear dipolar decoupling schemes can further improve the efficiency of this

technique in strongly coupled spin systems.
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Chapter 3
Directly and indirectly detected through-bond heteronuclear correlation
solid-state NMR spectroscopy under fast MAS
Published in J. Magn. Reson., 201 (2009) 165-174

Kanmi Mao and Marek Pruski

3.1 Abstract

Two-dimensional through-bond 'H{"*C} solid-state NMR experiments utilizing fast
magic angle spinning (MAS) and homonuclear multipulse "H decoupling are presented.
Remarkable efficiency of polarization transfer can be achieved at MAS rates exceeding
40 kHz, which is instrumental in these measurements. Schemes utilizing direct and
indirect detection of heteronuclei are compared in terms of resolution and sensitivity. A
simple procedure for optimization of 'H homonuclear decoupling sequences under these
conditions is proposed. The capabilities of these techniques were confirmed on two
naturally abundant solids, tripeptide N-formyl-L-methionyl-L-leucyl-L-phenylalanine (f-

MLF-OH) and brown coal.

3.2 Introduction

Astounding advances are currently being made in solid-state NMR spectroscopy
following the development of magic angle spinning (MAS) at rates approaching 70 kHz
[1,2]. Recent reports have highlighted several advantages of fast MAS probes, including
their excellent sensitivity per spin and efficient cross-polarization (CP) transfer [3,4], the
possibility of generating very high radiofrequency (RF) magnetic fields, and the
possibility of using low-power RF schemes during preparation, mixing and decoupling
periods [5]. In addition, fast MAS affords increased frequency range of the indirect

dimension in rotor-synchronized experiments and eliminates the spinning sidebands at
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high magnetic fields or in the presence of large chemical shifts anisotropies (CSAs). Most
importantly, it helps to reduce or, in some cases, eliminate the strong homonuclear
dipolar couplings between high-ynuclei ("H and "’F). Indeed, fast MAS by itself enabled
the acquisition of directly detected (also referred to as X-detected or X{'H}) and
indirectly detected ('H-detected or "H{X}) multi-dimensional heteronuclear correlation
(HETCOR) NMR spectra of organic materials in which 'H spin systems were isotopically
diluted, exhibited some degree of motional narrowing, or were fully coupled [4,6-10]. In
our studies, MAS at 40 kHz was used to achieve high 'H resolution in mesoporous
organic-inorganic hybrid materials [4]. The CRAMPS-quality resolution was attainable in
such systems by MAS alone because the local molecular dynamics limited the 'H
linewidth to less than half of the static value. Subsequently, it became possible to enhance
the sensitivity of through-space (i.e., using CP) two-dimensional (2D) HETCOR
experiments by detecting the low-y (X) nuclei indirectly via high-» "H nuclei [8]. In the
case of 'H-detected HETCOR experiments, the sensitivity of indirect detection is
typically several times better than that of the standard X {'H} method [6-10].

Most recently, it has been demonstrated that fast MAS is fully compatible with
homonuclear '"H decoupling using RF pulse sequences, either previously known yet
deemed relevant only under MAS rates below 25 kHz, or newly designed [11,12]. Under
optimal experimental conditions the resolution of 'H spectra obtained under MAS at 40
to 70 kHz turned out to be comparable to or better than that obtained in previous state-of-
the-art CRAMPS experiments [11]. Thus, fast MAS also offers new opportunities for
through-bond heteronuclear spectroscopy, e.g. using pulse sequences similar to
heteronuclear single quantum correlation (HSQC) experiments in solution NMR. The
utility of using 'H-"H homonuclear decoupling during INEPT in "*C-detected HETCOR
experiments at a lower MAS rate (22 kHz) has been already demonstrated [13]. Indeed,

decoupling using so-called “mind-boggling optimization” (DUMBO) during INEPT
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tripled the sensitivity in °C labelled L-isoleucine. The first 'H-detected, INEPT based
HETCOR spectra in weakly coupled spin systems have been reported, as well [14]. Fast
MAS was instrumental in improving the efficiency of the INEPT transfer because it
reduced the magnetization losses due to transverse relaxation.

Herein, we seek to maximize the efficiency of INEPT in HSQC-type experiments in
rigid solids by combining 'H-"H RF decoupling with MAS at vx > 40 kHz and investigate
the sensitivity benefit of indirect detection. The choice of 'H-'H decoupling method
during INEPT is not obvious, because the effectiveness of polarization transfer depends

on the decoupling efficiency as well as the scaling factor. We provide a comprehensive

analysis of the performance of several decoupling schemes (PMLGS5!, PMLGS" and

mm

SAM3) during the INEPT transfer, and propose a simple optimization scheme for such
experiments. The merit of the indirect approach (‘"H{'>C}) is gauged against the results of
a "C{'H} HETCOR experiment in which RF "H-'H decoupling is also applied during 'H
evolution. The exciting capabilities of directly and indirectly detected through-bond
HETCOR NMR under fast MAS are illustrated on two naturally abundant solids,
tripeptide N-formyl-L-methionyl-L-leucyl-L-phenylalanine (f-MLF-OH) and brown coal,

one well ordered and the other highly disordered.

3.3 Background and experimental procedure
'H decoupling under fast MAS

Traditionally, high-resolution 'H experiments were performed by combining rotation
and multiple-pulse sequences (CRAMPS) operated under the quasi-static condition 7. <<
TR, Where 7. = (vc)'1 describes the cycle time of the pulse sequence which should be short
compared to 7 = (w)', and it is assumed that 1. exceeds the strength of the
homogeneous broadening to be removed [15,16]. The development of high-field magnets

and probes capable of MAS at rates of up to 25 kHz (now regarded as moderate) was
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followed by the implementation of modified CRAMPS strategies, as thoroughly reviewed
by Vega et al. [17]. Several decoupling techniques held promise for successful
performance at even higher MAS speeds. These included PMLG and DUMBO [18],
which can be used both in windowless and windowed schemes without rotor

synchronization. The recently introduced symmetry-based rotor-synchronized sequences

n 9

CN ), RN, and ZN, are also unrestricted by quasi-static approximation [12,19,20].

The PMLG sequence [21], which can be viewed as an on-resonance variant of the
frequency-switched Lee-Goldburg (FSLG) experiment [22], suppresses the zero- and
first-order terms in the average dipolar Hamiltonian. The basic version consists of two

building blocks, each composed of a series of n pulses with sequentially advanced phases.

It has been denoted as PMLGn; [23], where @ is the initial phase of the first block and R

specifies the direction of phase rotation in the xy plane, with R = m for clockwise and R =
p for counter clockwise rotation. This sequence proved easy to implement and yielded
good resolution for n = 3, 5, and 9, although line broadening and RF-rotor frequency
lines appeared at certain combinations of 1., v and frequency offset values [24,25].
Windowed PMLG sequences (wWPMLG) soon followed, providing opportunities for
measuring 2D 'H-'H and indirectly detected 'H{"C} spectra [26]. The theoretical
analysis of RF pulse imperfections led to the idea of using RF irradiation parameters (RF
power and frequency offset) to obtain a wPMLGr; sequence with an effective field along
the z direction. This so called z-rotation yielded spectra with improved resolution and

fewer artifacts [27,28]. Subsequently, the supercycled sequence PMLGn; was introduced
with @ =g¢ and R = mm, i.e., composed of two blocks PMLGr’ and PMLG#n’, which
relaxed the offset dependencies of the line-narrowing efficiency and the z-rotation (and

thus the scaling factor which, however, is considerably reduced in the supercycled

experiment) [23]. In all of these studies the condition 1, > w was assumed and deemed
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necessary to achieve high resolution, provided that the periodicities associated with RF
irradiation and MAS did not interfere; i.e., the condition aw + b1, = 0 with a and b being

small integers, was to be avoided. Most recently, however, it has been demonstrated that

wPMLGS5" (as well as wDUMBO) can perform comparably or better when applied at

the highest available w frequencies (up to 65 kHz), even under the condition v, < g, as
long as |a/b| ratios are not equal to 1/2, 2/3, 1/3, etc. [11].

The family of rotor-synchronized SAM pulse sequences was recently introduced to
achieve efficient homonuclear 'H decoupling under very fast MAS by using smooth
cosine modulation of the RF magnetic field amplitude [12]. We chose the SAM3 version
of the sequence, with the modulation frequency v. = 31x, because it does not reintroduce
the heteronuclear dipolar and CSA interactions. It proved easy to optimize and tolerant of
RF inhomogeneity, which made it potentially useful for our application.

Here, we tested the utility of PMLG and SAM3 decoupling during the INEPT transfer,
although DUMBO and symmetry-based methods can be applied, as well. We were
primarily concerned with slowing down the decoherence of the transverse magnetizations
(7, relaxation) of 'H and BC nuclei during INEPT and less so with the minimization of
artifacts such as zero peak, image peaks and RF-rotor frequency lines. Note, however,
that the efficacy of these sequences in our experiments depends not only on their ability
to slow down the 7,’ relaxation, but also on the scaling factors, which determine the

effective J coupling and the optimum duration of the polarization transfer.

Pulse sequences and optimization of homonuclear decoupling

The polarization transfer through chemical bond used here during mixing is based on a
refocused INEPT (INEPTR) pulse sequence, which employs two pairs of rotor-
synchronized delays. First, the antiphase proton magnetization is created during time

delay 271 = (2Jcn) . A second pair of delays of similar duration 7 is used to refocus this
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magnetization into an in-phase signal. Note that the relaxation losses during INEPT are
attributable to the polarizing nuclei during 7; and to those being polarized during z. The
transverse relaxation during 7; and 7 is mainly due to 'H-"H dipolar interaction, which
we strive to overcome by using the combination of fast MAS and multiple-pulse
sequences. The decoupling efficiency during INEPT can be conveniently assessed by

measuring the "H (or C) signal intensity versus 7 in a simple spin-echo experiment

shown in Figure 3.1a, using the SAM3, PMLGS, and PMLGS5", decoupling sequences

depicted in Figure 3.1d. The 'H measurements utilized direct polarization whereas *C

data were measured following the “C{'H} CP. The resulting spectra were used to

evaluate the 7'y’ and T's relaxation times for all resolved proton and carbon sites in the

f-MLF-OH tripeptide studied in this work.

The pulse sequence for the 2D HETCOR experiment with indirect detection of "°C is
shown in Figure 3.1b. This sequence uses tangent “C{'H} CP transfer, followed by 7,
evolution of °C magnetization, which is then stored along the By field and transferred
back to 'H nuclei via INEPT [14]. The #1-noise was minimized using the duty
compensation of the RF power and by purging the 'H magnetization during the 2zxg
period, as described earlier [8,29,30]. Figure 3.1¢ depicts the corresponding *C-detected

HETCOR scheme, which follows that proposed by Emsley et al. [13], but is operated

here at high MAS rate [11]. Based on the analysis of relaxation data, only the PMLGS5,

scheme was used during INEPTR in 2D experiments (i.e., during 7; and 7 in Figure 3.1b
and c). Both PMLGS5' and PMLGS5 sequences were tested during the ¢, evolution of the
BC-detected 2D experiment (Figure 3.1c). SPINAL-64 heteronuclear decoupling is used

during # and #, periods, as appropriate [31]. In experiments performed under fast MAS

(v > 41.666 kHz), a low RF magnetic field of ~w/4 (~11 kHz in our experiments) was
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used during heteronuclear decoupling because it was as effective as a high RF magnetic
field of ~100 kHz at vz = 20.833 kHz [4,5,32].

All experiments were carried out at 14.1 T on a Varian NMR System 600 spectrometer,
using a FastMAS™ probe operated at w = 41.666 kHz and 20.833 kHz. Additional
experimental parameters are given in figure captions and table footnotes, using the
following symbols: ;. denotes the magnitude of the RF magnetic field applied to X spins,
7cp the CP time, zrp the recycle delay, g the rotary resonance recoupling time, At the
increment of # during 2D acquisition, NS the number of scans, and AT the total
acquisition time of a 2D spectrum. The 'H and "*C chemical shifts are reported using the
o'scale and are referenced to TMS at 0 ppm.

The introduction of homonuclear decoupling schemes into the 2D sequences in Figure
3.1 makes them appear complex to set up and optimize. However, we were able to

maximize the performance of these sequences very simply by minimizing the signal loss

due to 7' transverse relaxation in the spin-echo experiment shown in Figure 3.1a. The

experimental procedure involves the use of a single delay 7z, and within a few minutes
reliably provides the best choices for the pulse length, the RF power level, and the
frequency offset. Because of the general relevance of this optimization to high-resolution

'H spectroscopy, we will detail it separately in a forthcoming publication.
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Fig. 3.1. Pulse sequences for 'H and "C spin-echo (a), 'H-detected through-bond
HETCOR (b), and "*C-detected through-bond HETCOR (c) experiments under fast MAS.

Also shown are three RF '"H homonuclear decoupling schemes (SAM3, PMLGS5; and

PMLGS5? ) tested in these experiments (d). Note that in experiments involving PMLGS5,

additional pulses were used in the before and after each decoupling pulse block to rotate

'H magnetization from and into the xy plane. The effective field produced by the

PMLGS, sequence is almost parallel to the z axis, which leads to a broad-banded z-

rotation of the magnetization and eliminates the need for preparatory pulses [23]. Solid
rectangles represent 7/2 and m pulses. The following phases were used in experiments (b)
and (¢): ¢ = {8x, 8(-x)}, r=8{x, X}, s =4y, ¥, -y, -y}, ¢ = {4x, 4y, 4(-x), 4(-y)},
@5 =2{X, X, X, X, Y, -V, Y, -V}, Frec =2{X, X, -X, =X, Y, VY, -V, -y }. States-TPPI detection
was implemented in 2D experiments through appropriate phase switching of the first /2
pulse in the °C channel. The SAM3 and PMLG sequences followed the recipes given in

[12] and [23], respectively.
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Samples

A common peptide and brown coal were chosen to demonstrate the applications of
through-bond correlation methods. The solvent-free, naturally abundant tripeptide f-
MLF-OH was purchased from Sigma-Aldrich. The f-MLF-OH structure features well
resolved CH, CH,, CHj and quaternary carbon sites, which exhibit a full range of Be.'g
couplings, from motionally narrowed to those typical of a fully rigid crystal lattice. The
brown coal, originating from the former Cospuden coal mine near Leipzig (Germany), is
chemically heterogeneous, which precludes the observation of sharp resonances in 'H and
>C NMR. Each sample was loaded into the MAS rotor under ambient conditions and

studied at room temperature without any treatment.

