Flow '*H Dynamic Nuclear Polarization Studies in Normal Liquids
and Supercritical Fluid Carbon Dioxide

Sandra |. Salido

Dissertation submitted to the Faculty of the Virginia Polytechnic Institute
and State University in partial fulfillment of the requirements for the degree
of

Doctor of Philosophy
In
Chemistry

Harry Dorn, Chair
Mark Anderson
James Tanko
Larry Taylor
Jim Wightman

December 13, 2002
Blacksburg, Virginia

Keywords: Proton, Dynamic, Nuclear, Polarization, Supercritical fluid

Copyright 2003, Sandra |. Salido



Flow "H Dynamic Nuclear Polarization Studies in Normal Liquids and Supercritical Fluid
Carbon Dioxide

Sandra I. Salido
(Abstract)

Flow "H dynamic nuclear polarization (DNP) experiments of small probe molecules (i.e.
chloroform and benzene) were conducted in normal liquids (i.e. neat benzene,
deuterated benzene, chloroform) and supercritical fluid CO.. Initial data collected on
the "N NMR line width of acetonitrile in normal liquids and SF CO- resulted in a 2-6
factor increase in the molecular motion of the molecule in the SF--the result of which
corresponds to the expected factor increase in DNP signal enhancements in the low
viscosity fluid. Observed DNP signal enhancements were 2-5 times greater in the
supercritical fluid versus the normal liquids in both the solid-liquid intermolecular transfer
(SLIT) and liquid-liquid intermolecular transfer (LLIT) experiments. Significant changes
in the electron spin-spin (T+s) and spin-lattice (T2s) relaxation times of the nitroxide
radical TEMPO in neat benzene, deuterated benzene, and SF CO, were noted; the
T4sT2s product (calculated from DNP saturation plots) of the LLIT DNP data were
compared.

Due to the high pressures and elevated temperatures necessary for optimum flow DNP
with SF CO; (e.g. P = 2310 psi, T = 313 K), high pressure flow cells were developed
(and, also, adapted to a commercially available probe in the NMR regime) using PEEK
(polyetheretherketone) material.
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Chapter 1: Introduction

1.1 General Remarks

The technique of dynamic nuclear polarization (DNP) had its origins with the
theoretical prediction by Overhauser’ in 1953, that if the conduction electron spins in a
solid metal were saturated, the electron spin polarization could be transferred to the
nuclear spins, resulting in as much as a 1000-fold increase in nuclear spin polarization.
In the nuclear magnetic resonance (NMR) regime, the observable result of this
phenomenon is enhanced signal intensity. DNP enhancements, therefore, are obtained
via the Overhauser polarization phenomenon. By 1962, DNP was utilized for liquids?
and since 1965, up until the present, the results of static liquid and flow DNP
experiments, including various reviews of the subject, have been reported in the
literature. *°

Over the past fifty years, DNP has been used to study NMR sensitivity
enhancements, probe molecular motion in solutions, and aid in the measurement of
electron spin-lattice relaxation times (T+1). In our labs, flow DNP has been developed
and used primarily for the measurement of NMR signal enhancements®®--which
necessarily includes information on the motional properties of tested sample solutions.
In the present work, the results of DNP used in the determination of electron T4
relaxation times will be newly presented. Beginning in 1988, our lab was the first to
report a flow "H DNP transfer experiment® and, subsequently, report on the signal
enhancements obtained for simple probe molecules such as benzene and chloroform,
analyzed in the neat liquid.”® In the same year, supercritical fluid (SF) chromatography
coupled to "H NMR detection was also performed in our Iaboratory.9 In the latter
experiment, the use of SF CO, as the flowing solvent, proved to be advantageous in
eluting a hydrocarbon sample mixture in a shorter amount of time and with greater
resolution, versus a “normal”, neat liquid solvent. In both the case of flow DNP and SF
CO2-"H NMR, the above-mentioned research has demonstrated that signal
enhancements and resolution enhancements of small probe molecules can be obtained,
through the use of these techniques. However, as of this time, the coupling of
supercritical fluids with flow "H DNP detection has not been fully investigated, nor
reported in the literature.

1.2 Objective of Present Research

In the present research, therefore, the major goal was to investigate the use of
SF CO, with 'H DNP detection. This goal was accomplished, in part, by conducting
fundamental studies of small probe molecules (i.e. acetonitrile and benzene) in order to
: 1) obtain the optimum field strength at which SF CO,-DNP can be performed (Chapter
3); 2) obtain signal enhancements for the probe molecule in the liquid-liquid and solid-
liquid intermolecular flow transfer DNP experiments in SF CO, (Chapters 4 and 5); and
3)use the flow "H DNP technique as an aid in the measure of electron T relaxation
times for a simple nitroxide (Chapter 6). In the process of fulfilling these research goals,
the development of a high-pressure probe cell made out of PEEK material became
necessary and so Appendix | will address this topic.




Chapter 2: Background For the Use of Supercritical Fluid (SF) CO in Flow
Transfer DNP

2.1 Introduction

Supercritical fluids (SF’s), in general, exhibit unique properties of low viscosity,
moderate density, and high diffusivity, as compared to normal gases and liquids. Table
2.1 lists a comparison between the properties of gases, liquids, and supercritical
fluids."" SF’s are commonly used in extractions, processing, and chromatographic
separations and have become an important class of solvents, especially for continuous
flow processes. The solvating ability of SF’s can be readily varied by changes in
temperature and pressure, which affect the SF density. One can increase the pressure
or decrease the temperature of a system, in order to increase the density and therefore
the solvating power of the SF. Therefore, density is the major state effect in solvation
for SF’s. In addition to density effects, chemical effects including polarity, hydrogen
bonding, and acid-base interactions are important in the dissolution process, as wel
In regards to SF viscosity, it is interesting to note, that it has been experimentally
determined'?, for a SF at constant density and at temperatures above the critical point,
viscosity is approximately constant and independent of temperature. This flexibility of
SF’s can offer an advantage over normal liquids and gases used as solvents in liquid
chromatography, for example. Beginning in the 1980’s, SF properties were utilized in
detection techniques, i.e. high-pressure NMR experiments, where researchers such as
Evilia and Jonas demonstrated resolution enhancements of quadrupolar nuclei (i.e. N,
70, %33) in SF ethylene.'® The researchers, also, investigated transport and relaxation
mechanisms of nuclei in these high pressure solvents.""’

|.11

In order to operate in the supercritical region, temperatures and pressures at or
above the critical point (T, and P.) must be used. SF CO; is commonly used as a
solvent of choice in SF applications because of its benevolent chemical properties. In
addition, it has the advantage of relatively low critical point parameters, T.= 31°C and
P.= 74 atm (1072 psi), with a corresponding critical density of p.= 0.468 g/ mL and n¢=
0.03 cP.

Dynamic nuclear polarization (DNP) is a double resonance spectroscopic technique that
has been proven to be very powerful, compared to conventional NMR, in the detection
of chemical compounds. As was mentioned in the general remarks section of Chapter
1, flow DNP has been conducted in normal liquid systems, where a free radical is either
dissolved directly in the sample solution (this is referred to as liquid-liquid intermolecular
transfer or abbreviated as LLIT) or where a free radical is immobilized onto silica gel
(this is called solid-liquid intermolecular transfer or SLIT). Both methods yield enhanced
signals, but as is shown in reported SLIT DNP enhancements from our lab™ for
example, overall enhancements of sample nuclei (in normal liquids) can be reduced as
a result of the decreased molecular motion of the immobilized free radical.



Property Gas Liquid Supercritical Fluid

Density p [g/cm? 107 1 0.3
Diffusivity D [cm%s] 107 5x10* 107
Viscosity n [g/cm- s] 10 1072 10

Table 2.1. Physical properties of gases, liquids, and supercritical fluids.



There are other chemical and physical factors that can decrease the overall DNP
enhancement in the flow transfer experiment e.g. poor saturation of electron transitions,
poor transfer efficiency of the polarization detected at the high field probe, etc.--and
these will be addressed in Chapters 4 and 5. However, the mobility of the free radical
and the compound being analyzed is important because of the requirement in DNP that
the extreme narrowing condition, or (w,T.)° << 1, be satisfied--in order to achieve the
highest enhancements. In DNP, the electron resonant frequency (where w,= w.), is
governed by the magnitude of the magnetic field and the molecular correlation time, T,
of the sample molecule. In the extreme narrowing condition, then, if the field strength is
increased or the 1. is shortened, DNP enhancements will be at an optimum. Since SF’s
have molecular correlation times on the order of gases (10™'%-10™s), compared to
longer times for normal liquids (1. =10°-10™""s), large, enhanced NMR signals should be
expected, if the field strength remains (w) constant.