3.4 Results and discussion

T,' relaxation

The 7'} and 75 relaxation times were measured for f-MLF-OH using the spin-echo

sequences shown in Figure 3.1a. The data obtained under MAS (vg = 41.667 kHz) and

MAS with homonuclear decoupling (SAM3, PMLGS,, or PMLG5" ) are shown in Tables

mm

3.1 and 3.2. Also shown are the relaxation data measured under PMLGS, and PMLGS5

decoupling with slower MAS (vr = 20.833 kHz). The relaxation times for individual sites
were evaluated after acquiring spectra for 20 rotor-synchronized values of 7, as explained
in the footnotes to the tables. Most of the carbon sites in f-MLF-OH could be easily

resolved and assigned following an earlier report of Griffin et al. [33] (Figure 3.2). The

site-specific 77¢ values were not measured for F' and carbonyl carbons (L’, F* and M)

because they were of no interest to us, or for the pairs of carbons in the phenyl ring (Fal’2

and F*'?) because they remained broad and unresolved due to the interference of the ring
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dynamics (see below) with heteronuclear decoupling. In the case of 7', measurements,

the RF homonuclear decoupling was not applied during 'H detection, making resolution
insufficient to resolve all proton sites (at vg = 41.667 kHz the resolution was comparable
to that in Figure 3.3b). Therefore, the 'H spectra were deconvoluted into four groups of

resonances centered at 0.8 ppm (representing CHj3 groups), 2.0 ppm (predominantly CHy),
6.2 ppm (CH) and 8.8 ppm (formyl H), for which only the average values of 7}’ were

evaluated by fitting the data with a single exponential decay. The performance of 'H

decoupling sequences was optimized as described in section 2.2. Notably, under the

PMLG sequences the best 7') and 7'y values were obtained when w was smaller than v,
(e.g. in the case of PMLGS" , w/Vv. = 0.62 for g = 41.667 kHz and w/v. = 0.56 for w =

20.833 kHz; see footnote (a) to Tables 3.1 and 3.2). Although similar 7 and 7’y results

could be reached under the condition w > v, (by adjusting the RF power level such that
the two frequencies did not interfere), the resulting scaling factors were considerably

reduced.

(@ MB  wmy LY

o Me 151 1%
Fo 5
1P | B M

T T T T T T T T T T T
60 55 50 45 40 35 30 25 20 15 ppm
' Formyl

F F FS
Nl e .

175 170 165 160 155 150 145 140 135 130  ppm

Fig. 3.2. °C CPMAS spectrum (a) and molecular structure of f-MLF-OH (b). The

spectrum was measured at room temperature using w = 41.667 kHz, 7cp = 0.3 ms, v, =

62 kHz during CP (tangent), vy, = 104 kHz during CP, v.. = 11 kHz during SPINAL-64

decoupling, and p = 2 s. The assignments are made following reference 41.
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To facilitate the ensuing discussion, we note that in our measurements the 'Hand *C
relaxation is influenced mainly by the residual homogeneous interactions that are non-
refocusable by the rotor-synchronized 7 pulses under fast MAS and RF '"H homonuclear
decoupling. The refocusable (inhomogeneous) interactions include chemical shift
anisotropy (CSA) and heteronuclear couplings. The 'H and "C linewidths can be
additionally broadened due to disorder and/or anisotropic bulk magnetic susceptibility
[34-36]. Notwithstanding the simplicity of the spin-echo sequence, the measured
relaxation times are difficult to rationalize because of the complexity of the spin
dynamics in extended networks of spins involving strongly interacting 'H nuclei under
MAS and RF decoupling, where the effective couplings depend on the orientation of the
local networks with respect to the magnetic field. Numerical ab initio simulations
reported recently by Zorin et al. [37] allowed for comprehensive analysis of 'H
linewidths in model systems with different dimensionalities and dynamics as a function
of w, in the absence of RF decoupling. In agreement with earlier predictions and
measurements [38,39], the intrinsic homogeneous component of 'H linewidth, as
measured in the spin-echo experiment under MAS, was found to scale as (1g)", with the
proportionality factor depending on the networks’ dimensionality, geometry and
dynamics [37]. The limit of homogeneous (spin-echo) linewidth at infinite i is very low,
because it is set by scalar Jyz couplings (which are typically on the order of 10 Hz and
are invariant during this experiment) and the spin-spin relaxation 7>. Even when using
MAS at the highest currently available rates, the potential exists to increase the efficiency
of homonuclear decoupling with RF pulse sequences. By making the heteronuclear

dipolar interaction with the dilute (C) nuclei inhomogeneous, efficient homonuclear

decoupling should have a similar effect on 7’y processes.
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Table 3.1. Measurements of transverse relaxation time 77, in f-MLF-OH under MAS at

41.667 kHz, and MAS at 41.667 or 20.833 kHz with homonuclear RF pulse decoupling.

7 [ms]®
Functional group S MAS SAMS3 PMLGS! ®) PMLGS5, ®)
only
PPml 5210 5=071 =071 (0.49) sc=0.36(0.29)
M%, L% F°,
CH 6.2 0.6 2.4 35 52 51 59
F°, F®, F°

@ Each measurement consisted of 20 data points, which were fitted with a single

exponential decay. The following rotor-synchronized increments of 7 were used: Az = 24

us (MAS), Az =120 us (SAM3), and A7z = 240 us (PMLGS5, and PMLG5" ). The data
were acquired with zzp = 2 s using the RF magnetic fields v, = 150 kHz during n/2, nt

and PMLG pulses, and v,, = 135 kHz during the SAM3 sequence. In the PMLGS,

experiment, additional short pulses (1.2 ps, v, = 150 kHz) were used in the 'H channel

before and after each decoupling block to rotate 'H magnetization from and into the xy
plane. At 1 = 41.667 kHz, the optimized homonuclear decoupling conditions were as

follows: during SAM3, the cosine line shape was defined by 120 segments of 0.2 us

duration and total duration 7. = 24 us; during PMLGS, and PMLGS., decoupling, we

used 7pmrg = 0.75 us (7. = 7.5 us and 15 us, respectively). At v = 20.833 kHz, only the

PMLGS5, and PMLGS5 decouplings were tested, which worked best with zpmrg = 1.35

us (7. = 13.5 and 27 us, respectively).
® Data obtained with Wk = 20.833 kHz are given in italics.
© M?® and L" are CH; and CH carbons, respectively.

@ Resonances at 0.8 and 2.0 ppm were unresolved at vg = 20.833 kHz.
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Table 3.1. (continued)

7 [ms]®
Functional group Sim MAS  samM3  PMLGS © PMLG5:
only
PPm] g 270 §=071 s=0.71(0.49) s;=0.36(0.29)
CH Formyl 8.8 1.1 5.7 6.2 96 12.1 82
M, MY, MP
(C) b b b
CH, bpr 2.0 0.6 3.8 53 1140 10.3 1540
CH; Lo, L 0.8 0.4 2.1 4.4 11.0

Our measurements performed on organic-inorganic hybrid materials [14] and f-MLF-
OH (data not included) also showed proportionality between 7'} (as well as 775 ) and &
in the range of 20 - 42 kHz. In hybrid materials, the dipolar couplings in silica-bound
species behaved inhomogeneously at w = 40 kHz, yielding 7"} and 7'¢ relaxation times
of more than 5 ms without the assistance of RF multiple-pulse sequences [14]. However,
fast MAS alone proved insufficient in the case of a strongly coupled three-dimensional
network of protons such as f-MLF-OH, where we observed sub-millisecond decays for

many of the sites under similar conditions. By adding the RF decoupling the decay of

transverse magnetization was slowed down dramatically, 5- to 20-fold compared to that

in fast MAS (Tables 3.1 and 3.2). In general, the PMLGS" decoupling proved superior,

mm

while SAM3 performed less efficiently than both PMLGS, and PMLGS sequences.

Although the overall effect of decoupling is remarkable, the data in Tables 3.1 and 3.2
show considerable disparity between relaxation times measured for different sites. The

measurements of 'H relaxation are difficult to interpret because they do not represent

individual sites and functionalities. Most of the 77 times measured with PMLG
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decoupling at v = 20.833 kHz are longer than those at w = 41.667 kHz, whereas the 7%

data are similar for most sites. Note, however, that the scaling factors are reduced at w =

20.833 kHz.

In order to rationalize the results of 7'y measurements, we note that parts of f-MLF-

OH exhibit intrinsic motions at room temperature that are fast on the NMR timescale.
These include the rotation of methyl groups (carbons M°, L°! and L*?) and 180° flips of
the phenyl rings at a rate of ~10° s™'; such rearrangements may be accommodated by
additional motions of the surrounding chains. The '"H-">C couplings involving other
carbons (M%, L% L, F*, MP and M") were shown to be unaffected by motion at room

temperature (see reference 34, Supporting Information). Accordingly, when both MAS

and RF decoupling were used, the longest 7' times observed were for methyl (MS, LY

and L) and C-H (M“, L% F%) carbons. The methylene carbons (M", LP, F* and M")
relaxed faster, which suggests that further improvement can be achieved through more
efficient decoupling. The LP and FP groups, however, also showed motional narrowing at
room temperature [40], which may have interfered with decoupling. In the phenyl rings,
carbons F°'? and F®'? remained unresolved, whereas F° also relaxed relatively fast,
because the neighboring 'H nuclei cannot be efficiently decoupled due to the flipping

motion.
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Table 3.2. Measurements of transverse relaxation time 7’y in f-MLF-OH under MAS at

41.667 kHz, as well as MAS at 41.667 or 20.833 kHz with homonuclear RF pulse

decoupling.
T [ms]®
) di3c —® o (b
Functional group MAS SAM3 PMLG5' () PMLGS", (b)
[ppm] only
se=1.0  s=0.71  sr=0.71(0.49) sf=0.36 (0.29)
M” 52.0 2.2 11.7 26.8 25.7 269 20.8
CH L* 56.8 1.2 8.8 25.6 223 227 18.8
L 25.0 0.7 4.7 0.1 -© 54 -©

@ As in the case of 7 (Table 3.1), each measurement consisted of 20 data points,

which were fitted with a single exponential decay. The following rotor-synchronized

increments of 7 were used: A7 = 48 us (MAS) and Az = 240 us (SAM3, PMLGS5, and
PMLGS. ). The data were acquired with wp = 2 s and zcp = 0.3 ms, using the RF
magnetic fields v, = 150 kHz during 7/2 and PMLG pulses; v, = 135 kHz during
SAM3 sequence; v, = 62 kHz during CP (tangent); v,. = 11 kHz during SPINAL-64
decoupling at w = 41.667 kHz; v, = 100 kHz during SPINAL-64 decoupling at g =

20.833 kHz; vS,. = 104 kHz during CP and = pulse. The optimized homonuclear

decoupling conditions were the same as those described in Table 3.1 (footnote (a)).

® Data obtained with wk = 20.833 kHz are given in italics.
© At w = 20.833 kHz, peaks at 25.0 and 24.6 ppm were not resolved because the
acquisition period has been limited to 10 ms to lessen the burden of high-power

decoupling on the NMR probe. Therefore, the 7¢ values could not be independently

measured for L and L%
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Table 3.2. (continued)

T'g [mS](a)

5
Functional group B¢ MAS SAM3 PMLGS; (b) PMLGSIX;; (b)
[ppm] only
s;=1.0  s=0.71 s=0.71(0.49)  s;=0.36(0.29)
F“ 54.3 1.4 9.7 17.5 16.9 18.5 188
CH F¢ 127.6 1.2 3.8 46 7.7 59 6.4
Formyl  165.2 23 14.4 219 174 192 126
MP 37.5 0.9 4.9 76 9.0 96 9.8
MY 28.7 0.9 4.0 51 5.6 71 6.2
CH,
LP 40.6 0.3 1.8 47 54 48 5.9
FP 36.9 0.7 2.0 39 45 50 5.5
M?® 14.0 5.3 9.1 114 21.7 251 27.1
CH; LY 24.6 3.1 7.0 113 -© 182 -©
L% 19.6 2.7 6.6 10.6 16.1 19.1 229

Efficiency of polarization transfer via INEPTR

Below we analyze the effect of RF decoupling on the efficiency of the INEPTR

transfer in f-MLF-OH, focusing on fast MAS. The measurements of 7"} and 7'y showed

that the PMLGS5, and PMLGS. sequences performed better than SAM3. However, it is

not immediately obvious which of the two PMLG schemes should be used, because of
the effect of scaling factor 5. The signal intensity observed in the INEPTR experiment

can be written



43

I(7,,7,) = 22 1, (1)L, (z,)

obs

= h[sin(%ﬂsfrl)]e'”l /T

obs

227, / T,C

[a;sinap,Js ,7,) + a,sin(2ap,Js ,7,)]e

(3.1)

In C-detected INEPTR the gyromagnetic ratios of the excited and observed nuclei are
Yexe = i and yps = ¥, respectively, and the precessions of the components of CH,

multiplets are given by
CH: aq=1p =1la,=0,
CHy: a,=1,p =2,a,=0,

(3.2)

3
CH;: a, =a, :Z’pl =1,p,=3

We compared the effect of PMLGS], and PMLGS on the evolutions of CH, CH, and

CHj3 groups, using the average 7’,' and 7'; values measured for each group, and assuming

the same typical value of one-bond coupling Jciz = 130 Hz. The evolution during the

polarization period (7;) for the CH, CH, and CHj3 groups in f-MLF-OH is shown in

Figure 3.3a, where the signal intensity expected under MAS and MAS with PMLGS, or

PMLGS5? decoupling was calculated relative to that corresponding to infinitely long 77)

(liquid-state, curve not shown). The effect of various decoupling schemes is further
illustrated in Figure 3.3b, which shows the 'H intensities obtained using the spin-echo

sequence in Figure 3.1a with 77 = 1.2 ms. The maximum intensities 1 (z"") and

max

1

max

and 7,

L (7)) expected in -MLF-OH, as well as the corresponding delays 7

2 arc
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listed in Table 3.3. Also listed in the last column of Table 3.3 are the overall intensities

L (z)L(7,).
(a) o4
MAS only
—~ P —-—--SA
S 0.3} r “ M3
e LR LR PMLGS5?
? 0.2F &7 TSl T T PMLGSY
5 i N, \\\
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Fig. 3.3. (a) Decoherence of 'H signal due to 7"/ as a function of 7; measured under

various decoupling conditions using the spin-echo sequence. The signal intensity is

shown relative to that corresponding to infinitely long 7", . (b) The corresponding 'H

spectra obtained at 7; = 1.2 ms.
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Table 3.3. The effect of decoupling during 'H—'">C INEPTR on the efficiency of

polarization transfer in f-MLF-OH under fast MAS (1 = 41.667 kHz).