2.2 DNP Theory

Dynamic nuclear polarization occurs when any system of interacting spins | and
S are coupled by cross-relaxation processes. In liquid DNP, polarization transfer occurs
when a free radical solute representing the electron spin (S;) and a diamagnetic solvent
carrying the nuclear spin (I,) interact in a random, continuous manner. Figure 2.1
shows the energy level diagram for the electron-nuclear, two-spin system with the
accompanying transition probabilities. The radiationless zero quantum (W,) and the
double quantum (W) transitions, in particular, contribute to the DNP phenomenon
because they involve the simultaneous flip of the nuclear and electron spins. Under
thermal equilibrium, the nuclear spins are distributed among the energy levels according
to a Boltzmann distribution. When perturbed from its equilibrium state, the spin system
returns to thermal equilibrium with the surrounding “lattice” by a first-order relaxation
process characterized by a time T+, the spin-lattice relaxation time. The intensity of the
NMR signal (l,) is proportional to the spin state populations (Noo + Nga) — (Nag + Npg) and
under thermal equilibrium is denoted (l,). When the electron spin transition (W°) is
saturated, Ngg [ Npg and Noo [ Ngo with relaxation to thermal equilibrium involving
interactions through W1, W5, and W,. Consideration of these transition probabilities
leads to the observed NMR enhancement, which can be described as follows:

A=(lz= 1)/ lo == pf s [%s|/ Wi. [1]

The coupling factor (p) reflects the type of nuclear-electron interaction being
involved and can be defined in terms of the transition probabilities,

£= (W22 = WeP = W) / (W2 + W + W™ + 2W,P) [2]
for the dipolar and scalar mechanism of interaction. (Dipolar dominated enhancements

generally result in negative NMR signals where radiation is emitted, and scalar
dominated enhancements result in positive NMR signals, arising from absorption of
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Figure 2.1. Energy level diagram for a coupled electron-nuclear spin system (S=
Y2 and = 7%).



radiation.) For the 'H DNP studies presented in this work, dipolar interactions are
thought to dominate therefore Equation [2] reduces to

0= (WP + W) / (WP + WP + 2W,P) [3]
The coupling factor can have any value ranging from —1.0 for a purelg/ scalar interaction

(W22 = WoP = W,P), to the case of a dominant dipolar interaction (W,>°= 0) which has a
limiting value of +0.5 under the extreme narrowing condition.

The leakage factor (f) measures the fraction of the total nuclear relaxation rate
that is a result of nuclear-electron interactions. It can be expressed in terms of
transition probabilities:

= (W + W + 2W4P + W,5P) 7 (WP + WS + 2W,° + W) [4]
Since the nuclear spin-lattice relaxation rates in the presence and absence of a free

radical are given by (T1)"'= Wq° + W™ + 2W+° + W,° + WS¢ + 2W 40 and (T1o)'= 2Wo
respectively, the leakage factor can be readily determined by the relationship

f=1—=(T4/Tw) . [5]
The electron saturation factor (s) is a measure of the degree to which the
electron transitions are saturated. When the electron transitions are completely
saturated, s = 1. It can be expressed in terms of the following relationships:
S =(So— Sz)/ So [6]
Sz= So/(1+ Vs’ Bt T1sTas) [7]

T4s and Toys are the electron spin-lattice and spin-spin relaxation times, respectively. The
microwave magnetic field is given by B1s. Substituting equation [7] into [6], we obtain

Since B2 is proportional to P, S can be obtained by a plot of the inverse enhancement

y32 B132T1ST23 [8]
1+ y32 B132T1ST23

A" versus the inverse microwave power P, After substituting equation [8] into [1], this
plot should yield a straight line, having the form

1
A _ S 1
AT= ('OVI y 1+ ys?B1s’T1sTas ) [9]




The ultimate enhancement A. is the extrapolated enhancement for complete
saturation (s = 1) and complete dominance of nuclear relaxation by the nuclear-electron
interaction (f = 1),

Ao = pysivi . [10]
From the above equation, the important coupling factor can be obtained,

o = Aoysly . [11]
For dipolar dominated interactions o= 0.5 yielding A. = 0.5 (-ys /i) = =330, for 'H

observation. For scalar interactions p= -1 yielding A.. = -1 (-ys/ yi) = 660 for 'H
observation.



Chapter 3: Fundamental Study of Molecular Correlation Times (t¢) in Normal
Liquids and Supercritical Fluids

3.1 Introduction

The extreme narrowing condition, (cxT.)* << 1, presented in Chapter 2, can be
defined in more rigorous terms as the maximum in spectral density for the range of
molecular motion possible. The spectral density function J(w) is a Lorentzian function
and is given as:

J(w) =21/ (1 + 6fte?) [12]

The spectral density can be thought of as the intensity of field fluctuations at a particular
frequency, necessary for the efficient (or inefficient) relaxation of nuclei. Figure 3.1
shows the spectral density as a function of motional frequency for three different
systems, where w=1.". Regions A, B, and C describe the degrees of available motion
in solids, viscous liquids, and normal liquids, respectively. For the case of normal
liquids, the extreme narrowing condition is represented by the large plateau, which
extends over a large range of resonant frequencies, as can be seen on the plot for
region C. This signifies that the spectral density is at a maximum for a large range of
resonant frequencies (where w= wy), resulting in efficient relaxation of nuclei over those
frequencies. The transition probabilities for the interaction of the unpaired electron and
nuclei fluctuating in step with the random molecular motion in SF’s is best represented
by the spectral density function in the region of fast molecular motion.

For observation of the 'H at 4.7 T in liquids, the resonance frequency (v) is 200
MHz, corresponding to w,= 1.26 x 10° radians/ sec. If a 1 value of 5 x 10" sec is
assumed for liquids, the extreme narrowing condition is approximately equal to
4.0 x 10 --which fulfills the relationship (wTc)? << 1. Electron resonant frequencies are
on the order of Gigahertz (ve = 9.3 GHz) at X-band, at a field strength of 3.3 kG. In
normal liquids using 1= 5 x 107" sec, (wTc)? = 8.5 x 10, which is a value less than
one. For optimum 'H DNP, if the magnetic field is increased to e.g. 14 kG or 60 MHz
'H, the resulting electron frequency equals v, = 40 GHz, resulting in a value of (wTc)? =
1.2, not satisfying the extreme narrowing requirement. If, however, the molecular
motion of the sample nuclei being monitored was increased, e.g. through the use of
supercritical fluids, the extreme narrowing condition could be extended to higher
effective fields. Using SF CO,, molecular correlation times are on the order of 5 x 1072
sec, giving (wsTe)° = 1.5 x 10 and resulting in maximum DNP signals.
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Figure 3.1. A plot of the spectral density as a function of molecular motion for
solids (A), viscous liquids (B), and normal liquids (C)."



Studies of molecular correlation times for small probe molecules in SF’s and
gases, have been conducted by the pioneering researchers Robert and Evilia. They
observed that for quadrupolar nuclei such as "N (I = 1) and "0 (I = 5/2) in NO and
CO,, under supercritical conditions, line narrowing factors of 2-6 resulted.’® However,
this is in contrast to that predicted (up to 200) from known supercritical fluid viscosities.
A researcher from our lab, Lee Allen in 1988, demonstrated the line narrowing of "*N for
the small probe molecule CHsCN, when SF CO, was used as the solvent.”” For nuclei
having spins | = 1 under the extreme narrowing condition, quadrupolar interactions
dominate nuclear relaxation. Whereas in normal liquids, broad lines are observed due
to the higher viscosity, in SF’s, narrowed lines observed for quadrupolar nuclei indicate
that other relaxation mechanisms are competing with quadrupolar relaxation under
conditions of high molecular motion. The efficiency of quadrupolar relaxation, in the

extreme narrowing limit, is directly proportional to the correlation time, T., which is, in
turn, directly proportional to the solution viscosity. This relationship is obtained via the
Debye equation, which also relates the correlation time inversely with solution
temperature.'® Therefore, through the measurement of NMR signals of quadrupolar
nuclei in sample molecules, the molecular correlation time can be directly calculated.

The following equation'’can be used to calculate T, for quadrupolar nuclei:

where: Tq = quadrupolar spin-spin relaxation

32 (21 +3) X2 1,

T[AV1/2 = 1/T2q = [13]

10 12 (21— 1)

| =the nuclear spin
X = the quadrupolar coupling constant (for N, X = 3.74 Hz)

The range of 1. times obtained in normal liquid systems and SF’s for a sample molecule
can be compared and ultimately used to determine the optimum field strength at which
to conduct flow SF CO, "H DNP.

3.2 Experimental

A Bruker WP-270 nuclear magnetic resonance spectrometer was used to obtain
"N spectra at 20 MHz. Typical acquisition times of 30 to 45 minutes were used in
acquiring "N spectra of 7% v/v acetonitrile. All samples were N, degassed and the
spectra were collected at room temperature. Acetonitrile and other various solvents
were used as received from Aldrich.
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3.3 Discussion of Results and Conclusions
The ™N line width values for 7 % CHsCN in normal liquid systems of varying
viscosity is shown in Table 3.1. The particular solvent systems were chosen mainly

based on the range of macroscopic viscosities, N, where glycerol is almost 2 orders of
magnitude more viscous than e.g. CCls. The percentages of higher viscosity solvents
i.e. glycerol, cyclohexanol, and ethylene glycol, correspond to an increase in the overall
viscosity of the solvents, resulting in the observed trend of broadened NMR signals. In
the case of the chloroform/cyclohexanol and carbon tetrachloride/glycerol systems, N
line widths leveled off or actually decreased, indicating the insolubility of the 7 %
acetonitrile sample in the more viscous solutions. From the overall data, it can be seen
that the water/glycerol system gave the greatest increase in the NMR signal. By

substituting the measured line width values into equation [12], T, times for 7% CH3CN in
water/glycerol can be calculated and are shown in Table 3.2. Also represented in the

table are the calculated T, times in less viscous solvent systems CCls/CH3CN and neat

CH3CN. As is expected, since T. is directly proportional to AV, an increase in the T,
times are observed as the viscosity of the solutions increase.

The magnitude of rotational motion of the small probe molecule CH3CN, in highly
viscous and normal liquids, were compared to that of T, times measured in SF CO..
Table 3.2 includes T. times obtained for 7% acetonitrile in SF CO,, where the

temperature has been varied, at constant pressure.'” As mentioned previously, T. is
inversely related to temperature and it can be observed from the SF data that as the
temperature is increased, the correlation time is shortened. A plot of the calculated
molecular correlation times for acetonitrile in normal liquids and SF CO; is shown in
Figure 3.2. A visual analysis of the data from Table 3.2 reveals that there is a factor
decrease of 2-6 in molecular correlation times for a simple molecule, when SF CO; is
used as the solvent. The plot in Figure 3.2 suggests that there is on average a factor of
four increase in the rotational motion of a small molecule when dissolved in SF COa.
This finding is in agreement with the results of the researchers Allen, Evilia, and Jonas,
as previously mentioned, with the explanation given by Jonas' that at optimum (critical
point) conditions, limited solute solubility is obtained at the expense of lower solvent
viscosities. Nevertheless, for the purposes of conducting flow transfer '"H DNP using SF
CO,, s, can be increased by this same factor, while satisfying the relationship (wsTc)? <<
1. As mentioned earlier in section 3.1, if DNP is presently conducted at 0.33 T (w. = 9.3

11



Table 3.1. "N line width Avy, values for 7% (v/v) CHsCN in normal liquid systems.

*Percentage of higher viscosity solvent 0% 4% 8% 16% 32% 40%

Avi;p[Hz]: H20/glycerol 163 170 278 -- 344 603
CHCls/cyclohexanol 175 180 200 199 161 --
Acetone/cyclohexanol 88 92 97 107 140 --
CCl4/cyclohexanol 156 180 229 256 346 --
CCla4/glycerol 153 151 155 155 154  --
CHCls/ethylene glycol 178 172 180 317 476  --

-Line width values have a RSD of 5%.
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Table 3.2. "N molecular correlation times for 7% CHsCN.

*Percentage of higher viscosity 0% 4% 8% 32% 40%

solvent

T. H2O/glycerol  2.04+0.37 2.19+0.38 3.48+0.38 4.30+0.45 7.54+0.59
[psec]:

CCIl4/CHsCN  1.91+0.40

Neat CH;CN 1.06 + 0.30

4SF CO; 0.21 0.33 0.43 0.62

a—Supercritical fluid data collected by Lee Allen, 1988 Ph.D. thesis. RSD values < 0.04.
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GHz), then 4 x . would be equivalent to saturating electron spins at 1.4 T. An optimum
field strength of 1.4 T, then, would be ideal for achieving maximum DNP enhancements.
This result, also, suggests that DNP can be conducted where sample spins are both
polarized and monitored at the same magnet--at 1.4 T and 60 MHz "H DNP detection.
This would, perhaps, facilitate and simplify how flow transfer DNP is currently
performed, where electron spins are saturated and nuclear spins are detected at two
different magnets. (The experimental setup will be presented in greater detail, in the
next chapter.)
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Chapter 4: Fundamental Study With Benzene, Using the Coupled Technique of
LLIT *H DNP /SF CO;

4.1 Introduction

The hydrogen nucleus ('H) is one of the most well studied in liquid DNP
experiments (and conventional NMR) because of its high sensitivity and easy detection
even at low magnetic fields (< 7.5 mT), 1pared to other nuclei.” Almost all previous
'H DNP studies indicate dipolar dominated H-electron interactions (i.e. the enhanced
'H S|gnals are negative or inverted). Enhancements extrapolated to the dipolar limit of
-330 for "H DNP conducted at low magnetic fields are obtainable regardless of the type
of free radical or liquid solvent employed. Because the "H enhancement is less
sensitive to change of the chemical system, 'H DNP is generally considered
uninteresting from a chemical viewpoint. However, 'H DNP studies are important in
variable field and molecular motion studies, where experiments have been conducted in
magnetic fields ranging from 1.5 mT to 1.25 T.

The variation of interaction of the unpaired electron and nuclei in DNP with the
magnetic field is often referred to as “modulation” of the coupling. In 'H DNP, magnetic
dipoles of the electron and nucleus interact, and at the resonance frequency, the
coupled spin system undergoes relaxation. More specifically, in the case of dipole-
dipole relaxation, the local, oscillating magnetic field generated by the rotating electron
spin density of the paramagnetic species can induce a local magnetic field (of oscillating
nuclear spin density) at the nucleus of the diamagnetic species being monitored. The
results of 'H DNP, then, can be described in terms of a dipolar interaction modulated by
rotational diffusion, although contributions from translational diffusion (| e isotropic
motion along the same axis, through 3D space) cannot be discounted.™

Rotational diffusion is a modulation mechanism for dipolar interactions in DNP
where relaxation occurs via a time-dependent, rotational tumbling of (radical) solute-
solvent complexes. This type of modulation mechanism is characterized by the
reorientational or rotational correlation time, T, and treats the tumbling complex as a
sphere. If the molecular motion between the interacting nuclear and electron spins are
at the resonance frequency, relaxation transitions will be induced. For rotational
modulation of the dipolar coupling®, the radical induced dipolar transition probabilities
are given by the following expressions:

2WP;= 3WPs= WP5/2 = (3/10) Y’sY?h?T; (npNe/Ny)d,°J(w) [14]
where
= (4mb%n/3kT), J(@)=1/(1+ &’ T7). [15]

In the above equations, n, is the number of receptor nuclei bound near each electron,
N is the unpaired electron concentration, N, is the total nuclear concentration, d; is the
average pair radius, and b is the effective tumbling radius of the molecular complex.
The rotational spectral density function, J(w) is expressed in terms of T,. It is sufficient
to note that from equations [14] and [15], the relaxation transition probabilities contain
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important parameters of molecular collision in liquids: e.g. the correlation time, T, and
radical-solvent distance of closest approach, d. Since DNP is closely related to these
transition probabilities, DNP measurements can provide a way to obtain detailed
information about molecular motion and collision. For exclusive rotational dipolar
diffusion, equation [16] can in addition be written, relating the important DNP coupling
factor, p, to the spectral density function (where the definition of J(w) given in equation
[15] has been substituted):

1
p = [16]
1.4 + 0.6(1 + WT,)

If the equation is expressed in terms of T, , pis then related to the molecular motion of
the molecule. DNP theory relates that the coupling factor will reach a maximum value
of 0.5 (for dipolar dominated polarization transfer) in the extreme narrowing limit of fast

molecular motion, when W.?T,><< 1. It can be seen, therefore, by equations [16] and
[10] (refer to Ch. 2) that as the molecular correlation time becomes shorter, DNP
ultimate enhancements can reach a maximum value. DNP has, thus, been applied to
study fast molecular motion (with correlation times < 10 sec), weak molecular
complexation, and stereo specific collisions in liquids. The reviews of Richards et. al.
and Potenza discuss the specific methods for obtaining the abovementioned physical

parameters (i.e. T, o, etc.) from DNP measurements.?"?2

When the DNP experiment is conducted where the free radical is dissolved
directly in the sample solution, this is known as the liquid-liquid intermolecular transfer
experiment or LLIT. The time-dependent interaction of an electron spin (2,2,6,6-
tetramethylpiperidine-1-oxyl or TEMPO) with a nuclear spin ("H nucleus of a benzene
molecule) is shown in Figure 4.1. This model depicts the interaction of a typical solvent
system used in the LLIT experiment. As mentioned in Chapter 1, flow transfer 'H DNP
(or LLIT) has been used in our labs to demonstrate the increased sensitivity of the DNP
technique over conventional flow NMR, in normal liquid systems.23 In general, the
following factors affect the DNP signal enhancement: 1) the external field strength; 2)
the ratio of scalar to dipolar coupling; 3) the temperature of the system; 4) the viscosity
of the solution; 5) the free radical; 6) the chemical environment of the nuclei; and, 7) the
type of nuclei being monitored. In the case of flow transfer '"H DNP, where SF CO, is
used as the flowing solvent, it is evident that based on the unique chemical and physical
properties of the solvent, the aforementioned factors will differ from that of normal liquid
systems, thus affecting the overall DNP enhancements. Larger ultimate DNP
enhancements are expected, therefore, for this supercritical fluid, flow system.

4.2 Experimental
The instrumental apparatus used in the flow transfer DNP experiment for normal
liquids and SF COz is shown in Figure 4.2. In the flow transfer experiment, the nuclear
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Figure 4.1. Time-dependent Hamiltonian interaction of an electron spin S with a
nuclear spin I.
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spins are polarized in a low magnetic field, designated as region a, and rapidly
transferred via region b to a high magnetic field ¢ where the polarization is monitored. A
variable electromagnet (0-0.6 T) is positioned directly under a 4.7 T (200 MHz)
superconducting magnet, at a distance of 1.2 m apart. The microwave frequency (9.3
GHz) is generated in a HP 8684B Signal Generator, klystron source and is amplified by
a Varian “k” series TWT amplifier. The microwave power, at the X-band TEo2
microwave cavity, can be adjusted by an attenuator in the range of 1-20 Watts. In this
way, the sample is polarized at the low magnetic field (0.33 T) and then transferred to a
high magnetic field detector, where a Helmholtz detection coil is employed in a
commercial probe.