RF e i@ o
Group L(#™) L(#™) L(@™L ™)
decoupling [ms]  [ms] [ms] [ms]
none 0.6 03 0.09 1.5 0.7 0.21 0.02
CH PMLGS, 35 14 0.33 18 24 0.5 0.25
PMLGS!, 51 22 025 16 40 0.56 0.14
none 0.6 03 0.09 0.9 04 025 0.02
CH, PMLGS, 53 1.7 0.44 5.3 1.1 0.64 0.28
PMLGS, 10 3.3 0.43 6.6 1.9 0.50 0.21
none 04 02 0.06 3.7 0.8 091 0.05
CH; PMLGS, 44 1.6 0.39 11 1.0 0.96 0.37
PMLGS, 11 3.5 0.45 21 1.9 0.95 0.43

@ These are average "¢ values for each group calculated from the data in Table 3.2.

Based on the results in Table 3.3, the PMLGS5, decoupling is most suitable for
application during INEPTR, in spite of the fact that the PMLGS" sequence yields longer

7y and T’y relaxation times. The use of PMLGS may reduce the relaxation losses by

more than 10 times for CH and CH,, and up to 7 times for CHj relative to fast MAS alone.

Ultimately, one set of 7; and 7 values must be chosen in order to achieve the best overall
sensitivity. In solution NMR this is achieved with 7; = 1/4Jcy and 7» = 0.3/Jcn (note that

the requirement for full refocusing depends on multiplicity [41]), where Jcy is the typical
expected value for the J coupling: e.g., for Joy = 130 Hz, 7; and 7, are both on the order
of 2 ms. In samples with considerable range of couplings and multiplicities, non-ideal

transfers are unavoidable. In solids, non-uniform 77, relaxation may introduce additional
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inaccuracy. Still, our data suggest that by using 7; and 7, delays of around 1.5 ms, the

overall efficiency of 'H—>'">C INEPTR transfer should be on the order of 25% of the ideal

transfer in liquid state. As noted in Section 3.1, for most sites the 77} times and 7’y times

measured with PMLGS decoupling at w = 20.833 kHz are longer and similar,

respectively, to those at g = 41.667 kHz. However, this increase is more than offset by
the reduced scaling factors (see Tables 3.1 and 3.2), leading to lower overall sensitivity.
The indirectly detected experiments utilizing *C—'H INEPTR should benefit from
homonuclear 'H decoupling in a similar way. In this case Yexc = Yc and Yobs = Yn, yet the
sensitivity ratio between solid-state and liquid-state experiments will remain similar to
that given in the last column of Table 3.3.
Our 2D experiments, discussed in the sections below, have substantiated the above

expectations.

2D through-bond HETCOR spectra of f-MLF-OH

Here, the qualities of various approaches to 2D HETCOR NMR are assessed
experimentally through a series of directly and indirectly detected measurements on
tripeptide f-MLF-OH. The experimental schemes and conditions are summarized in
Table 3.4, and selected spectra are shown in Figure 3.4 and 3.5. All experiments were
individually optimized and carried out under well-matched conditions. The 'H-detected
spectra used 'H—'’C cross-polarization to create initial Bc magnetization, which
imposed quantitative distortions consistent with those in Figure 3.2a. Below we compare

the overall sensitivity, resolution and structural information offered by these methods.
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Table 3.4. The list of 2D HETCOR experiments performed on f-MLF-OH. The
experiments used the pulse sequences shown in Figure 3.1b and c, and were individually

optimized as explained in section 3.3.

Experiment® Decoupling Mixing w7 @ Decoupling Decoupling
[kHz] during ¢, [ms] [ms] during 71,7 during £
1 BC{'H} 41.667 SPINAL-64 INEPTR 1.20 0.84 PMLGS5)  SPINAL-64
2 Pc{'H} 41.667 PMLG5, INEPTR 120 0.84 PMLGS5,  SPINAL-64
3 Pc{'H} 41667 PMLG5], INEPTR 120 0.84 PMLGS5,  SPINAL-64
4 “c{'H} 20833 PMLG5  INEPTR 1.68 144 PMLGS5,  SPINAL-64
5 'H{"C} 41.667 SPINAL-64 INEPTR 031 022 - SPINAL-64
6 'H{®C} 41.667 SPINAL-64 INEPTR 0.84 120 PMLGS5,  SPINAL-64
7 'H{®C} 41.667 SPINAL-64 CP - - SPINAL-64

@ All measurements were performed with a fully loaded rotor (~8 uL). Initial °C
polarization in the 'H-detected experiments (5-7) was produced via CP under the
conditions given in the caption to Figure 3.2. The homo- and heteronuclear 'H
decoupling conditions were the same as given in footnote (a) to Tables 3.1 and 3.2.

During the acquisition of '"H-detected spectra, SPINAL-64 heteronuclear decoupling

performed very well at low power (vy, = 11 kHz). Additional experimental details are as

follows: experiment 1: NS = 64, At; = 24 ps (64 rows), AT =4.7 h; experiment 2: NS =
16, At; = 5 ps (300 rows), AT = 5.5 h; experiment 3: NS = 16, Az; = 30 us (300 rows),
AT = 5.5 h; experiment 4: NS = 16, At; = 27 us (190 rows), AT = 3.5 h; experiment 5:
R = 48 ms, NS =32, At; = 24 us (800 rows), AT = 30 h; experiment 6: 7gg = 48 ms, NS
=16, At; = 24 us (800 rows), AT = 15 h; and experiment 7: 7rg = 48 ms, 7cp = 0.3 ms,
NS =16, At; = 24 us (800 rows), AT =15 h.
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Fig 3.4. 2D HETCOR spectra of f-MLF-OH obtained using (a) 'H detection, INEPTR

mixing and w = 41.667 kHz, (b) 'H detection, CP mixing and w = 41.667 kHz, (c) °C

detection, INEPTR mixing and 1k = 41.667 kHz and (d) "°C detection, INEPTR mixing

and w = 20.833 kHz (experiments 6, 7, 2 and 4, respectively). Acquisition times were 15

h (a,b), 5.5 h (c) and 3.5 h (d). Other experimental details are given in the footnotes to

Tables 3.1, 3.2 and 3.4. Note that the spectra acquired with 1 = 41.667 kHz (a-c) used

low-power SPINAL-64 decoupling. Since spectrum (d) required the use of high power

(v, =100 kHz, see Table 3.2), the acquisition period was limited to 10 ms. To compare

spectra (c) and (d), the former was also broadened accordingly. Such broadening was not

applied to this spectrum in Figure 3.5.
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Fig. 3.5. (a) 1D "°C skyline projections and (b) representative 'H slices from spectra 5, 6,

1 and 2. All experiments used mixing via INEPTR and MAS at 41.667 kHz. For clarity,

the decoupling conditions are listed at the top of each column. Other experimental details

are given in footnotes to Tables 3.1, 3.2 and 3.4. The spectra are normalized such that the

peak heights are proportional to sensitivity per scan.

Sensitivity and resolution.

Our experiments showed that high-quality through-bond HETCOR spectra can be

obtained under fast MAS using both direct and indirect detection and confirmed that the

sensitivity can indeed be dramatically increased by the use of homonuclear 'H decoupling

during 7; and 7, (Figure 3.4 and 3.5).

In the top row of Figure 3.5, the skyline ">C projections of 'H-detected spectra 5 and 6

(obtained without and with PMLGS5’ decoupling during INEPTR) are shown along with
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the projections of *C-detected spectrum 1 (obtained with PMLGS! decoupling applied

only during INEPTR) and spectrum 2 (where PMLGS5' decoupling was also applied

during #)). Selected 'H cross sections of peaks representing CH (M), CH, (M) and CH;
(L") are compared below. In the case of 'H{"*C} HETCOR, the S/N gain due to 'H
decoupling during INEPTR is approximately 10-fold for CH, at least 3-fold for CH, and
7-fold for CHj3 groups (compare Figure 3.5a and b). For CH and CHj3 groups the result is
approximately as expected from Table 3.3, although the maximum intensity was
observed at lower-than-expected values of 7; and 7 (compare Tables 3.3 and 3.4). It is
clear in Figure 3.4a, c, d and Figure 3.5 that the methyl carbons and all carbons exhibiting
strong (i.e. unaffected by motion) "H-"*C couplings (M*, L%, F*, MP, MY, LY and formyl
groups) can achieve through-bond polarization relatively easily. The methylene carbons
LP and FP, resonating at 40.6 ppm and 36.9 ppm, are polarized less efficiently, as
expected from the transverse relaxation data.

When comparing the indirect and direct methods we recall that the sensitivity gain not
only depends on the polarization efficiency, but is also proportional to (Yobs/Yexc) > and to
the square root of the NMR linewidths in Hz (AveXC/AvobS)l/ 2 [6]. Remarkably, the 'H-
detected experiment 6 provided higher overall S/N per unit time than "*C-detected
experiments 1 and 2 (Figure 3.5), in spite of the unfavourable linewidth ratio in f-MLF-
OH. However, experiment 2 yielded much better resolution in the 'H dimension, making

it potentially advantageous in studies of complex molecules. In this context, it is

important to note that the use of PMLG5" during ¢, which we tested in experiment 3

(spectrum not shown), did not offer any advantage yielding a spectrum with similar 'H

linewidths (in ppm) and sensitivity as that in experiment 2 (Figure 3.4c).

Fast MAS versus ‘slow’ MAS.
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The merit of using fast MAS in *C-detected INEPT experiments can be gauged by
comparing the best spectra taken at 1g =41.667 kHz and 20.883 kHz (experiments 2 and
4, shown in Figure 3.4c and d, respectively). Optimization of these experiments yielded
different conditions for 'H homonuclear decoupling, as shown in footnote (a) to Table 3.1.
When experiment 4 was performed under the "H decoupling conditions optimal for
experiment 2, the spectrum lacked sensitivity, especially with regard to methylene groups,
which were almost completely lost (spectrum not shown). We further note that in

experiment 4 the SPINAL-64 'H decoupling had to be performed using a high RF

magnetic field of v, = 100 kHz. To lessen the burden on the probe, the acquisition

period 7, was limited to 10 ms, causing broadening of the "*C lines. In order to make
spectra 2 and 4 easier to compare, spectrum 2, which was acquired without truncation
under low-power decoupling and is displayed in Figure 3.4c, was broadened accordingly
during processing (Figure 3.4c). Although spectrum 2 has comparable S/N per unit time,
it is better resolved in the 'H dimension and more quantitative than the one obtained with
wr = 20.883 kHz. Perhaps the resolution in spectrum 4 could be improved by reducing the

sample volume to improve the homogeneity of the RF magnetic field.

Through-bond versus through-space correlations.

Finally, it is instructive to compare the through-bond "H{'*C} correlation spectra with
those obtained using CP under otherwise identical conditions (experiments 6 and 7,
spectra shown in Figure 3.4a and b, respectively). To maximize the polarization of carbon
sites, the CP-based spectrum was acquired using zcp from 0.3 ms. For protonated carbons,
the sensitivity of this spectrum is 1.5-2 times higher than that of spectrum 6. As expected,
it features a number of additional correlations involving all carbons identified in the 1D
CPMAS spectrum of f-MLF-OH (Figure 3.2a). These long-range correlations can be

suppressed by limiting the contact time to less than 50 us, which would considerably
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reduce the overall sensitivity. Bearing in mind that CP-based can be affected by motion,

RF homogeneity, and 7 relaxation, our results show that through-bond correlation NMR

spectroscopy under fast MAS can be a very effective tool for studying fully coupled,

naturally abundant solids.

2D HETCOR spectra of brown coal

Fossil fuels are structurally very heterogeneous, which is reflected in their 'H and °C
solid-state NMR spectra. Even when state-of-the-art line narrowing methods are used, the
solid-state NMR spectra of both nuclei feature relatively broad bands representing sp, sp
and sp’ functionalities. The structual characterization of coals by NMR has been mainly
confined to utilization of liquid-state studies of coal-derived liquids and 1D spectral
editing techniques developed for simplification of solid-state spectra [42]. Until now,
relatively few 2D solid-state NMR experiments have been applied to this purpose [42-44].

Indirectly detected "H{'*C} spectra of brown coal were acquired with mixing via
INEPTR (experiment 6, Figure 3.6a) and CP (experiment 7, Figure 3.6b), yielding
comparable intensities. Experiment 2 (not shown) was also performed, but was less
sensitive and did not provide improved resolution in the '"H dimension. The INEPTR-
based spectrum in Figure 3.6a does not feature any °C resonances near 180 ppm, which
are quite intense in the CP-based spectrum. This range of chemical shifts represents
various types of carbonyl groups, in particular those involved in aldehyde and carboxylic
functionalities. Another ‘missing’ resonance in Figure 3.6a is one centred at 150 ppm,
generally associated with various types of quaternary aromatic carbons, including
aliphatic chain- and oxygen-bound carbons. A discernible resonance near 80 ppm is
present in both spectra, which suggests the presence of sp carbons in alkynes and sp*

carbons in olefins.
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Fig. 3.6. 2D 'H{"°C} HETCOR spectra of brown coal acquired using INEPTR (a) and CP

(b) transfers during mixing. The following RF magnetic fields were used: v, = 150 kHz
during /2 and PMLGS5', pulses, v, = 62 kHz during CP (tangent), v,. = 11 kHz during

SPINAL-64 decoupling in #, v, = 104 kHz during CP, 7/2 and = pulses, and vy, = 11

kHz during SPINAL-64 decoupling in t;. Other experimental conditions were as follows:
w=41.667 kHz, 7cp=1.5ms, g =24 ms, 71 = 0.84 ms, » = 1.2 ms, 7pmrg = 0.75 us,

.= 15us, zrp = 0.8 s, NS = 176, At; = 24 us (100 rows), and AT = 8.7 h.

3.5 Conclusions

J couplings can be successfully exploited in directly and indirectly detected 2D HSQC-
type HETCOR experiments under fast MAS (~42 kHz), providing through-bond *C-'H
correlations in naturally abundant solids with an efficiency that rivals that of traditional
through-space experiments. Efficient 'H decoupling plays a key role in preventing the

decoherence of 'H and '*C magnetizations during polarization transfer via INEPTR.
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Among the tested decoupling schemes ( PMLGS , PMLG5" and SAM3), PMLGS,

proved most suitable, providing sensitivity gains of 3-10 in strongly coupled 'H-">C pairs.

Remarkably, the best results were obtained when & was smaller than v, (in the case of

PMLGS5" for w/v. = 0.62) due to good decoupling efficiency and a high scaling factor.

mm

At ultrahigh speeds (~70 kHz), the SAM3 method may become competitive with PMLG
schemes.

2D HETCOR spectra of well ordered (crystalline tripeptide f-MLF-OH) and highly
disordered (brown coal) samples were measured and analyzed. In spite of an unfavorable
'H to C linewidth ratio in -MLF-OH, the indirect detection method offered higher
overall sensitivity. However, in cases where 'H resolution under fast MAS alone is
unsatisfactory, °C detection with 'H homonuclear decoupling during #, may be the
method of choice. Our measurements showed that experiments performed under fast
MAS compare favorably with those carried out at a lower spinning rate (~21 kHz).
Proper optimization of 'H homonuclear decoupling proved very important in achieving
high efficiency and resolution. A simple and reliable optimization scheme was used,
which will be detailed in a forthcoming publication. The through-bond polarization
transfer will undoubtedly become an important addition to cross-polarization in designing

new multidimensional schemes dedicated for high-field, fast-MAS applications.
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Chapter 4
Homonuclear dipolar decoupling under fast MAS: Resolution patterns and

simple optimization strategy

Published in J. Magn. Reson. 203 (2010) 144-149
Kanmi Mao, and Marek Pruski

4.1 Abstract

A simple method is shown for optimization of 'H homonuclear dipolar decoupling at MAS
rates exceeding 10 kHz. By monitoring the intensity of a spin-echo under the decoupling
conditions, it is possible to optimize the amplitude of the RF magnetic field, the cycle time of
the decoupling sequence and the resonance offset within minutes. As a result, the decoupling
efficiency can be quickly and reliably fine-tuned without using a reference sample. The
utility of this method has been confirmed by studying the resolution patterns for the
supercycled PMLG scheme, which were found to be in excellent agreement with earlier

theoretical predictions and verified in high-resolution 2D 'H-"H experiments.

4.2 Introduction

Overcoming the strong homonuclear dipolar interactions between 'H nuclei in has been
one of the principal pursuits in solid-state NMR spectroscopy for several decades. The
advancement of high resolution '"H NMR in solids commenced with the introduction of Lee-
Goldburg (LG) RF decoupling [1] and was followed by the development of multiple-pulse
sequences for static samples [2-4]. The first highly resolved 'H spectra were attained by
combining these sequences with slow magic spinning (MAS), to eliminate the chemical shift
anisotropy (CSA), in an experiment referred to as CRAMPS (combined rotation and
multiple pulse sequence) [5]. Subsequently, improved RF schemes emerged that enabled

high-resolution "H NMR at MAS rates up to 25 kHz, which included frequency-switched LG
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(FSLG) [6], phase-modulated LG (PMLG) [7], decoupling using mind-boggling optimization
(DUMBO) [8] and symmetry-based (R-based and smooth amplitude modulation, SAM) [9,10]
pulse sequences. In depth theoretical analyses of most of these experiments were offered
based on the average Hamiltonian theory [11,12] and the Floquet theory [13,14]. It has been
generally implied that the homonuclear decoupling sequences perform well under the so-
called ‘quasi-static condition’, where the sample spinning period Tz = (&) is long relative to
the cycle time of the RF sequence t.. However, the development of ultra fast MAS [15],
which can now reach frequencies in the range 40 < i < 70 kHz, induced interest in
application of homonuclear decoupling under conditions that can no longer be ‘quasi-static’
under practical RF amplitudes. Most recently, the windowed and windowless PMLG,
DUMBO and SAM schemes were shown to perform surprisingly well in the regime where tx
and 1. are comparable (but not equal), both in terms of resolution [16,17] and sensitivity [17],
and theoretical arguments were presented that rationalize the experimentally observed
resolution patterns [18]. These findings open new opportunities for designing two- and three-
dimensional (2D and 3D) correlation experiments, which involve at least one 'H dimension
with CRAMPS-quality resolution and utilize the spectral range, sensitivity and RF flexibility
offered by fast MAS probes.

In spite of the importance of the homonuclear decoupling techniques, their widespread use
by the scientific community has been affected by the experimental challenges involved in the
setup and optimization. Early CRAMPS experiments, which used homebuilt RF circuitry and
probes, were intricate due to rigorous requirements on pulse shapes, phases, timing and RF
homogeneity [19,20]. Extensive analyses have been dedicated to the practical aspects of the
currently used PMLG and DUMBO sequences. Although the difficulties due to RF
imperfections and instabilities have been largely overcome in present-day spectrometers,
practical implementation of 'H homonuclear decoupling remains demanding and time
consuming. The performance of state-of-the-art sequences is defined by a number of

parameters, most of which are difficult to predict a priori. In particular, the optimum RF
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amplitude for PMLG decoupling does not necessarily correspond to the LG condition [18,21].
More importantly, the decoupling deteriorates rapidly when the ratio w =v,/vg (wWhere v, =
(t¢)") is near the so-called degeneracy conditions nv, = mvg (n, m = 1, 2, ...). The limitations
imposed by these conditions on the experimental parameters strongly depend on the MAS
rate [18].

One of the optimization strategies relies upon monitoring the effect of 'H decoupling on
BC spectra, e.g. of adamantane or alanine [6,22,23]. The suppression of 'H homonuclear
dipolar interactions renders the 'H-""C spin pairs equivalent to the AX system in solution
[24,25], providing a sensitive probe of the decoupling efficiency and a good estimate of the
scaling factor through the observation of J-multiplets. A more direct method involves
acquisition of high-resolution 1D or 2D "H-"H spectra of a reference sample, usually glycine,
which allows for optimization of the amplitude of the RF magnetic field vgr and the t./tr
ratio [13,17,18,21,22,26,27], calibration of the effective field [26] and the scaling factor
[23,26,27], optimization of the resonance offset, the pulse imperfections and the spectral
artifacts [13, 21,27,28].

Recently, we studied the utility of 'H decoupling under fast MAS in °C and 'H-detected
through-bond heteronuclear correlation (HETCOR) experiments [29], where the best

performance of PMLG and SAM3 sequences was found by minimizing the loss of signal due

to transverse relaxation (7,’) in a simple spin-echo experiment. Here, we will demonstrate

that this strategy is of general practical relevance to high-resolution 'H spectroscopy. By
monitoring the echo intensity for a fixed delay 1, it is possible to quickly and reliably
navigate through the complex space of experimental parameters and gauge the decoupling
efficiency of the supercycled PMLG scheme as a function of vrg, Vg, V%, and the resonance
offset without acquiring high-resolution spectra. The observed patterns are compared with

those recently calculated by Vega et al. based on the bimodal Floquet theory [18]. We
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conclude by offering a tuning ‘recipe’, which affords simple and fast optimization of the

homonuclear decoupling using directly the sample of interest.

4.3 Results and Discussion

Resolution patterns

The pulse sequences for spin-echo and 2D 'H-'H correlation experiments are shown in

Figure 4.1a and b. All experiments were performed using the supercycled PMLG scheme,

denoted PMLG5™

mm 2

as shown in Figure 4.1¢ [30].

which consists of two blocks PMLGS5;, and PMLGS,, with phase rotation

decoupling
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Fig. 4.1. Pulse sequences for (a) spin-echo experiment with PMLGS5" 'H homonuclear

decoupling during t, (b) 2D "H-'H correlation experiment using PMLGS5: decoupling in the

indirect dimension, and (c) schematic representation of the PMLG5" block.
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The contour plots shown in Figure 4.2a, b and ¢ represent the intensities of spin-echoes

observed for glycine (full rotor) using a constant T value of approximately 2 ms, the carrier
frequency at 4 ppm with respect to TMS, and three different PMLG5", cycle periods 1. of 50

us (ve =20 kHz), 32 us (v, = 31.25 kHz) and 25 ps (v. = 40 kHz). Each plot consists of 2000
data points representing the total echo intensity, including the spinning sidebands, measured
for 50 values of vgr and 40 values of vgr, the ranges of which are compatible with the
theoretical results of Vega et al. (Figures 4.2 and 4.3 in reference [18]), within the
capabilities of our Varian FastMAS™ probe. The results shown in Figure 4.2a, b and ¢ (as
well as those in Figure 4.3a and b, below) were obtained using rotor synchronization. Under
such conditions, t is not in general a multiple of ., in which case 'H decoupling is ‘off’ for a
fraction of the rotor period on each side of the n pulse. During these ‘off” periods, which vary
with Tz and 1., 'H magnetization evolves only under MAS. The resulting dephasing is
insignificant at high MAS rates, especially when short 1. values are used, but it can interfere
with the optimization process at vg < 10 kHz, at least for glycine. We should point out,
however, that identical spin-echo patterns were observed without rotor synchronization. As
noted in Section 2.2, at vg = 10 kHz, the non-synchronized patterns were in fact more reliable,
at least in naturally abundant samples studied here.

There are clear similarities between the experimental and theoretical patterns. The left and
right vertical lines in Figure 4.2a-c, which correspond to 7 =1 (i.e. v. = vg) and 2 (v, = 2VR)
correspond to areas with the lowest echo intensity. The same areas were identified as most
sensitive to the zero-order degeneracy conditions in the Floquet Hamiltonian. Other such
areas correspond to y = 1/2 and 2/3 in Figure 4.2a. Weak echo intensity has been also

observed at = 3/2, as indicated by the central vertical line in Figure 4.2a-c. This coincides

with the region of first-order degeneracy effect, where the decline in PMLGS5' decoupling

was detected using numerical simulations [18]. Additional ‘dips’ in echo intensity observed
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for high MAS rates in Figure 4.2a are also due to first-order degeneracies, which are closely

spaced for < 3/2 (see Figure 4.3a, below).
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Fig. 4.2. The integrated intensity of spin-echo in glycine as a function of tr and vgp,

measured under PMLG5"  decoupling, with t = 2 ms, the carrier frequency set at 4 ppm from

mm

TMS, and 1. = 50 ps (a), 32 us (b) and 25 ps (c). The experiments were performed at 14.1 T
on a Varian NMR System 600 MHz spectrometer, equipped with 1.6 mm triple-resonance
MAS probe. The plots comprise 2000 points representing integrated intensity of the entire
echo signal measured for 40 values of tr and 50 values of vgr. Each signal consisted of 4
scans acquired using acquisition delay of 2s. Total measurement time was approximately 3
days per plot. The contours were normalized relative to the highest intensity observed in each

plot. The vertical lines correspond from left to right to = 1, 3/2 and 2. The dashed line
represents the LG value v, =4~2/3v,. (d-f) The projections of indirect dimensions of 2D
'H-"H correlation spectra measured using the vg and vgy values indicated by arrows in (a-c).

Each spectrum was acquired in 160 rows, 8 scan per row, with t; increment of ~ 100 ps, and

the total experiment time was 1.5 hrs.
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The spectra in Figure 4.2d, e and f represent high-resolution projections of the 2D 'H-'H
spectra measured under the conditions indicated by arrows in Figure 4.2a, b and c. Clearly,

high quality decoupling has been achieved in all three spectra. These results show that the
best refocusing has not been reached under the LG condition v,,.,; =4+2/3v,_, indicated by

the dashed horizontal line in Figure 4.2a-c, but at the vrr values approximately 20% higher.
Interestingly, these values are within 3% of the theoretically determined maxima of
decoupling efficiency (Figure 4.2a-c in reference [18]), which implies that the observed
divergence is not due to inaccurate estimate of vgr or RF inhomogeneity. Note, however,
that under MAS at 41.67 kHz, the best resolution was found at vgr < Vrr LG (see below).