In the present DNP apparatus, it is important to note, that the electron spin
system of the nitroxide free radical can only be saturated at one, specific wavelength.
The EPR spectrum of any nitroxide radical is usually a triplet, due to the hyperfine
coupling of the free electron (which is localized on the N-O functional group24) with the
"N nucleus (spin quantum number I= 1). And, it is usually the central line, or the line of
highest intensity, that is irradiated. Figure 4.3 shows the EPR spectrum of a TEMPO
nitroxide radical at low concentrations. The theoretical result is that at very low
concentrations (< 0.005 M), "N labeled nitroxide radicals will have ultimate
enhancements reduced by a factor of three, A./3 (e.g. —330/3 for H' DNP
enhancements)--since all electron spin transitions cannot be saturated. However, since
the other two sets of transitions (or EPR lines) of the triplet are indirectly and partially
saturated via radical induced collisions of anti-parallel spin states, ultimate
enhancement factors are not significantly reduced by the 1/3 factor. In the case of the
exchange narrowing limit (where there exists fast electron-electron exchange for the
three separate transitions) observed at high radical concentration, the EPR spectrum is
a singlet. In theory, if all electron transitions can be saturated simultaneously at one
wavelength, then the extrapolated enhancements will approach the appropriate dipolar
limit (-330 for protons).?? Consequently, the use of high radical concentrations in the
DNP experiment results in a broadened nitroxide singlet and broadened EPR lines, in
general (in addition to broadened NMR signals)--making it experimentally more difficult
to saturate the electron spins at a specific wavelength (or EPR field strength). This
effect decreases the degree of electron spin saturation and, similarly, reduces DNP
enhancements.
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Figure 4.3 EPR spectra of 1 x 10° M (seen on the left) and 1 x 107" M TEMPO

(the right) in neat benzene.
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The SF CO; and normal liquid LLIT experiments were performed in the following
manner. For flow 'H DNP performed under supercritical fluid conditions, N, degassed
neat liquid benzene (Aldrich) containing free radical TEMPO (0.1 M-0.01M) originates at
the HPLC pump and flows at a rate of 0.1 mL/min. PEEK (polyetheretherketone) tubing
(Upchurch), capable of withstanding pressures and temperatures of up to 3000 psi and
100°C, was used as the solvent transfer lines in the DNP apparatus. Typical volume
amounts in regions a, b, and c are 160, 80, and 60 pL, respectively. Analytical grade
CO; (not containing a Helium pressurized head), provided by Air Products, is pumped
from a Suprex SFC/200A Multipurpose Unit, syringe pump and is equilibrated to a flow
rate of 1.01 mL/min and 165 atm (2310 psi). The liquid sample is introduced into the
CO; flow through a stainless steel mixing tee and at a total flow rate of 1.11 mL/min the
sample solution enters the SFC oven via stainless steel tubing where it is heated to
40°C. At this total flow rate, the liquid sample concentration is maintained at 9% v/v,
ensuring the solubility of the liquid solutes (benzene and TEMPO) in SF CO, solvent
(pcoz = 0.805 g/mL). Additionally, this rate was found to be optimum based on transfer
and residence times for the flow 'H DNP apparatus shown in Figure 4.2.

For normal liquid flow (e.g. neat benzene and 9% benzene/ deuterated benzene),
the sample originates at the HPLC pump. The SF CO; flow is closed off and the
sample passes through the SFC unit oven where it is heated to 40 °C. The sample
passes through the remaining portions of the flow DNP apparatus via PEEK tubing in
the directions of the arrows, depicted in Figure 4.2. Typical liquid flows for flow transfer
'H DNP using benzene solvent range from 5-8 mL/min., with backpressure values
ranging from 200-1000 psi.

In the low and high field regions, the development of high pressure PEEK flow
cells was necessary, in order to contain the flowing sample in the low field cavity and
the high field probe. The PEEK sample cells are depicted and discussed in more detail
in Appendix I.

4.3 Discussion of Results and Conclusions

The LLIT "H DNP data for neat liquid benzene and benzene dissolved in
deuterated (D6) benzene and SF CO; are presented in Table 4.1. DNP data was
collected for the benzene samples at two different TEMPO concentrations. The spin-
lattice relaxation times, T4 and T+, for benzene in the presence and absence of
TEMPO, respectively, are taken from data collected by Kun Hsiang Tsai, 1990, for
samples containing the same concentration of TEMPO (0.01 and 0.001 M), as
described in Table 4.1.%° T4 values for 9% benzene in D6 benzene were approximated
to be the same as that of the neat liquid since the only physical change in the solvent
sample is a decrease in the concentration of hydrogen nuclei. Values of the spin-lattice
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Table 4.1. LLIT 'H DNP Data for Benzene.
Sample (Aobs)max  T1o(sec) Tq(sec) f S A.0e

Neat Benzene/
0.001M TEMPO -2.9 18.5° 5.32 0.72 0.62 -116 +14

9% Benzene/

D6 Benzene/ ) « « « i
0.001M TEMPO 24 0.68 120 + 18

9 % Benzene/

SF COy/ 5.4 4.4° 1.9° 0.57 0.28 -341 + 36
0.001M TEMPO

Neat

Benzene/ 0.01M -3.1 18.5 1.3 0.93 0.57 141 + 21
TEMPO

9% Benzene/

D6 Benzene/ -3.2 “ “ “ 0.49 -146 = 20
0.01M TEMPO

9 % Benzene/
SF CO,/

b c
0.01M TEMPO -5.2 4.4 1.6 0.64 0.21 -293 + 44

Relative standard deviations, RSD, are given following + symbol.

a) Spin-lattice relaxation times at 4.7 T for neat benzene and 9% benzene in SF CO, collected by Kun-Hsiang Tsai, 1990 and
Zigi Sun, 1992, respectively.ZE"26

b) Spin-lattice relaxation time obtained at 40 °C, (0165 atm from Lee Allen’s Ph.D. thesis."’

c)RSD is 16-20 %.

d) Ultimate DNP enhancements corrected for transfer efficiency, Q, according to data collected by Tsai 1990.%°

e) Estimated RSD values are from regression analysis: high-field spin-lattice relaxation time (T, and T4), 05-10 %; high-field
leakage factor (f), (15-9%; saturation factor (s), [015%; ultimate enhancement (A.), 10-18%.
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relaxation times for 9% benzene in SF CO, solvent were collected by Ziqi Sun, 1992.%°
This collection of T1 and T1o values obtained at 4.7 T were used to calculate the leakage
factor, f, according to equation [5], at the high field magnet (region c). It can be noticed
that the f factor is larger for samples containing a higher concentration of the free
radical, which would indicate a greater coupling of the nuclear-electron interaction. In
SF CO,, the lower values of the leakage factor (where f is less than unity) indicate that
there is a decrease in the effectiveness of the electron spin to relax the nuclear spin,
compared to the neat liquid case. This may be due in part to the larger error associated
with the T4 determination in SF CO», especially for 9% benzene in 0.001 M TEMPO.
However, a basic trend shows an increase in the leakage factor at higher TEMPO
concentrations.

Based on data presented in Table 4.1, saturation values, s, for LLIT DNP
collected in SF CO; are smaller values by comparison to the normal liquids’. These
results are evidence, in part, of a broadened EPR signal, as can be seen by a field plot
in Figure 4.4, showing the width of the EPR line of 0.001 M TEMPO in SF CO,. This
plot, in fact, shows a width for the TEMPO singlet to be approximately 9 Gauss, which is
consistent with the EPR broadened line width of 102 M TEMPO in SF n-hexane--which
is reported to be on the order of 10 Gauss.?’ (One can observe and compare the
exchange narrowed single peak width of the 10" M TEMPO, EPR signal dissolved in
SF CO, with the width of one EPR line of the 10 M TEMPO triplet, dissolved in normal
liquid benzene, shown in Fig. 4.3.) As already suggested, broadened EPR lines make it
more difficult to saturate the electron transitions by the microwave power and can affect
optimal DNP enhancements. Additional experimental evidence collected by the
researcher Batchelor?” demonstrates that at a TEMPO concentration of 10 M, the EPR
line width in SF n-hexane, ethane, and ethanol increases dramatically (by a factor of 8-
10) near or at T; and P.. As temperatures and pressures increase above T, and P, for
the SF solvents, the line width increases to a much lesser extent. Likewise, in the same
study, a large increase in the electron-electron exchange rate is observed at T; and P,
for the same concentration of TEMPO in ethanol and n-hexane--the value of which
quickly decreases and levels off at T's > T, and P’s > P.. Batchelor, as well as
Randolph and Carlier®, suggest that the increased line widths of nitroxides and
increased Heisenberg exchange in SF’s at the critical parameters may be due to critical
clustering between solute-solvent molecules. This clustering creates a local density
augmentation compared to the bulk solvent and increases the proximity and probability
of collisions between spins?, thus increasing the spin exchange rate. At the same time,
in his research, Batchelor found that under conditions of constant temperature (T.) and
pressures greater than P, for the above mentioned SF’s and at the specified TEMPO
concentration, the electron-electron exchange rate is independent of pressure and
remains constant. However, the overall effects of line broadening, and thus the
saturation of the electron spin-system, does not inhibit the resulting increased signal
enhancements in SF CO,, as will be presented in the next paragraph.
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EPR Field Plot of 9% benzene/0.001 M TEMPO in SF CO,
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Figure 4.4. The nuclear magnetization versus field strength at the EPR cavity for 9%
benzene/ 0.001 M TEMPO/ SF CO,. The magnetization data ('"H DNP)was collected at
9.49 GHz and 5 Watts of power.
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The static, flow, and stopped-flow 'H spectra for 9% benzene/0.001 M TEMPO
dissolved in SF CO- is illustrated in Figure 4.5. This series of 'H spectra, in fact, is
representative of all of the benzene samples (i.e. neat benzene, benzene in D6
benzene, and benzene in SF CO,) tested in the present research using the LLIT and
SLIT 'H DNP experiment. A negatively enhanced signal suggests that the nuclear-
electron time-dependent interaction for benzene/TEMPO is exclusively dominated by
the dipolar relaxation mechanism. Based on the maximum observed DNP
enhancements given in Table 4.1 for the sample spectra presented in Figure 4.5, an
approximate factor increase of 5.0 in the DNP signal ((Aobs)max = -5.4 ) versus the flow
NMR signal can be observed (albeit in the negative direction). Spectrum c shows that
at a TEMPO concentration of 0.001 M, the theoretical maximum 'H DNP enhancement
for benzene dissolved in supercritical fluid is achieved. When s, f, and the transfer
efficiency, Q, are corrected, a calculated value of A, = —341 = 36 is obtained. When the
experimental error is taken into account, a similar result is obtained for the 0.01 M
TEMPO/ benzene sample. The higher ultimate enhancement values obtained in SF
CO; can be compared to lower values obtained in the neat liquids. A comparison of the
A.. values for 9% benzene in D6 benzene and SF CO; with the same TEMPO
concentration shows there to be a significant increase in the DNP signal; there is no
comparable difference in the DNP signals for benzene in the neat and deuterated
solvents. The decrease in A. in normal liquids can be attributed to a decreased mobility
of benzene in the neat solvent versus supercritical fluid carbon dioxide solvent.
Subsequently, there is a factor increase in A. by approximately 3. This resultis in
agreement with the findings of the molecular motion study for small molecules
presented in Chapter 3. If the molecular correlation time for a small molecule (i.e.
benzene in this case) is shortened in supercritical fluids by a factor of 2-6, then at a
constant frequency, w, an increase in the NMR signal should result by the same factor.

Table 4.2 shows estimated rotational correlation times for the benzene/TEMPO
interaction (refer to Figure 4.1). The correlation times were calculated based on
equations [14] and [15], and the expression derived for a rotationally modulated
mechanism, exclusively dominating the dipolar interaction, given by Dorn et. al., 1993. '

The data shows an increase in molecular motion (or shorter T,’s) for benzene/TEMPO
by a factor of 3 to 4 in SF CO., at the two different TEMPO concentrations. In a study
of the molecular motion of benzene in 2.5 x 102 M galvinoxyl, the researchers Kramer
et. al.?® used the technique of liquid DNP to report a value of the correlation time—for
the electron-nuclear interaction. The reported value was 34 psec at 23°C and this value
agrees well with the values reported for benzene at the two different TEMPO
concentrations. These results are, again, in similar agreement with the factor range of
molecular correlation times calculated for acetonitrile when the motion of the small
probe molecule in liquids is compared to its motion in SF’s. In general, magnetic
resonance theory relates the molecular correlation time as being inversely proportional
to the spin-spin and spin-lattice relaxation times for the sample nucleus. Indeed, Figure
4.6, which relates the spin-spin and spin-lattice relaxation times of small molecules to
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Figure 4.5. SF CO, 'H DNP spectra of 9% benzene in 0.001 M TEMPO. (a) Static 'H
NMR (S/N = 20), (b) flow "H NMR (S/N = 17) and (c) flow 'H DNP (S/N = 124) were
collected at 32 scans, 4096 points; the total flow for spectra b and c was 1.1 mL/min..
SF CO; conditions under which spectra were collected are as follows: dco2 = 0.805

g/mL, SFC oven temperature 40°C, Pco2 = 2398 psi.



molecular motion, shows this increase in T1 and T,, as T, times become shorter,
especially in the region of motional narrowing (where T1=T»). Ultimately, an increase in
the DNP enhancement in supercritical fluids versus normal liquids is the result of an
improved spectral density, J, at the frequency observed, due to motional narrowing.
That is, in supercritical fluids, there is an increase in the probability that the frequency of
random molecular motion of the molecule (depending on the solvent environment) is on

the order of the Larmor frequency, W , of the electron when the condition of W.T, << 1

is satisfied. Once again, since A is directly proportional to p, when W.T, << 1, then p
can reach a maximum value and, the ultimate enhancement will, correspondingly,
approach the dipolar limiting value of -330--leading to the highest possible signal in the
H' DNP experiment.
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Table 4.2. Molecular Rotational Correlation Times for Benzene/TEMPO system
in Normal Liquids and SF COa.

Molecular Correlation Time , T, , [psec]

LLIT Sample Neat Benzene 9% Benzene/ 9 % Benzene/
D6 Benzene SF CO,

0.001M TEMPO 39 42 10

0.01M TEMPO 35 36 12
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Chapter 5: Fundamental Study With Benzene and Chloroform, Using the Coupled
Technique of SLIT *H DNP /SF CO,

5.1 Introduction

The solid-liquid intermolecular transfer, or SLIT DNP, experiment is particularly
attractive because in addition to the high sensitivity and improved spectral resolution,
compared to normal liquid LLIT DNP, it provides high efficiency in the low to high
magnetic field transfer experiment.” This result is due, in part, to the absence of the
free radical in the flowing bolus stream (after polarization transfer)--avoiding a potential
problem of paramagnetic line broadening of the NMR signals. The practical advantages
of SLIT DNP over L?IT DNP has been demonstrated in our laboratories by its
application in recycled-flow and liquid chromatography techniques.®?* For example, in
the aforementioned coupled techniques, the recovery of the sample (or the recycling of
the sample) through the system is possible since the radical is not present in the
solution. In addition, the possibility of extending the detection technique of SLIT DNP to
supercritical fluid chromatography systems seems feasible for the reasons just
mentioned. Figure 5.1 illustrates the general location of the SLIT material or
immobilized nitroxide radical in the solid-liquid intermolecular transfer or SLIT 'H DNP
experiment. The material is contained in a flow cell, positioned in the low field cavity
(refer back to Figure 4.2), where polarization of the electron spins occurs. The, more
specific, depiction of the time-dependent interaction of an immobilized free radical,
interacting with a solvent molecule, is shown in Figure 5.2.Immobilized free radicals
have been used in flow NMR experiments since the 1980’s, by researchers such as
Bruck et. al.>" and more recently by Albert et. al.*?, for the efficient pre-magnetization of
samples in the main magnetic field for flow NMR experiments. The general approach
used in this work was to make use of the efficient electron-nuclear relaxation processes
in the presence of free radicals to quickly bring the nuclear spins in a flowing liquid to
equilibrium in the magnetic field. Gilpin and co-workers*® have conducted EPR studies
investigating the effects of various polar and nonpolar solvents on chromatographic
grade silica modified with immobilized TEMPOL molecules and reported changes in the
hyperfine coupling constant with solvent polarity. Large differences in the hyperfine line
shapes between bound TEMPOL and that free in solution was observed for the
nonpolar solvents. In the case of polar solvents, the line shapes were significantly more
narrow, indicative of increased group mobility on the surface. The results were
rationalized in terms of a major conformational change in the immobilized nitroxide
probe as a result of the solvent’s ability to strongly interact with unreacted silanol groups
on the surface. It is with this motivation that, Rossi Gitti, synthesized in our labs (late
1980’s) a variety of immobilize radicals for the specific application in the newly,
developing technique of flow DNP.3* Gitti and co-workers’** found that SLIT DNP
enhancements in normal liquid systems were influenced by motional characteristics of
the immobilized nitroxides, the concentration or number of spins of the material, and by
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Figure 5.1. Depiction of the position of the immobilized nitroxide or SLIT material
(shaded grey), in the low-to-high field DNP apparatus.
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surface/solvent interactions relating back to the findings of the previously mentioned
Gilpin study. More recently, in 1998, the researcher Batchelor conducted studies on the
EPR line width of free-radical TEMPO in normal liquid and supercritical fluid ethane, n-
hexane, and ethanol. EPR line minimizing and broadening effects were observed at
sub-critical and supercritical point parameters (o, T, and P ), respectively, in the study.
Line broadening of the EPR signal for free radical TEMPO in supercritical fluid CO; has
been observed by Dukes et. al.** These studies were performed using non-immobilized
radical. Nevertheless, they suggest that the motional characteristics of the nitroxides’
change in the normal liquid versus the supercritical fluid: e.g. the correlation times are
different in normal liquids versus supercritical fluids. Therefore, flow 'H DNP was
conducted using SLIT material synthesized in our labs, under normal liquid and
supercritical fluid conditions, and the resulting DNP signal enhancements were
compared.