The  values of 1.4 and 1.6 appear to be universally reliable, which in the case of fast
MAS implies the use of high v, as well as high vgr. The parameter space associated with high
echo intensity increases considerably with increasing v, which favors probes with excellent
RF capabilities. In general, the decoupling efficiency depends on the proximity of these areas
to vrr G- The overall decoupling performance also depends on the scaling factor sg, which is
not discernible in the spin-echo experiment. As expected, the scaling factor is unrelated to vg,
with v, and vgr being constant. For any given set of v, and Vg, an increase of vgr lowers the
scaling factor. For example, the spectra shown in Figure 4.2 have approximately the same
value sf = 0.30. Spectra of similar quality can be obtained within the ‘red area’ on the right
side of Figure 4.2¢c, whereas the s¢ value is considerably reduced for the area of high echo

intensity in the upper left part of Figure 4.2a.
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Fig. 4.3. (a) The integrated intensity of spin-echo in glycine as a function of t. and Vgp,
measured under PMLGS5!' decoupling, with t = 2 ms and tr = 24 ps (vg = 41.67 kHz). The
plot consists of 1920 points representing integrated intensity of the entire echo signal
measured for 40 values of 1. and 48 values of vgr. The dashed curve corresponds to the LG
condition v, and the vertical lines to w = 3/2, 1, 3/4, 2/3, 3/5 and 1/2. The measurement
time was approximately 4 hours. (b) A series of 1D spectra measured for vgr = 155 kHz
(horizontal line in (a)). (c-h) The projections of 2D 'H-'H correlation spectra obtained under

decoupling conditions marked in Figure 4.3a and b. Other experimental conditions were as

given in the caption to Figure 4.2.
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Additional insights can be obtained by monitoring the echo intensity as a function of Tt
and vgr, at a constant MAS rate. Figure 4.3a represents a contour plot measured at vg = 41.67
kHz (tr = 24 us). Note that the slices at 1. = 25, 32 and 50 us match up closely with the left
vertical edges of Figure 4.2a, b and c. The areas of low echo intensity include the entire
bottom half of the figure (vgr < 140 kHz), the vicinity of LG condition, and the vertical strips
corresponding to low y values of 3/2, 1 (broad region), 3/4, 2/3, 3/5, and 1/2 (broad region).

The set of spectra in Figure 4.3b corresponds directly to the horizontal slice at vgr = 155
kHz (solid line in Figure 4.3a). The high-resolution 'H spectra shown in Figure 4.3c-h were
measured under the conditions designated by (c), (d), (e), (f), (g) and (h) in Figure 4.3b. As a
general rule, under constant vgr the scaling factor improves for short t. (see Figure 4.3c-h),
and under constant 1. for low vgr, as noted earlier. Overall, the best performance is again
observed around y= 1.6 and 1.4 (Figure 4.3c and d), whereas experiments corresponding to
low intensity echoes near vrrrg (Figure 4.3e) or high intensity echoes further away from
vrr.Lg (Figure 4.3h) yield poor 'H resolution.

Finally, we show the effect of the resonance offset on spin-echo intensity and 'H
resolution (Figure 4.4). Again, the decoupling efficiency can be easily assessed based on the

echo intensity, although the effect of offset varies across each spectrum.
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Fig. 4.4. (a) The spin-echo spectra of glycine as a function of resonance offset with respect to
the carrier frequency used in previous measurements, set at 4 ppm from TMS. The
experimental parameters were the same as for the spectrum shown in Figure 4.3c, which
corresponds to offset equal zero. (b-g) 2D 'H-'H correlation spectra measured under
decoupling conditions marked in (a). Other experimental conditions were as given in the

caption to Figure 4.2.
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Simple optimization strategy

The measurements shown in Figures 4.2 and 4.3, which took days and hours to acquire,
respectively, are not needed in routine optimizations of the decoupling efficiency. The
selection of proper experimental parameters (Vr, Vrr, V. and the resonance offset) can be
done quickly and reliably by performing a very limited number of spin-echo experiments.
The choice of vy is usually dictated by the research needs and probe capabilities, and we first
assume the use of fast MAS, as required in HETCOR experiments at high magnetic fields. It
is clear from Figure 4.3a that this implies the use of the strongest available RF field. The best
value of v, must be correlated with vgr by the LG condition (roughly) and with vg via the
constrains imposed by the y ratio. We used the following steps:

(1) set vgr at 80-90% of the maximum ‘safe’ value for the probe and t at around 2 ms,

(i1) measure a series of spin-echo spectra as a function of t. similar to that shown in Figure
4.3b,

(ii1) choose the best value of t. (see below) and fine-tune vgr by arraying it around the
starting value, and

(iv) use the best values of 1. and vgr to optimize the offset, again by collecting a series of
echoes.

We should remark that step (iii) may involve some ambiguity when comparable echo
maxima are observed for different values of 1., such as those marked (c) and (h) in Figure
4.3b. In such case the maximum associated with shorter t. is preferred, because it is
associated with a higher scaling factor, as indeed confirmed in Figure 4.2¢ and h. A more
methodical search can be initially carried out by the repeating steps (ii) and (iii) for several
values of vgr, but it is not needed once the routine is established. In samples studied in our
laboratory (glycine, tripeptide f-MLF-OH and a series of coals) these tasks could be
performed directly on the sample of interest within 20-30 minutes and invariably led to

excellent resolution.
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As Figure 4.2 demonstrates, a similar strategy can be applied at lower MAS rates, down to
at least 10 kHz. Rotor-synchronization should be avoided under slow MAS because the echo
patterns observed as a function of 1. (step (ii)) may become t-dependent due to the

abovementioned difficulties with timing of the sequence.

4.4 Conclusion

The spin-echo measurement provides a quick and reliable method for optimization of 'H
homonuclear decoupling without using a reference sample. Its utility has been confirmed at
MAS rates above 10 kHz by excellent agreement of the observed efficiency patterns of the
supercycled Lee-Goldburg sequence with earlier theoretical predictions and verified in high-
resolution 2D 'H-'H experiments. For this sequence, the best performance was observed
when the ratio ' =v,/vg was approximately 1.4 or 1.6.

Although further studies are needed in order to better understand the relationship between
transverse coherence lifetime of protons and the functioning of homonuclear decoupling, we

expect that similar strategy can be used to optimize other homonuclear decoupling sequences,

such as SAM and PMLGS’, (which we verified, see Ref. [29]) or DUMBO, under windowed

and windowless conditions. In sequences where the average Hamiltonian does not generate z-
rotation, additional pulses before and after each decoupling block should be used to rotate the

"H magnetization into the xy plane.
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Chapter 5
Conformations of Silica-Bound (Pentafluorophenyl)Propyl Groups
Determined by Solid-State NMR Spectroscopy and Theoretical

Calculations

Published in J. Am. Chem. Soc. 132 (2010) 12452-12457
Kanmi Mao, Takeshi Kobayashi, Jerzy W. Wiench, Hung-Ting Chen, Chih-Hsiang Tsai,
Victor S.-Y. Lin, and Marek Pruski

5.1 Abstract.

The conformations of (pentafluorophenyl)propyl groups (—CH,—CH,—CH,—CgFs,
abbreviated as PFP), covalently bound to the surface of mesoporous silica nanoparticles
(MSNs), were determined by solid-state NMR spectroscopy and further refined by theoretical
modeling. Two types of PFP groups were described, including molecules in the prone
position with the perfluorinated aromatic rings located above the siloxane bridges (PFP-p)
and the PFP groups denoted as upright (PFP-u), whose aromatic rings do not interact with the
silica surface. Two-dimensional (2D) "*C-'H, *C-'"°F and ""F-*’Si heteronuclear correlation
(HETCOR) spectra were obtained with high sensitivity on natural abundance samples using
fast magic angle spinning (MAS), indirect detection of low-y nuclei and signal enhancement
by Carr-Purcell-Meiboom-Gill (CPMG) spin-echo sequence. 2D double-quantum (DQ) "°F
MAS NMR spectra and spin-echo measurements provided additional information about the
structure and mobility of the pentafluorophenyl rings. Optimization of the PFP geometry, as
well as calculations of the interaction energies and '°F chemical shifts, proved very useful in
refining the structural features of PFP-p and PFP-u functional groups on the silica surface.

The prospects of using the PFP-functionalized surface to modify its properties (e.g., the
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interaction with solvents, especially water) and design new types of the heterogeneous

catalytic system are discussed.

5.2 Introduction

In spite of a long history of organofluorine chemistry, fluorocarbons are of growing
interest in academic studies and chemical industry [1-7]. Due to high electronegativity and
low electron polarizability of fluorine, the physical and chemical properties of these
compounds differ from their hydrocarbon analogs. They exhibit extremely weak
intermolecular Van der Waals interactions, which gives rise to high volatility, low refractive
index and small surface tension [8-9]. Accordingly, modification of surface by fluorocarbons
can influence the surface wettability. Indeed, a monolayer of CF3(CF,);0CO,H molecules on
platinum produced a non-wettable surface with the lowest tension value (6 dyn/cm) ever
reported [10]. Similarly, an ‘ultrahydrophobic’ surface was formed on the silicon wafer via
layer-by-layer sequential adsorption of perfluorinated polyelectrolytes [11]. Several
mesoporous silica materials with fluorocarbon-modified surfaces have been recently reported
[12-14]. For example, Corma and colleagues synthesized a mesoporous silica material with
immobilized perfluorosulfonic acid and used it as a catalyst for esterification and acylation.
The studies have shown that the surface properties of mesoporous channels can be strongly
influenced by the presence of fluorocarbons, even when the surface coverage is only a
fraction of a monolayer.

The goal of the present study is to demonstrate that the fundamental properties of surface-
bound fluorocarbon molecules can be investigated in unprecedented detail by using the
advanced two-dimensional solid-state NMR experiments and theoretical calculations.
Specifically, we focus on understanding the molecular structure and conformation of the
surface-bound PFP groups in the mesoporous silica nanoparticles (MSNs). The NMR studies
used newly developed schemes for enhancement of sensitivity under fast magic angle

spinning (MAS), which enabled the detection of heteronuclear correlation (HETCOR)
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spectra of naturally abundant >C and *’Si nuclei on the silica surface with exceptional
sensitivity. The theoretical investigations provided invaluable assistance in refining the

conformational details of two types of PFP species described by NMR.

5.3 Material and Methods.
PFP-MSN Material

The sample containing (pentafluorophenyl)propyl groups (—CH—CH,—CH,—Cg¢Fs)
covalently bound to MSNs, referred to as PFP-MSN, was synthesized via the previously
reported co-condensation method [12, 15-17]. A mixture of cetyltrimethylammonium
bromide (1.0 g, 2.75 mmol), 2 M NaOH(ag) (3.5 ml, 7.0 mmol), and 480 ml H,O was stirred
at 80 °C for 10 min, followed by the addition of tetraethoxysilane (TEOS, 5 ml, 22.4 mmol)
and pentafluorophenyl propyltrimethoxysilane (0.58 ml, 2.24 mmol). The solution was
maintained at 80 °C for 2 h and separated by filtration. The resulting product was
sequentially washed with water, methanol, and dried under vacuum yielding 1.0 g of as-made
PFP-MSN. The surfactant was removed using acid-extraction, by refluxing the as-made PFP-
MSN in methanolic solution of hydrochloric acid (1.0 ml of conc. HCI in 100 ml MeOH) for
6 h. After filtration and extensive washing with water and methanol, 0.7 g of the surfactant-
free PFP-MSN was obtained in the form of white fine powder [12].

The TEM micrograph of PFP-MSN (not shown) indicated that the particles had elliptical
shape with an average length of 300 nm and an aspect ratio of 1.5-2. The parallel, cylindrical
pores formed a hexagonal mesostructure, as further confirmed by powder XRD experiments.
The measured BET surface area and the pore diameter were 844 +10 m%/g and 2.2 +0.2 nm,
respectively. Based on the analysis of nitrogen adsorption, the mesopore volume was

estimated at 0.75 cm’/g.

Solid-State NMR
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Solid-state NMR experiments were performed on a Varian NMR System spectrometer,
equipped with a 1.6-mm triple resonance FastMAS™ probe and operated at 599.6 MHz for
'H, 564.2 MHz for "°F, 150.8 MHz for °C and 119.1 MHz for *’Si nuclei. The sample was
packed in the MAS rotor after the exposure to ambient conditions in the laboratory. Several
one-dimensional (1D) and two-dimensional (2D) experiments were used, including 1D MAS
with direct polarization (DPMAS), spin-echo, 2D through-bond and through-space HETCOR
NMR utilizing the refocused INEPT (INEPTR) and cross-polarization (CP), respectively, and
2D double-quantum (DQ) MAS NMR. To increase the sensitivity, the 'H-">C and PE-Bc
HETCOR experiments were performed with indirect detection of heteronuclei (**C) under
fast MAS [19-21]. The pulse sequences used in the indirectly detected through-space and
through-bond HETCOR experiments are analogous to those reported elsewhere [20-21]. The
PF-2Si HETCOR spectra were acquired using cross-polarization and the Carr-Purcell-
Meiboom-Gill (CPMG) refocusing of *’Si magnetization [22-23].

The experimental parameters are given in figure captions, using the following symbols: w
denotes the magic angle spinning (MAS) rate, vy, the magnitude of the RF magnetic field

applied to X spins, zcp the cross-polarization time, 7; and 7, the delays used during refocused
INEPTR, zzr the rotary resonance recoupling time, Ncpmg the number of echoes used during
the CPMG acquisition, zcpmg the time interval between 7 pulses in the CPMG sequence, At
the increment of #; during 2D acquisition, NS the number of scans, zrp the recycle delay, and
AT the total acquisition time of a 2D spectrum. The 'H, '*C and *Si chemical shifts are
reported using the & scale and are referenced to TMS at 0 ppm. The '’F NMR spectra are
referred to CFCl; (6 = 0 ppm), based on substitution of the secondary reference of NaF

aqueous solution (-121.5 ppm) [24].