5.2 Experimental

The experimental setup of Figure 4.2 was used in conducting SLIT 'H DNP for
normal liquid samples and those dissolved in SF CO,. The experimental procedure for
conducting SLIT 'H DNP is essentially the same as that for LLIT 'H DNP, described in
the experimental section of Ch.4. However, the immobilized nitroxide material was
packed in a PEEK rod (of the same dimensions used in the LLIT experiments) and
positioned in the cell of the low field cavity. In the case of normal liquid, SLIT DNP, the
sample was introduced at the liquid pump, at flow rates ranging from 4-6 mL/min.
When, SF CO; was used as the flowing solvent, the liquid pump flow was adjusted to
obtain sample concentrations of the normal liquids at 5, 9, and 33% v/v in SF CO..

The SLIT materials used in the present study are shown in Figure 5.3. All SLIT
materials were synthesized in our labs, according to procedures developed by Rossi
Gitti, detailed in the doctoral dissertation of her research.®* The specific, immobilized
nitroxides used in the present research were chosen based on their availability and their
successful application in previous DNP work from our labs. SLIT materials 2 and 4
were synthesized in the summer of 1999 by Holger Fischer. SLIT materials 1 and 3
were used as is, synthesized by Gitti. It is important to note that SLIT material 1consists
of "N labeled nitrogen. The EPR spectrum for a "°N nitroxide radical is a doublet due
to the electron hyperfine interaction with this nucleus (*°N, 1= %). Figure 5.4 shows the
EPR spectrum for SLIT material 1 in neat benzene. The saturation of the electron spin
at a field strength corresponding to the highest intensity or sharpest EPR line, in this
case, should result in a reduction in the DNP ultimate enhancements by a factor of two
(Aw/2 or for "H DNP, —330/2). This is in comparison to the factor of three reduction of
the ultimate enhancements for '"H DNP (e.g. —330/3) when N is the isotope in greatest
abundance ("N, I= 1). Therefore, the use of SLIT material 1 implies higher observable
DNP enhancements, under analogous conditions.

34



Q
\S'
H,C7/ I\CH
9
H,C.__N.__CH, o
H,C CH, H—N
? g
H,C-Si"CHs o
b %o - H. . H,C-Si—CH H Ho HCR T H
. o ¢ AP
. ; i i Si
1 2 3 4

Figure 5.3. Immobilized nitroxide material used in SLIT "H DNP in normal liquids and SF CO,. SLIT material 1
contains N labeled nitrogen.
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5.3 Discussion of Results and Conclusions

The SLIT 'H DNP data for neat liquid benzene and benzene dissolved in deuterated
(D6) benzene and SF CO, for materials 2 and 3, are presented in Table 5.1. SLIT 'H
DNP data for material 4 was obtained in the neat liquid benzene solely and is also given
in the table. Table 5.2 presents SLIT "H DNP data for material 1 in neat chloroform and
chloroform dissolved in SF CO», at various concentrations. The leakage factor at the
high field magnet for SLIT materials 2, 3, and 4 was obtained from previous research
conducted in our labs, using the same materials under normal liquid flow conditions.?™
(The determination of, f, for SLIT 4 was not possible for reasons discussed later in this
section.) Additionally, the values for the degree of nuclear- electron coupling in the
case of SF CO, flow were approximated for SLIT 2 and 3 materials, based on
experimental flow data collected for SLIT 3. In general, the degree of electron to
nuclear coupling in the SLIT DNP experiment correlates well with a high leakage factor
for the experiment, compared to LLIT DNP. Transfer efficiencies (that is the efficiency
with which the polarized sample bolus is transferred from the low to high field magnet
and subsequently detected) have experimentally been found to be in the range of 60-
80%'*; the SLIT data reported presently reflect this finding.

Figures 5.5 and 5.6 show the static, flow, and stopped-flow 'H spectra for 9%
benzene in SF CO,, when DNP is conducted using SLIT materials 2 and 3, respectively.
Based on the maximum observed enhancement values, (Aobs)max, given in Table 5.1 for
these respective samples, the approximate factor 10 increase in the DNP signal (in the
negative direction) versus the normal flow NMR signal can be observed. This factor
increase in signal, for the same sample, is twice as large in the flow SF CO, SLIT DNP
experiment versus the flow SF CO, LLIT experiment reported in Table 4.1. This
observed signal enhancement could be attributed, initially, to the expected gain in
polarization transfer efficiency in the DNP experiment when the free radical TEMPO is
immobilized (SLIT experiment), rather than dissolved directly, in the sample flow (LLIT
experiment). When the (Aobs)max Values for SLIT 2 and 3 in SF CO,, are compared to
the neat liquid benzene values, a factor increase of approximately 3 and 6 are
observed, respectively. Figures 5.7 and 5.8 show the DNP spectra collected for
benzene under similar conditions, when SLIT 2 and 3 are immobilized in the low field
cavity. The observed DNP enhancements can be seen in the figures by a comparison
of the signal intensities. Again, these increases are in agreement with the predicted
increase of DNP signal enhancements in SF’s, similarly found for the LLIT data,
reported in Chapter 4. The fact that the DNP signal of neat benzene using SLIT 3 is
twice as large as that for SLIT 2, is indicative of the differences in the increased chain
length of the two SLIT materials (refer to the structures given in Figure 5.3). The
subsequent A., values, calculated for the DNP signals (spectra c) in the respective
sample Figures 5.5 and 5.6, are —205 + 24 and — 246 = 36. These values are the
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Figure 5.4. "N labeled SLIT 1 material in neat benzene.
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Table 5.1. SLIT "H DNP Data for Benzene.

Immobilized Nitroxide (Aobs)max
Sample

SLIT 2 -1.7
Neat Benzene

SLIT 2 2.7
9% Benzene/
d6 Benzene

SLIT 2 -9.1
9% Benzene/
SF CO»,

0.73°

0.73

0.17

0.15

0.33

43 + 21

-’67 + 15

-205 £ 24

SLIT 3 -3.2
Neat Benzene

SLIT 3 2.7
9% Benzene/
d6 Benzene

SLIT 3 -10
9% Benzene/
SF CO»

0.72°

0.73

0.33

0.26

0.26

SLIT 4 -0.2
Neat Benzene

0.15

a)Data obtained from K. Tsai, 1990.

b)Ultimate enhancement values corrected for an approximated transfer efficiency of

Q= 0.80.
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Table 5.2. SLIT "H DNP Data for Chloroform

SLlT 1 (Aobs)max S af bAoo
Immobilized

Nitroxide Sample

Neat Chloroform -1.8 0.87 0.80 -41 +12
33% Chloroform/ -5.8 0.74 0.80 -131+ 20
SF CO»,

9% Chloroform/ -6.0 0.83 0.80 -135+ 22
SF CO»,

5% Chloroform/ -4.8 0.58 0.80 -108 + 18

SF CO,

a) Leakage factor approximated based on findings reported by Tsai et. al 1991.

b) Ultimate enhancement values corrected for transfer efficiency based on a value of,

Q= 0.80.
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Figure 5.5 . SF CO, 'H DNP spectra of 9% benzene using SLIT 2. (a) Static 'H
NMR (S/N = 25) and (b) flow "H NMR (S/N = 17) were collected at 32 scans, 4096
points; the total flow for spectra b and ¢ was 1.1 mL/min. and (c) flow "H DNP (S/N =
104) was collected at 16 scans. SF CO; conditions under which spectra were collected
are as follows: dcoz = 0.805 g/mL, SFC oven temperature 40°C, Pcoz = 2398 psi.
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Figure 5.6. SF CO, "H DNP spectra of 9% benzene using SLIT 3. (a) Static '"H NMR
(SIN = 25), (b) flow '"H NMR (S/N = 17) and (c) flow 'H DNP (S/N = 134) were collected
at 32 scans, 4096 points; the total flow for spectra b and ¢ was 1.1 mL/min.. SF CO,

conditions were approximately the same, as given in Fig. 5.5.
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Figure 5.7. SLIT "H DNP spectra of benzene using SLIT 3 in neat benzene (a), d6
benzene (b), and 9% benzene in SF CO; (c). The conditions under which spectra (a)

b)
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\
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8.9 7.8 6.7 5.6

ppm

and (b) were collected are as follows: flow rate 5.0 mL/min, 32 scans, 4096 points, back

pressure 800 psi. SF CO, conditions were approximately the same except for a flow

rate of 1.11 mL/min.
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Figure 5.8. SLIT "H DNP spectra of benzene using SLIT 2 in neat benzene (a), d6
benzene (b), and 9% benzene in SF CO; (c). The conditions under which spectra (a)
and (b) were collected are as follows: flow rate 4.5 mL/min, 32 scans, 4096 points, back
pressure 750 psi. SF CO, conditions were approximately the same except for a flow
rate of 1.11 mL/min..
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largest ultimate enhancement values obtained in our laboratories for SLIT 'H DNP of
benzene and approach the theoretical value of -330. The A., value for '"H DNP of neat
benzene using SLIT material 2 was reported by Tsai in 1990 and is given in Table 5.1.
The value is comparable to the value reported in the present work and is approximately
one-third the value of that obtained in SF CO,. As in the case of the LLIT experiment,
D6 benzene was used as the solvent for the determination of the signal enhancement
for 9% benzene, using the various SLIT materials. The use of deuterated benzene in
DNP resulted in little change in the calculated ultimate enhancement values as
compared to neat benzene. Therefore, it can be assumed that the motional properties
i.e. rotational correlation times of the SLIT materials in the normal liquids are similar. In
addition, then, the time-dependent interaction of the sample and the immobilized
nitroxide must also be similar in benzene and D6 benzene and it is for this reason that
the Aops and A, values are comparable.