Theoretical Calculations
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The geometry of the PFP functional group inside the MSN was studied by theoretical
calculations using C¢F¢ and Si-containing cluster models for the surface oxygen sites of the
MSN, as described in Results and Discussion. The geometries of the models were first
approximated by the MM2 level calculations and further refined with the quantum
mechanical theory using the Firefly program package [25-26]. The quantum mechanical
calculations were carried out at the Meller-Plesset second-order perturbation theory (MP2)
level with the 6-311++G(d,p) basis set. The interaction energies in the optimized geometries
were corrected for the basis set superposition error (BSSE) using the counterpoise method
[27]. Density functional theory (DFT) calculations of the NMR tensors were carried out at
the B3LYP level using ORCA program package [28]. An IGLO-II type basis set [29] was
employed in the DFT calculations. Theoretical shieldings were transformed to relative

chemical shifts 0 by subtracting the calculated chemical shift of CFCl;.

5.4 Results and Discussion
Solid-State NMR

The **Si DPMAS spectrum of PFP-MSN (Figure 5.1) is dominated by resonance lines at
around -113 and -104 ppm representing silicon sites Q" ((Si0-)4Si) and Q° ((ZSi0-);Si(—
OH)), respectively. The presence of peaks centered at around -70 and -60 ppm, which are
assigned to silicon atoms in positions (SiO);SiR and (SiO),SiR (denoted as 7° and T%), shows
that the organic groups are indeed covalently bound to the surface.”” Based on integration of
the *°Si DPMAS spectrum we estimated that 13 + 2% of silicon atoms in this sample are
bound to carbon, which corresponds to the PFP concentration of 1.2 mmol/g, or roughly 1
molecule per nm’. This last estimate was made by assuming that the inner pore surface area
in PFP-MSN constitutes 90% of the total surface area of 844 m*/ g. Since the footprint area of
the PFP complex is ~0.6 nm?, this concentration would correspond to surface coverage of

around 60%, if all molecules assumed the prone position.
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Fig. 5.1. Si DPMAS NMR spectrum of PFP-MSN taken under the following experimental
conditions: v, = 10 kHz, v;. = 86 kHz during short pulses, v/. = 45 kHz during TPPM

decoupling, Nepmg = 25, 7epmg = 6 ms, rp = 300 s and NS = 120.

With the static 'H and "°F linewidths being on the order of 10-20 kHz, the 2D HETCOR
spectra of PFP-MSN could be best measured using the indirect detection of heteronuclei
under fast MAS [19-21]. The indirectly detected, INEPTR-based Bc-'H spectrum of PFP-
MSN is shown in Figure 5.2a. The observed correlations between directly bound C1-H1, C2-
H2 and C3-H3 pairs are consistent with the expected structure of the PFP groups covalently
attached to the silica surface. Also observed is a resonance due to surface methoxy
functionality, as shown in our earlier report [21]. The same correlations, as well as those due
to long-range, through-space interactions between C2-H1, C2-H3 and C3-H2 are observed in
the spectrum derived thorough space with zcp = 4.5 ms (Figure 5.2b). Also observed in

Figure 5.2b is the correlation between H3 and the aromatic ring (carbon C4).
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Fig. 5.2. 2D indirectly detected *C-'H (a,b) and C-'"°F (c) spectra of PFP-MSN. Spectra (a)

and (b), obtained using through-bond (INEPTR) and through-space (CP) mixing, were used

in our earlier report on indirect detection.”’ They were recorded using w = 40 kHz, Ve =
110 kHz during short pulses, v, = 60 kHz during tangent ramp CP, v, = 20 kHz during

R, Vg = 100 kHz during short pulses and CP, v, = 10 kHz during SPINAL-64 decoupling,

RF
cp =4.5ms, 71 = 0.6 ms, » = 0.8 ms, zrg = 80 ms, 160 rows with A¢; =25 us, 128 (a) and
48 (b) scans per row, zp = 1.5 s, and AT = 12.5 h (a) and 4.5 h (b). Spectrum (c) was
obtained using INEPTR under similar conditions, exclusive of 7; = 1.0 ms, » = 0.9 ms, 80

rows, At; =200 us, 400 scans per row, 7rp = 0.8 s, and AT = 15.5 hr.
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In the C-""F HETCOR spectrum shown in Figure 5.2c, the aromatic carbons in PFP-
MSN are observed through J couplings with the directly bound fluorines. The observed *C
shifts are consistent with those expected for carbons C5-C9. Surprisingly, each "*C resonance
is involved in double cross-peaks along the '°F dimension, labeled in red and blue in Figure
5.2¢, representing fluorine sites with similar but discernible chemical shifts. This suggests the
presence of two PFP functionalities, which reside on the silica surface in separate average
environments and do not change on the time scale of (Av)' = 1 ms (where Av is the
difference between the corresponding '°F resonance frequencies in both species). For reasons
to be explained later, we denote the molecules represented by ‘blue’ and ‘red’ resonances as
PFP-u and PFP-p.

The presence of two non-exchanging conformations of PFP is further verified by the 2D
PF-F DQMAS measurement (Figure 5.3), which under the excitation and refocusing
conditions used here (see figure caption) found only intramolecular correlations between '°F
nuclei, via the dipole-dipole coupling. In the DQ dimension, the signals representing two
coupled nuclei resonating at m; and ®, occur at the sum frequency ®; + ®;, whereas the
signals from non-interacting nuclei are suppressed by the DQ filtering [30]. Thus, the spatial
proximities between '’F nuclei can be identified by following the cross-peaks along the
horizontal and vertical pathways, as shown in Figure 5.3 for PFP-p (solid lines) and PFP-u
(dashed lines). In the PFP-p functional groups, correlations between all intramolecular
neighbors are observed, including the diagonal cross-peaks F5-F9 and F6-F8, and the off-
diagonal superpositions of (F5-F6)+(F8-F9) and (F7-F6)+(F7-F8). Similar spectral features
are observed for PFP-u, except for the diagonal peaks F5-F9 and F6-F8, which barely exceed
the noise level. The differences between relative intensities in '°F projections in Figures 5.2¢
and 5.3 are insignificant because they result from different spin dynamics involved in *C-""F

HETCOR and ""F-""F DQ MAS experiments.
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Fig. 5.3. 2D "F-""F DQMAS spectrum of PFP-MSN. The DQ excitation and reconversion
was achieved using back-to-back (BABA) pulse sequence [31],1r = 40 kHz, v;,. = 110 kHz,

and excitation/reconversion length = 0.4 ms. The spectrum was acquired in 80 rows, with

128 scans per row, Aty =25 ps, ep =1 s, and AT =6 hr.

To delineate the nature of PFP-p and PFP-u species, we probed their interaction with the
silica surface, by measuring a 2D ""F-*’Si HETCOR spectrum of PFP-MSN (Figure 5.4). The
measurement was enabled by using the CPMG refocusing of *’Si magnetization [22], which
afforded a six-fold sensitivity gain (note that without the CPMG refocusing this spectrum
would require two months of acquisition time). Notwithstanding the fact that both PFP-p and
PEP-u were present in the sample, as evidenced by the '°F MAS spectrum shown along the
o, dimension, the only observed '’F-*’Si correlations are associated with the PFP-p species.
This demonstrates that the difference between PFP-p and PFP-u functional groups is in their
interaction with the surface to which both are covalently bound. All "F nuclei in PFP-p
groups correlate with O° and O silicon sites, which indicates that they reside in prone
positions with respect to the silica surface and are less mobile. The lack of Pp2sj
polarization transfer from the PFP-u species suggests that their aromatic rings are not located

near the surface. The increased mobility of the PFP-u species may further contribute to
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weakening of the '’F-*’Si dipole-dipole interactions (see the discussion of relaxation data and
static NMR spectrum, below). No correlations involving the 7 sites and the aromatic ring
were detected.

The *C-""F HETCOR spectrum of Figure 5.2c shows that the interaction with the surface
shifts the '°F resonances in PFP-p by 2 to 3 ppm in the direction of higher frequency (less
shielded) with respect to PFP-u molecules, but has a very small effect (<0.1 ppm) on the °C
chemical shifts. An earlier study showed that adsorption of fluoroaromatic molecules
(hexafluorobenzene, CgFg) on the surface of alumina has a deshielding effect on the g

nuclei compared to the same molecules in the gas phase [32].

Q4
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Fig. 5.4. 2D ""F-*’Si CP-based CPMG-HETCOR spectrum of PEP-MSN obtained using 1k =
40 kHz, v, = 110 kHz during short pulses, v5. = 60 kHz during tangent CP, v, = 100 kHz

during short pulses and CP, zcp = 20 ms, Nepmg = 250 and zepmg = 4 ms. The data were
acquired in 40 rows, with A#; =25 us, 2000 scans per row, zzp = 0.8 s, and AT = 47 hr. Also

shown is the corresponding 1D '"’F MAS spectrum.
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Further corroboration of these assignments was obtained by measuring the transverse
relaxation time (7>”) of '°F nuclei under the spin-echo sequence /2 - T - m - 1 - detect. The
T, values obtained under fast MAS for PFP-u exceeded those for PFP-p by a factor of ~8
(12 ms versus 1.5 ms). Indeed, the spectra in Figure 5.5 show that nuclei in PFP-u and PFP-p
were refocused with T = 0.1 ms, but only those in PFP-u were observed with t = 2 ms, which
is consistent with the increased mobility. The existence of two populations of PFP species
with different mobilities can be also inferred from the analysis of static ’F NMR spectrum
(not shown) consisting of two superimposed components with the linewidths of 16 + 2 kHz
and 6 + 1 kHz, which are mainly due to homonuclear '’F-"F dipolar interactions. This is a
crude approximation, as each component is a superposition of 3 resonances representing F5,9,
F6,8 and F7. Still, these values are close, respectively, to those expected for perfluotinated
rings that are rigid (PFP-p) and undergo limited motion, such as librational rotation (PFP-u).
Note, however, that such mobility alone should not prevent the PFP-u species from being

observed in the 2D "F-*’Si HETCOR spectrum.
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Fig. 5.5. °F spectra of dried PFP-MSN obtained under MAS at 40 kHz using the spin-echo

sequence with 7=0.1, 1.0 and 2.0 ms.
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In short, solid-state NMR spectroscopy provided ample evidence for the existence of two
distinct populations of PFP functional groups in the MSNs, both of which are covalently
bound to the surface, have the same bond structure, but reside in positions described as
‘prone’ (PFP-p) and ‘upright’ (PFP-u) inside the mesopores. The NMR data provide several
additional insights about the physicochemical nature of these species. The existence of
separate sets of '°F peaks representing both species shows that they do not change their
conformations on the NMR time scale of ~1 ms. Based on the "F-*’Si CP efficiency, we can
estimate that the PFP-p groups are located within ~0.45 nm from the nearest Q° and O*
silicon sites. This is a rough estimate, based on the maximum CP intensity being observed at
tcp = 20 ms and the assumption that the CP dynamics for an rigid pair of spins reaches
maximum at Tcpep = 1.7/D, where the dipolar coupling D depends on the internuclear

distance [33].

Theoretical Modeling

To propose a model of the geometry of the PFP-p species inside the MSNs, we support the
solid-state NMR results with theoretical calculations. We point out that the surface of
mesoporous silica comprises a complex network of O and T sites with widely distributed
ranges of 2’Si chemical shifts, which reflect their diverse local environments. Our aim is to
put forth a simplified model that incorporates the basic chemical properties of the PFP-MSN
surface and is consistent with both experimental and theoretical studies. Earlier ab initio
studies of the interaction between an isolated pair of water and C¢F¢ molecules have shown
that C¢Fe can act as a lone-pair acceptor and interact with the oxygen center of H,O forming
a dimer with a binding energy of about -8 kJ/mol [34]. Due to the electron-withdrawing
effect of the fluorine atoms and the resulting electron deficiency of the CgF¢ aromatic n-
system, the oxygen of water is located approximately 0.32 nm from the center of the
molecule, with both hydrogen atoms pointing away from the ring. This is in contrast to

water-benzene interaction, which leads to a different m-electron distribution and results in
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formation of a weak hydrogen bond with water, such that both hydrogen atoms point toward
the ring [34]. Following the Lewis’s acid and base concept, in the C¢F¢-H,O system the
oxygen atom acts as a Lewis base and the aromatic ring may exhibit Lewis acidity, whereas
in C¢Hg-H,O system water plays the role of an acid. These properties of the PFP functional
groups are relevant to surface science and catalysis, as will be pointed out in the Conclusion.
The abovementioned ab initio studies of the C¢Fg-H,O system [34] evoke a possibility that
pentafluorophenyl groups of the PFP functionalities act in a similar fashion as a lone-pair
acceptor and interact with the oxygen atom of the MSN surface. We have optimized the
geometries of C¢Fg interacting with two major oxygen species on the MSN surface: the
oxygen atoms of silanol groups, HO-Si(—OSi=);, and siloxane bridges, (=S10-);Si—O-Si(—
OSi=);. The surface models for these species were created based on B-cristobalite structure
(Si—O bond length = 0.161 nm and Si—O-Si bond angle = 146.4°) [35-36], because the local
structure of MSN is similar to that of amorphous silica [37-38] and X-ray work on
amorphous silicas suggests that their structure most closely resembles that of -cristobalite
[39]. The Si—O— H bond angle was initially set to 121° [40]. The silicon atoms that do not
carry the full complement of hydroxyl or siloxane bridges were terminated by hydrogen
atoms. The structure of the Si-containing clusters was fixed during the optimization, except
for the OH moieties of the silanol groups. The resulting geometries of the CgFe-silanol and
CeFs-siloxane environments are shown in Figure 5.6. In both structures, the center of the

CsFs molecule appears to be located near the oxygen atom.
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Fig. 5.6. The optimized geometries of (a) C¢F¢-silanol and (b) CeFs-siloxane models. Silicon
atoms are green, oxygen atoms are red, carbon atoms are gray, fluorine atoms are yellow, and

hydrogen atom is white. Silanol hydrogen is the only one shown.