Table 5.3 shows estimated rotational correlation times, T, for the
benzene/TEMPO (immobilized nitroxide) interaction in the normal liquids (chloroform,
benzene, and D6 benzene) and SF CO, for SLIT materials 1-3. The values were

obtained in the same manner as the T.’s presented in Chapter 4 for the LLIT "H DNP of
benzene. The data in the present table shows that in SF CO, the molecular motion of
the coupled sample system increases and, therefore, the time of the interaction
becomes shorter. As the maximum ultimate enhancement value is approached for a
sample system, a limiting value for molecular motion is also reached, based on the
calculations. Again, a 3-4 factor increase in molecular motion is observed in going from
the use of normal liquids in flow DNP versus SF’s. The time for the motion of the
interaction in benzene and D6 benzene is approximately the same and this corresponds
directly with the enhancement data, as already mentioned.

Normal liquid flow and SF CO, "H DNP was also conducted for chloroform, using
SLIT material 1. The data for the experiment is listed in Table 5.3. Figure 5.9 shows a
comparison of the SLIT 'H DNP spectra, under the same experimental conditions, for
neat liquid chloroform and 5, 9, and 33% v/v chloroform in SF CO,. It has been shown
experimentally that the ultimate enhancement values for SLIT 'H DNP in neat
chloroform are approximately twice as large as those obtained for neat benzene™,
under analogous conditions of flow, SLIT material, etc.. As noted earlier, "°N labeled
SLIT 1 was used based on its availability in the lab, but also for its potential to result in
theoretical enhancement values one-third greater than N containing nitroxides. The
data listed in Table 5.3, then, were analyzed in light of the predicted increase in signal
enhancements for "°N labeled immobilized nitroxides and previous data suggesting
larger enhancements for chloroform versus benzene. As can be seen, there is an
approximate factor 3 increase in signal enhancements when chloroform is dissolved in
SF COg, as compared to the neat liquid. The highest DNP signal enhancement is
obtained at a sample concentration of 9% chloroform in SF CO,. At 5% chloroform, it
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Table 5.3. Molecular Rotational Correlation Times for Benzene/Immobilized Nitroxide
and Chloroform/Immobilized Nitroxide Systems in Normal Liquids and SF CO,

Rotational Correlation Time, 1, [psec]

SAMPLE Neat Benzene 9% Benzene/ 9 % Benzene/
D6 Benzene SF CO,
SLIT 2
67 69 25
SLIT 3
77 62 192
Neat Chloroform 33% Chloroform/ 9% Chloroform/ 5% Chloroform/
SF CO» SF CO» SF CO»
SLIT 1
79 38 38 44
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Figure 5.9. SLIT 1 "H DNP spectra of a) neat chloroform, b) 33% chloroform in SF CO»,
¢) 9% chloroform in SF COg, and d) 5% chloroform in SF CO,. The conditions of spectra
b)-d) were as follows: 32 scans, 4096 points; total flow for spectra was 1.1 mL/min.. SF
CO, conditions under which spectra were collected are as follows: dcoz = 0.805 g/mL,
SFC oven temperature 40°C, Pco2 = 2398 psi. Spectrum a) was collected at a flow rate
of 5.2 mL/min.
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would be expected that the sample liquid assumes the properties of the bulk solvent
(e.g. SF COy), the result of which should yield the highest A, values. However, the
observed maximum enhancement and, therefore, the ultimate enhancement decreases
at this concentration. This result might be attributed to an inaccuracy in the measure of
the concentration, due to limitations in the HPLC pump’s ability to deliver accurate
sample volumes (concentrations) at flow rates lower than 0.1 mL/min. In this case, the
concentration of chloroform might have been less than 5%, resulting in the insufficient
saturation of electron spins (as evidenced by a poor s value, given in Table 5.2) and
lower DNP signals.

The rotational correlation times listed in Table 5.3 for the DNP interaction of
chloroform with the immobilized nitroxide SLIT 1 material, additionally, support an
increase in the mobility of the system, in SF CO,. The general trend is observed that as
the concentration of the neat liquid sample is decreased in the bulk solvent, SF CO,, the
time of the electron-nuclear DNP interaction becomes shorter. This results directly in an
increase in ultimate signal enhancements for SLIT '"H DNP of chloroform.

As one compares the SLIT structures in Figure 5.3, it is clear to observe that the
largest DNP ultimate enhancements were obtained for SLIT 3. The longer chain length
of the immobilized nitroxide increases its mobility. (Previously reported rotational

correlation times for SLIT materials 1-3 in neat benzene demonstrate a shortening of T,
times as the chain length increases. ') In SF CO,, the mobility of the SLIT material is
enhanced. Based on the longer chain length of SLIT material 4, one would expect
comparable or even higher enhancements with the other, shorter chain counterparts.
However, as the data presented in this chapter demonstrates, it became experimentally
difficult to saturate the electron spins due to a broad EPR signal; e.g. s values
measured for SLIT 4 were low and corresponding Aqps Values were essentially zero.
This could be due to the decreased mobility of the nitroxide due to hydrogen bonding
interactions taking place at the amide groups with exposed hydroxyl groups on the silica
gel surface. This type of interaction would inhibit the mobility of the nitroxide chain,
even in the presence of SF CO,. Hydrogen bonding interactions are also possible with
neighboring nitroxides bound to the silica gel backbone. In a similar way, then, nitroxide
mobility would be inhibited and the SLIT TEMPO/'H interaction would be longer,
resulting in lower enhanced signals.
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Chapter 6: Study of the Indirect Measure of the Electron Spin-Spin and Spin-
Lattice Relaxation Times (T2sT1s) Using the Detection Techniques of EPR and *H
DNP

6.1 Introduction
In Chapters 4 and 5, the increase in DNP signal enhancement values were
reported in SF CO; for benzene and chloroform model systems. The increased signal

enhancements that were obtained in the SF, were shown (via calculated T,'s) to be
directly related to the increased mobility of the coupled nitroxide/sample nuclei
interaction in the solvent. As already demonstrated in Chapter 3 of this thesis, the
molecular motion of a sample in a particular solvent environment (i.e. the molecular
correlation time) can be measured using conventional NMR and EPR techniques. In
general, magnetic resonance theory relates the molecular correlation time as being
inversely proportional to the spin-spin and spin-lattice relaxation times for the sample

nucleus that is being monitored in a given chemical species. It can be expressed that T,

a 1/T4, 1/ T2 and, according to the Stokes-Einstein relation, T, a n/T, for small
spherical molecules. However, in the case of nitroxide spin-labels, the electron spin-
spin and spin-lattice relaxation times have been shown, experimentally, to have
opposite dependencies on viscosity, than versus the nuclear T1’s.?"*¢394% |n one

researcher’s findings, for a change of two orders of magnitude in N/T, the T+ increases
by one order of magnitude.*® At constant nitroxide concentration, then, the relaxation
times have a simple direct proportionality to the molecular rotational correlation time.

Since, then, for the electron, T, a Tis, Tas, the electron spin-spin, Ty, and electron
spin-lattice, T+s, relaxation times—and the product of these two relaxation times—

should decrease as motion increases (and T times become shorter), namely in SF’s.
The ultimate enhancement, defined by Equation [10] in Chapter 2, shows the NMR
enhancement to be directly proportional to the coupling factor, p, (which, as a review, is
a parameter of the DNP experiment representing the degree to which the nucleus of a
diamagnetic species and the electron of the paramagnetic species interact, thus
enhancing the magnitude of the NMR transition). For the spin systems studied in this
thesis, it is assumed that dipole-dipole interaction of the proton nucleus and electron is
the dominant form of relaxation responsible for DNP enhancements. The coupling
factor, p, has previously been related to the molecular correlation time in Chapter 4,
Equation [16]. From this equation, it can be seen that as T, decreases, and as W1, <<
1, then p can reach a maximum value of 0.5. The result of this expression would show
that at shorter correlation times, higher values of A would be obtained, as previously
mentioned and related in Equation [10], Ch.2.