In the optimized CgFs-silanol geometry (Figure 5.6a), the distance between the oxygen
atom and the center of mass of the aromatic ring and the interaction energy are calculated to
be d = 0.29 nm and AE = -5.6 kJ/mol, respectively. Furthermore, five fluorine atoms of the
CFe are separated from the nearest silicon atom (O’ site) by more than the NMR estimate
(0.45 nm). The hydrogen bonds between the surface silanols and the fluorine atoms do not
seem to form on the silica surface, which is consistent with the previous studies of the C¢F¢-
H,O system [34]. This result is not surprising, because fluorine that bonds to sp* carbon is a
poor hydrogen-bond acceptor [40]. The geometry shown in Figure 5.6a suggests that on 'real'
MSN surface the CgFg-silanol interaction can be affected by steric hindrance within the
system. Furthermore, fast librational motions of the silanol OH moieties [40] make it difficult
for the aromatic ring and the silanol oxygen to interact with each other.

An optimized geometry of the C¢Fg¢-siloxane system is shown in Figure 5.6b. In this case,
the C¢F¢ molecule lies flat above the siloxane oxygen at a distance of d = 0.31 nm with all
fluorine atoms having one or more neighboring silicon atoms within 0.45 nm. The computed
interaction energy (AE = -11.0 kJ/mol) is larger than that for the C¢Fe-silanol model. The

mobility of the C¢F¢ molecule under such conditions is expected to be limited.
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The C¢Fe¢-siloxane system is further studied by theoretical calculation of the F chemical
shift. The computation of the F chemical shift of an isolated C¢F¢ molecule yielded -165.2
ppm, which is close to the reported value in the gas phase (-167.75 ppm) [32]. The "F
chemical shift of the C¢F¢ molecule in the optimized CgFs-siloxane system was calculated to
be -155.9 ppm (average of all six fluorine atoms), which demonstrates that the interaction of
CsFs molecules with the siloxane oxygen has a deshielding effect on the PF nuclei compared
to the C¢Fs in the gas phase. This deshielding effect is in agreement with ’F NMR data,
although its size exceeds the experimental value of ~3 ppm. However, on the ‘real’ surface,
the aromatic ring of the PFP-p species is not located in the geometry where it maximally
interacts with the siloxane oxygen because of the constraints imposed by the propyl chain, as
well as the physical topology and chemical structure (e.g., concentration of silanol groups) of
the MSN surface. Besides, even the PFP-u species are not truly isolated in the narrow pore of
the MSN materials. Thus, the difference in "°F chemical shifts between PFP-p and PFP-u is

likely to be smaller than that calculated for the C¢F¢-siloxane model.
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Fig. 5.7. The schematic representation of (a) PFP-p and (b) PFP-u functional groups on the
silica surface. The aromatic rings of PFP-p interact with the siloxane oxygen, whereas those

in PFP-u are located further from the surface and are more mobile.
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The theoretical calculations suggest that a feasible model representing the PFP-p species is
one in which the aromatic ring of the PFP group is located above the siloxane oxygen in
parallel to the MSN surface (Figure 5.7a). This geometry is consistent with the following
NMR results: (1) all "F nuclei in PFP-p groups are located within ~0.45 nm from the nearest
Q’ and Q" silicon sites, (2) the mobility of the ring is restricted compared to PFP-u, (3) the
F nuclei of the PFP-p are deshiclded by the interaction with silica. Due to the
abovementioned constraints, only a fraction of the PPF groups can be located above the
siloxane oxygen as PFP-p, whereas the others are confined to PFP-u positions. The most
likely structure of PFP-u is shown in Figure 5.7b. We should emphasize that the designation
of PFP-u molecules as “upright’ does not imply that they assume rigid vertical position on the
surface. The NMR data showed reduced "°F linewidth and slower transverse relaxation in
PFP-u, most likely as a result of librational flips or rotations. Whereas this mobility may slow
down the ""F-*’Si CP process, the absence of resonances representing PFP-u in the "F-*’Si
HETCOR spectrum and the change in '°F chemical shifts demonstrate that these species are

more distant from the MSN surface than PFP-p.

5.5 Conclusion

The NMR results and the theoretical calculations presented in this study showed that the
PFP-MSN material hosts two types of covalently bound PFP species with similar bond
topologies but different conformations: the PFP-p groups with the aromatic rings located
above the surface siloxanes the PFP-u molecules in the roughly upright position. The
fundamental understanding of the catalyst surface provided by this investigation can be used
to enhance the catalytic performance in a predictable way. The interaction energy calculated
for the C¢Fg-siloxane model system is larger than the adsorption energy of water molecules to
dehydrated surface of a mesoporous silica material at low vapor pressure.*” Since surface

siloxanes of MSN materials are easily hydrolyzed to form silanols by water adsorption even
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at room temperature [43-44], keeping the hydrophobic character of these materials by
protecting the siloxanes from water should be beneficial for their catalytic applications.
Indeed, in a forthcoming publication we will report on the design of a bifunctional MSN-
based catalyst containing an acidic catalytic site and PFP functionalities for an esterification
reaction. The presence of PFP improved considerably the catalytic performance, which is
attributed to efficient expulsion of the byproduct (water) from the PFP-coated mesochannels.
Further experimental and theoretical investigations are underway to describe the behavior of

the PFP functional groups on the MSN surfaces in the presence of solvents.
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Chapter 6

Molecular ordering of mixed surfactants in mesoporous silicas: A solid-state NMR
study
Published in Solid-state NMR, http://dx.doi.org/10.1016/j.ssnmr.2011.02.001
Takeshi Kobayashi, Kanmi Mao, Shy-Guey Wang, Victor S.-Y Lin, and Marek Pruski

6.1 Abstract

The use of mixed surfactants in the synthesis of mesoporous silica nanoparticles (MSNs) is
of importance in the context of adjusting pore structures, sizes and morphologies. In the
present study, the arrangement of molecules in micelles produced from a mixture of two
surfactants, cetyltrimetylammoium bromide (CTAB) and cetylpyridinium bromide (CPB),
was detailed by solid-state NMR spectroscopy. Proximities of methyl protons in the
trimethylammonium headgroup of CTAB and protons in the pyridinium headgroup of CPB
were observed under fast magic-angle spinning (MAS) by 'H-'H double quantum (DQ)
MAS NMR and NOESY. This result suggested that CTAB and CPB co-exist in the pores

'"H-?Si heteronuclear

without forming significant monocomponent domain structures.
correlation (HETCOR) NMR showed that protons in the headgroup of CTAB are in closer
proximity to the silica surface than those in the CPB headgroups. On the other hand,
relatively strong interaction was found between the silica surface and protons in the alkyl
chain of the CPB molecule, suggesting that it assumes a 'folded-over' conformation near the
pore wall. The structural information obtained in this investigation leads to better

understanding of the mechanisms of self assembly and their role in determining the structure

and morphology of mesoporous materials.

6.2 Introduction
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The use of templates to synthesize mesoporous silicas such as MCM-41 or SBA-15 has
opened up new opportunities for controlling the structure of ordered porous materials,
including pore size and particle morphology [1,2]. These characteristics are important for
their applications as support materials in catalysis, adsorbents for separations or drug
delivery, and membranes. The structure and size of pores in mesoporous materials can be
controlled by using templates with different alkyl chain lengths [1,3,4], by expanding the
template micelles with organic additives [1,5-7], by introducing a different type of
organosilane in addition to TEOS, and controlling its concentration [8], or by using mixed
micelles [9-13]. In particular, Khushalani et al. reported that pore size can be continuously
tuned by changing the mixing ratio of two different surfactants [9]. The ratio of the
surfactants in the resultant ‘bulk’ material was shown to be the same as in the starting
mixture. However, the distribution and arrangement of mixed surfactants inside the pores are
not well understood.

In the present study, we synthesized mesoporous silica nanoparticles (MSNs) using a
mixture of two surfactants, cetyltrimethylammonium bromide (CTAB) and cetylpyridinium
bromide (CPB), and studied the arrangement of these surfactants inside the MSN pores by
solid-state NMR. We demonstrate that detailed structural information about internuclear
proximities and molecular motions can be obtained from two-dimensional correlation NMR
experiments exploiting homo- and heteronuclear dipolar interactions in the regime of fast

magic angle spinning (MAS).

6.3 Materials and Methods
MSN materials

The samples were prepared following the previously described procedures [14]. A mixture
of cetyltrimethylammonium bromide surfactant (CH3(CH;);sN(CHs);Br, referred to as
CTAB) (0.5 g), cetylpyridinium bromide surfactant (CH3(CH,);sCsHsNBr, referred to as
CPB) (0.5 g), 2.0 M NaOH (3.5 ml), and H,O (480 ml) was heated at 80 °C for 30 min with
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constant stirring. To this clear solution, 5 ml of tetraethoxysilane (Si(OCH3)4, referred to as
TEOS) was injected over 10 min yielding an opaque reaction mixture. The white solid
products of synthesis were observed after vigorous stirring of the mixture for ~ 2 min. The
as-synthesized mesoporous material, denoted as CTAB/CPB-MSN, was obtained after an
additional 2 h of heating at 80 °C, followed by hot filtration, washing with a copious amount
of water and ethanol, and drying under a vacuum. The same synthetic protocol was followed
to prepare CTAB-MSN and CPB-MSN, where instead of the mixed surfactants 1 g of CTAB

or 1 g of CPB was used, respectively.

Solid-State NMR
Solid-state NMR experiments were performed at 14.1 T on a Varian NMR System

spectrometer, equipped with a 1.6-mm triple resonance FastMAS™

probe and operated at
599.6 MHz for 'H and 119.1 MHz for *’Si nuclei. A series of one- and two-dimensional (1D
and 2D) experiments was carried out, including 1D 'H single-quantum (SQ) MAS, 2D
'H-"H double-quantum (DQ) MAS, 2D NOESY and 2D "H-*Si heteronuclear correlation
(HETCOR) NMR. All experiments were performed under fast MAS at a rate of 40 kHz.

The DQ coherences between 'H nuclei were obtained by dipolar recoupling using back-to-
back (BABA) pulse sequence [15-17]. The 'H->Si spectra were acquired using cross-
polarization (CP) and Car-Purcell-Meiboom-Gill (CPMG) refocusing of Si magnetization, as

described earlier [14,18]. All pertinent experimental conditions are given in captions to
Figures 6.2-6.5 using the following symbols: v,. the magnitude of the radio frequency
magnetic field applied to X spins; vz, the MAS rate; tg = (vr)", the rotor period; tcp, the
cross-polarization time; t,,, the mixing time for NOESY; tcpue, the time interval between nt

pulses in the CPMG sequence; Ncpyg, the number of echoes used during the CPMG

acquisition; At;, the increment of #; during 2D acquisition; tzp, the recycle delay; and NS, the
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number of scans. Si and 'H chemical shifts were referenced with respect to

tetramethylsilane (TMS) at 0 ppm.

6.4 Results and discussion
Characterizations

The XRD patterns of CTAB-MSN and CTAB/CPB-MSN (Figure 6.1a) indicate that the
mesoporous channels are arranged in 2D hexagonal arrays. This was confirmed by the TEM
images (Figure 6.1b), which also show that the particles having spherical shapes with an
average diameter of ~150 nm. The physical properties of CTAB-MSN and CTAB/CPB-MSN
obtained from XRD and nitrogen adsorption are listed in Table 6.1. The unit size and surface
area of both materials are similar; however, the CTAB/CPB-MSNs have a larger pore

diameter and thinner walls.

(a)

CTAB-MSN
CTAB/CPB-MSN

T T T T T T T T T
2 3 4 5 6 7 8 9 10

Intensity (a.u.)

20 (degrees)

(b) CTAB-MSN

Figure 6.1. (a) Powder X-ray diffraction patterns and TEM images of (b) CTAB-MSN and (c)
CTAB/CPB-MSN.
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Table 6.1. Structural properties of CTAB-MSN and CTAB/CPB-MSN.

CTAB CTAB/CPB
d-spacing (nm)® 4.1 4.1
Pore diameter (nm)® 3.0 3.3
Surface area (m?/ g)(b) 1058 1097
Wall thickness (nm)®© 1.1 0.80

®@The d-spacing (or unit cell size) corresponds to the main (100) XRD peak.
®The pore diameter and the surface area were obtained from the nitrogen
adsorption/desorption data.

©The pore wall thickness is the difference between the d-spacing and pore diameter.

Solid-State NMR

1D 'H MAS spectra. Figure 6.2a shows the '"H SQMAS NMR spectrum of CTAB/CPB-
MSN, along with the relevant structures and spectral assignments. The observed 'H chemical
shifts agree with those measured in homogeneous solutions of the corresponding surfactants.
The resonances representing H3, H6, H8 and H10 are barely resolved, whereas those due to
H4 and HS5 overlap at around 3.5 ppm. The CTAB/CPB ratio in the CTAB/CPB-MSN
sample was estimated by comparing the integrated signal intensities of protons in the
headgroups of CTAB (HS5 and H4) and CPB (H8-10). The resulting molar ratio (48/52) is
equivalent to the CTAB/CPB ratio used in the synthesis (49/51).

Also shown, in Figure 6.2b, is the SQ projection of the 'H-'H DQMAS NMR spectrum of
the same sample. We note that all resonances observed in the DQMAS spectrum have
increased linewidth and lower spectral intensity compared to their SQMAS counterparts in
Figure 6.2a. The increased linewidth is attributed to the selective nature of DQMAS
measurement, which exploits homonuclear dipolar couplings and thus favors the strongly
coupled "H-'H pairs [19]. The lower intensity is due to DQ filtering, which will be discussed

in more detail below. Here we only point out that Figure 6.2b lacks a broad resonance
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centered at around 5.8 ppm, which would represent hydrogen-bonded silanol groups on the

silica surface [20,21].
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Figure 6.2. (a) '"H SQMAS spectrum of CTAB/CPB-MSN obtained using v, = 40 kHz,

ve.= 120 kHz, tzp = 5 s, and NS = 16. (b) SQ projection of 'H-'H DQMAS spectrum in

Figure 6.3d. The spectra are scaled for visual clarity.

Also shown, in Figure 6.2b, is the SQ projection of the 'H-'H DQMAS NMR spectrum of
the same sample. We note that all resonances observed in the DQMAS spectrum have
increased linewidth and lower spectral intensity compared to their SQMAS counterparts in

Figure 6.2a. The increased linewidth is attributed to the selective nature of DQMAS
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measurement, which exploits homonuclear dipolar couplings and thus favors the strongly
coupled 'H-'H pairs [19]. The lower intensity is due to DQ filtering, which will be discussed
in more detail below. Here we only point out that Figure 6.2b lacks a broad resonance
centered at around 5.8 ppm, which would represent hydrogen-bonded silanol groups on the

silica surface [20,21].

Transverse relaxation

The transverse relaxation time (7') of 'H nuclei (Table 6.2) was measured using a spin-
echo sequence (/2 - ©/2 - m - /2 - detect) under 40 kHz MAS without 'H-'"H RF
homonuclear decoupling. The relaxation due to the inhomogeneous component of the dipolar
interactions and the anisotropic part of the 'H chemical shift (CSA) was eliminated by using
t values equal to the integer number of rotor periods, t = ntr. Thus, the relaxation data
reported in Table 6.2 are mainly affected by the residual homogeneous contribution from 'H-
'H dipolar coupling. The surfactants are expected to be intertwined within the pores,
exhibiting a wide range of mobilities. The resulting spin dynamics in CTAB/CPB-MSN is
too complex to permit exact rationalization of the observed 7' values, as it also depends on
the effective dimensionality of the coupling network and the interference between molecular
motions and line-narrowing by MAS [22]. Still, the relaxation measurements can provide

useful general insights into the mobility of different molecular groups in CTAB and CPB.

Table 6.2. Transverse relaxation time, 73', in CTAB/CPB-MSN

Moiety Proton  73' (ms)
CH; tail HI 27.3
CH; chain H2 9.2
CH; CTAB head H(4,5) 5.6

CH CPB head H(8-10) 2.5
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We first note that the values reported in Table 6.2 exceed those typically observed in rigid
organic materials, suggesting significant overall mobility. For example, the 'H 7»' times
measured under similar conditions (vg = 41.667 kHz) in crystalline tripeptide (N-formyl-L-
methionyl-L-leucyl-L-phenylalanine, f-MLF-OH), which for the most part represents a
strongly coupled spin system, were on the order of 1 ms or less [23]. Here, the longest 75'
time (~27 ms) was associated with H1, indicating that the most mobile of the methyl groups
are in the tail ends of CTAB and CPB are. This is consistent with the result of the DQMAS
experiment shown in Figure 6.2b, in which the resonance representing H1 is largely depleted,
suggesting the weakest coupling to other protons. The mobilities of protons H(4,5) and H(8-
10) appear to be the most restricted. In an aqueous solution, the surfactants self-organize in
such a way that the hydrophilic cationic headgroups participate in the deposition of a silicate
precursor (here, TEOS) during the synthesis process. Thus, the small 75' values of H(4,5) and
H(8-10) are due to the interactions between the headgroups of CTAB or CPB and the silica
surface inside the pores of the MSNs. In the absence of any motions other than fast
reorientation of the CHs groups, both headgroups should exhibit comparable relaxation. The
fact that the 7' value of H(8-10) is smaller by a factor of ~2 than that of H(4,5), suggests the

CPB headgroup is less mobile.

'"H-'H DOMAS and NOESY

To investigate the proximity between various molecular fragments within the pores, we
used the '"H-'"H DQMAS experiment, which serves to produce 2D correlations between the
DQ and SQ coherences of spins that undergo strong dipolar interactions [15]. In the present
study, the MAS-averaged dipolar interactions were reintroduced using a back-to-back
(BABA) pulse sequence [17], which was chosen because of its robustness and insensitivity to
off-resonance effects. In the DQ dimension, the signals representing two coupled nuclei
resonating at ®; and m, appear at the sum frequency ®; + ®,, whereas the signals from non-

coupled nuclei are removed by the DQ filter. Consequently, all cross-peaks in the DQMAS
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spectra result from spins in spatial proximity to each other. This is in contrast to the 2D SQ-
SQ spectra based on an inter-spin exchange of magnetization, which are typically dominated
by strong diagonal signals representing non-exchanged magnetization.

The 2D 'H-'H DQMAS spectra of CTAB-MSN, CPB-MSN and CTAB/CPB-MSN are
shown in Figures 6.3a, 6.3b and 6.3d, respectively. Figure 6.3c depicts the result of the same
experiment on a physical mixture of CTAB-MSN and CPB-MSN corresponding to the molar
ratio of CTAB:CPB equal to 43:57 (CTAB+CPB-MSN-phys). The spectra of CTAB-MSN
and CPB-MSN are dominated by strong diagonal peaks due to interactions between
H2 protons. Also present in Figures 6.3a and 6.3b are the cross-peaks H(4,5)-H(4,5) and
H2-H(4,5) in CTAB-MSN, as well as H2-H7, H2-H(8,10), H2-H9, H7-H7, H7-H(8-10)
and superimposed cross-peaks involving H8, H9 and H10 in CPB-MSN. Signals associated
with H1, H3 and H6 were not identified because of strong overlap with the dominant
resonances representing H2. All cross-peaks observed in these two spectra can be attributed
to a combination of intra- and intermolecular interactions. As expected, the physical mixture
of CTAB-MSN and CPB-MSN yielded a result similar to the sum of individual components
(Figure 6.3c). The spectrum of CTAB/CPB-MSN (Figure 6.3d) exhibits one notable
difference: a pair of cross-peaks representing H(4,5)-H(8-10), whose presence
unambiguously manifests that both surfactants occupy the same pores of CTAB/CPB-MSN
such that the methyl groups in the CTAB headgroups and the pyridyl group in the CPB
headgroups are located within the distance at which their protons are coupled with each other.
The H(4,5)-H(8-10) correlation is quite weak and is no longer observed with 200 ps of
excitation/reconversion period. Considering the restricted mobility of the CTAB and CPB
headgroups, the presence of a weak H(4,5)-H(8-10) cross-peak suggests that the two
surfactants form small individual patches with limited boundaries between them, or are well

mixed in such a way that their headgroups are not coaligned.
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Figure 6.3. 2D 'H-'H DQMAS spectra of (a) CTAB-MSN, (b) CPB-MSN, (c) physical

mixture of CTAB-MSN and CPB-MSN, and (d) CTAB/CPB-MSN measured using a back-

to-back (BABA) sequence with excitation and reconversion lengths of 100 us (4tr), v, = 40

kHz and v, = 120 kHz. The acquisition involved 800 rows, with 16 scans per row, At; = 50

us, and tgp = 1.2 s.
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Figure 6.4a shows the NOESY spectrum of CTAB/CPB-MSN. In contrast to DQMAS, the
NOESY experiments are better suited for studying weak couplings between pairs of protons
contributing to incoherent cross-relaxation processes [19,24]. A number of cross-peaks
involving protons in CTAB headgroups, CPB headgroups, alkyl chains and surface silanol
groups were observed with 20 ms of mixing time. The H(4,5)-H(8-10) cross-peaks barely
visible in the DQMAS spectrum in Figure 6.3d appeared with much greater intensity. This
observation further confirmed that CTAB headgroups and CPB headgroups interact with
each other. In addition, the cross-peaks representing correlations between both surfactants
and the silanol groups on silica surface were observed in the NOESY spectrum. One of these
peaks involves the H6 protons in CPB, marked with the shaded area in Figure 6.4a.
Considering the distance between the silica surface and silanol proton (~2A, assuming
Si0,(111)-type surface), the presence of such a cross-peak implies that CPB headgroups rest
flat on the silica surface or assume a folded-over conformation.

To further refine the understanding of interactions between both surfactants and the silica
surface, we measured the NOE build-up curves, which reflect the strength of dipolar
coupling between spins. In Figure 6.4b, we show the NOE build-up curves of cross-peaks
involving the headgroups of CTAB and CPB (H(4,5) and H(8-10), respectively). The H(8-
10)—silanol cross-peak builds up faster than the H(4,5)—silanol cross-peak, which suggests
that (1) the CPB headgroups are less mobile than the methyl groups in the CTAB headgroups
(as also indicated by the 7>' measurements), and/or (2) the protons in the CPB headgroups are
closer to the silanols than those in the CTAB headgroups. This second possibility is not

supported by the results of '"H=*’Si HETCOR NMR discussed below.
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Figure 6.4. (a) NOESY spectrum of CTAB/CPB-MSN obtained using v, = 40 kHz, v, =

120 kHz, and 1, = 20 ms. The data were acquired in 800 rows, with At; = 50 pus, 8 scans per
row, and trp = 1.2 s. (b) Intensities of NOESY cross-peaks representing the CTAB
headgroup-silanol and the CPB headgroup-silanol interactions as a function of mixing time,

Tm. The intensities are normalized to similar heights.

"H-°Si HETCOR
Finally, 2D '"H-*’Si HETCOR NMR measurements were carried out to probe the dipolar
interactions between 'H nuclei in the surfactants and >’Si nuclei on the silica surface. The

spectra of samples CTAB-MSN, CPB-MSN and CTAB/CPB-MSN, acquired under the same
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conditions (except Tcp = 15 ms for CPB-MSN) are shown in Figure 6.5. '"H->’Si correlations
associated with H2, H(4,5), H6 and H(8-10) were observed in the 'H-*’Si spectrum of
CTAB/CPB-MSN (Figure 6.5¢). Interestingly, this spectrum differs from the sum of spectra
representing CTAB-MSN and CPB-MSN (Figures 6.5a and 6.5b, respectively). The volume
of the cross-peak H(8-10)—Si is about 3 times lower than that for H(4,5)—Si, after accounting
for the number of protons involved in the CP transfer. Thus, the resonances representing the
CPB headgroups are strongly underrepresented in Figure 6.5c, in spite of the higher rigidity
of these groups, which should favor efficient 'H-*Si polarization transfer. This strongly
suggests that in CTAB/CPB-MSN the CPB headgroups are more distant from the silica
surface than the CTAB headgroups.

We also note that the volume of cross-peak representing H(8-10)—Si in CTAB/CPB-MSN
is disproportionally low compared to that of H2—Si in the same sample. In CPB-MSN, these
two cross-peaks have roughly the same volumes, whereas the cross-peak volume of the H(8-
10)—Si is only half of that of H2—Si (assuming that ~half of the H2 protons belong to CPB, as
indicated by 'H SQMAS). We further point out that the cross-polarization time (t¢p) leading
to the strongest H(8-10)—Si cross-peak was shorter in CPB-MSN than in CTAB/CPB-MSN.
Again, these observations are consistent with the increased distance between the CPB
headgroup and the silica surface in the mixed micelles. Finally, a cross-peak was observed in
CTAB/CPB-MSN, representing proton H6, associated with the carbon that is located in the
beta position to the pyridyl ring in CPB. This finding, which agrees with the result of the
NOESY experiment shown in Figure 6.4a, suggests that the pyridyl headgroup of the CPB
assumes a folded-over conformation near the outer surface of the micelle. This folded-over
conformation of the CPB in the mixed micelles provides additional evidence for CTAB-CPB
miscibility. If the surfactants were present in separate domains, the CPB headgroups would

be expected to yield an intense H(8-10)—Si cross-peak, similar to that in CPB-MSN.
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Figure 6.5. 2D '"H-’Si CP-based CPMG-HETCOR spectra of (a) CTAB-MSN, (b) CPB-

MSN, and (c) CTAB/CPB-MSN, obtained using v, = 40 kHz, v, = 120 kHz during short

pulses, v, = 60 kHz during tangent CP, vi- = 10 kHz during SPINAL-64 decoupling, v

= 100 kHz during short pulses and CP, 1¢p =20 ms (15 ms for CPB-MSN), N¢pmg = 50, and
Tcpmg = 6 ms. The data were acquired in 512 rows, with At; = 100 us, 96 scans per row, and

TRD — 1.2 s.
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Molecular ordering in CTAB/CPB-MSN

Taken together, our findings corroborate the arrangement of CTAB and CPB inside the
pores shown schematically in Figure 6.6. In CTAB-MSN the methyl functionalities in the
trimethylammonium headgroups are located next to the silica surface, as is well known from
earlier studies [25]. Similarly, the pyridyl headgroups of CPB in CPB-MSN assume a prone
configuration in close proximity to silica, which again is in agreement with an earlier study
of CPB adsorption on clay (montmorillonite) [26]. In the pores of CTAB/CPB-MSN, the
surfactants appear to be intimately mixed with each other, without forming large separate
domains. However, the headgroups of CTAB and CPB are not aligned next to each other.
The trimethylammonium functionalities in CTAB are located closer to the silica surface,
whereas the pyridyl groups in CPB appear to be more distant, most probably in folded-over
position pointing away from the surface. The intermolecular interactions between the
tailgroups could not be directly probed here because their NMR fingerprints in CTAB and
CPB are indistinguishable. Since the pore radius in CTAB/CPB-MSN (~1.6 nm) is much
smaller than the length of the surfactant molecules (~2.3 nm), their tailgroups are most likely
intertwined inside the micelles. The folding of CPB molecules near the outer surface may be

partly responsible for the difference between the pore radii, as well.
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Figure 6.6. Schematic diagram of the arrangement of CTAB and CPB inside the pores of
CTAB MSN, CPB-MSN and CTAB/CPB-MSN materials.

6.5 Conclusions

The results of 1D and 2D solid-state NMR measurements provided valuable insights into
the arrangement of surfactants in MSN materials synthesized from mixed micelles composed
of CTAB and CPB. Study of the detailed arrangement of the surfactants is important for
understanding the mechanism by which pore structures can be adjusted, thereby 'tailoring' the
morphologies of these materials to various applications, including the synthesis of

mesoporous materials from mixed oxides.
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