The electron spin-lattice and spin-spin relaxation times, then, will be affected by a

change in T;, which in turn implies a change in the viscosity of the solution environment.
In the case of electron spin-lattice relaxation, it is assumed that an electron-nuclear
dipolar interaction is the relaxation mechanism that governs the T4s times presented in
this chapter. A spin-rotational and/or spin-diffusion mechanism has been presented in
the literature®*°, that may, in addition, contribute to the overall value of the electron
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spin-lattice relaxation rate for nitroxides. It will be sufficient to note that all of these

mechanisms of relaxation are related to the T, of the nitroxide (through proposed,
mathematical theories) and thus DNP experiments conducted in different media, where

T, can change significantly, can influence the degree to which the mechanisms
contribute to the overall T4 relaxation rate. (However, it is not in the scope of this
research to identify and quantitate the individual contributions of the above
mechanisms, which contribute to the total T4 relaxation rate.) For spin-spin relaxation,
this time is influenced by the rate at which unpaired electron spins collide with one
another and change their spin states; Ty is inversely related to this rate. The rate of
spin-exchange has already been shown in this thesis to be dependent on nitroxide
concentration and on changes in temperature and pressure, especially where SF’s are
concerned. As related from liquid DNP theory presented in Ch. 4, when the electron
exchange rate increases to a maximum value (and the EPR line for TEMPO is
exchange narrowed into a singlet), then it is possible that all electron spins can be
saturated in the DNP experiment and the maximum signal enhancement, A., for DNP
achieved.

Equation [9] was presented as the theoretical expression for the equation of the
line obtained when the saturation parameter, s, and the value of A, for a given sample
system is to be ascertained, as explained in the DNP theory section of Chapter 2. This
expression is obtained when the inverse of the experimentally observed enhancement
values is plotted versus the inverse of the EPR field strength—the graph of which is
referred to as a saturation plot. (An example of a saturation plot is shown in Figure 6.1.)
The slope, m, of this line can be expressed as follows

m= C. 1/Ys’T1sTzs [17]

where C is a constant for the DNP experiments conducted according to the instrument
setup shown in Figure 4.3 and is proportional to (of (ys/y)))". The magnitude of the
slope varies inversely with the product T1sT2s and can provide both qualitative and
quantitative information about the relaxation times of free radicals (and thus the mobility
of free radicals) in the technique of DNP.

Quantitative information about T+s can be obtained indirectly from the slope
relationship shown in Equation [17] via the DNP technique. In the early 1960’s,
researchers such as Muller-Warmuth et. al.*"*? and Richards et. al.** used DNP to
measure electron T1s’s at EPR field strengths of 15 Gauss and of free radicals at 3300
Gauss. The researchers utilized information from saturation plot data and line width
data to measure relative T1s’s. McCain and Myers** in 1967 used DNP to measure the
relative T1s of the eight hyperfine lines of VO**. When compared to the Tss calculated
from the nonsecular terms (terms contributing to both T4 and T5) of the theory derived
by Wilson and Kivelson®® based on line width analyses, the measured values agreed
well with the theory. In addition, William Glad, in his 1982 doctoral thesis, utilized DNP
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Figure 6.1. LLIT "H DNP saturation plot of neat sec-butyl benzene. Microwave power
was varied from 3.5 to 20 W. The value of the slope is -2.7 x 10 G%
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to indirectly measure electron T1s's in paramagnetic metal ions and compared these
results to literature values, according to the methods used by the aforementioned
researchers.*® Of course, electron spin-lattice relaxation times can be quantitatively
measured, directly by spectroscopic techniques such as pulsed saturation recovery and
electron-electron double resonance EPR.*

Qualitative information about the electron spin-spin and spin-lattice product
makes possible the determination of trends in relaxation times, for some of the LLIT
liquid systems tested in this thesis. In fact, in the DNP work just mentioned, conducted
by Glad®, even though his work was a quantitative determination of T1s for metal ions in
solution, he did make note of the qualitative relationship that the DNP enhancement
had, specifically, with the T1sT2s product and did use this information in support of and
in the analysis of his results. It was noticed in the present research (as will be
presented in the results section of this chapter) that there was a large difference in
slope values between the saturation plots of the LLIT DNP data of 9% benzene in
normal liquid benzene, deuterated benzene, and SF CO,. When compared, it was
found that there were, on average, 2 orders of magnitude difference between the
values. This trend in large differences in saturation plot slopes, in fact, was observed
for all SLIT and LLIT data, as DNP was conducted for the same sample in normal
liquids (i.e. benzene and deuterated benzene) and in SF CO,. The observation of less
positive slope values in going from normal liquid solvents to SF’s had never been noted
in our labs before, due to the fact that most DNP experiments to date, have been
conducted in normal, non-deuterated liquid solvents. The relationship of the slope to
the electron relaxation times of the free radical dissolved or immersed in the solvent
flow (as is the case of the immobilized nitroxide in SLIT DNP), suggested that a major
change was occurring in the spin-spin and/or spin-lattice relaxation time--since e.g. the
concentration of TEMPO and other experimental/instrumental conditions remained
constant, specifically in the normal liquid systems. On further consideration, specific
questions were raised as to how and why T1s and T»s (or the product of these two
quantities) were changing in such a large manner. The observation, for example, of a
changing Tas for the same concentration of TEMPO dissolved in neat benzene and
deuterated benzene would suggest that Heisenberg exchange between nitroxide
radicals was different in the two solvents. This observation is in contrast to the fact that
deuterated benzene and neat benzene have similar viscosities. And, it would not be
expected, nor has it been presented in the literature, that the T,s for the free radical
should be influenced by this fact alone. In addition, a changing T4s for TEMPO in these
same solvents may imply that a specific type of spin-lattice relaxation mechanism is
dominant in the solvent. The decreased concentration of 'H nuclei in the deuterated
benzene systems (and SF CO, systems) versus the increased concentration and
presence of hydrogen nuclei in the bulk solvent of the neat benzene systems, has been
suggested by some researchers®’° (in 1994), to influence electron T1s’s. The spin
diffusion theory for the spin-lattice relaxation mechanism of free radicals states that for a
coupled electron-nuclear system, the electron magnetization can obviously relax the
magnetization of protons in the bulk solvent.*® Robinson et. al.*° proposed that just as
in spin diffusion theory, the converse is also true: the proton spin system in the solvent
can relax the electron spins. According to predicted results of Robinson et. al.*’ and
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Mailer et. al.¥’, T s of the nitroxide spin-label should decrease by an order of magnitude
in bulk solvents where nuclear spins (i.e. 'H nuclei) are present—and where the
electron and nuclear spins are coupled. However, the researchers Koptyug et. al.*’ in
1996, more recently, challenged Robinson’s claim by experimentally showing that for
TEMPONE dissolved in benzene and CS,, there was no experimentally observable
change in the Tys--indicating that there is no apparent involvement of nuclear spins in
the solvent with nitroxide spins in solution. However, the researchers admit that further
experimentation on the matter of this theory should be examined: considering that the
full range of temperatures--in which Robinson et. al.*’ used in their study to collect T+s
data--was not used by Koptyug. Additionally, the researcher--and other researchers
cited in his study--admit that the “question about the mechanism of spin-lattice
relaxation in nitroxides...remains to be a controversial issue in the literature.” 4" |t
remains at the present time that the confirmation of the proposed theory or the
refutation of it, has not been substantiated in the literature--nor further experimental
work presented thereof.

In the present research, therefore, it is of interest to use saturation plot, slope
data from DNP measurements already presented in Chapter 4 of this thesis, for
purposes of gathering qualitative information about the T1sT,s product. A full treatment
of the DNP data involving the analysis of DNP line widths and obtaining qualitative data
for T4s, in particular --according to the methods of Muller-Warmuth, McCain, Glad and
others--will not be made. The information gathered from the proposed analysis of
electron relaxation times in the normal liquid and SF DNP systems can be used to
gauge the influence of, e.g. deuterated solvents and/or SF CO, on electron relaxation
times. And, this information can be used to consider current theories of relaxation for
electron spin-lattice and spin-spin relaxation and compare expected results of these
theories to trends observed in our data. It is important to emphasize that this analysis
will be carried out, in light of the fact that even after all the many years of research
performed on nitroxide radicals, one researcher concludes at the end of his
comprehensive study of T4 times (research conducted in 1996) that, ultimately, “the
main relaxation mechanism...[for spin labels]...remains unknown”’. Since Tas has
been measured for the nitroxide radical via EPR, in some instances, attempts were
made to solve for a quantitative value of T4+s. However, any reported electron spin-
lattice relaxation time values reported in this chapter, would not necessarily be
comparable to reported literature values.

6.2 Experimental

In order for the T1sT2s product to be evaluated, it is necessary to determine the
value of the constant C, shown in the relationship of Equation [17], under the same
conditions (i.e. the physical dimensions of the DNP instrumental setup: using the same
flow cells and magnet field strengths, in addition to sample flow rate, viscosity, and
temperature, etc.) in which the DNP data referred to in the introduction of this chapter,
was collected. The value of C can be found using DNP, if T1s and T,s are accurately
measured using a known, standard sample. Once the value of C is found for the
standard, this same value can be used to solve for the T1sT2s product--in a variety of
sample systems tested in the same DNP instrument setup—using Equation [17]. In the
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work of Percival and Hyde*, EPR saturation-recovery was used to measure the
electron spin-lattice relaxation times of simple nitroxides, in which temperature was
varied (from +31 to —81°C) and viscosity was varied, over two orders of magnitude. The
value of Ts for the free radical TEMPOL was reported in the study, at a similar
concentration and temperature as was TEMPO used in normal liquid benzene, LLIT
DNP experiments in our labs (with concentrations for the free radical on the order of
0.001 and 0.01 M and temperatures at or around 25°C). With a known value of T1s, for
a nitroxide spin-label similar in structure to that of TEMPO, and obtained in conditions of
temperature and solution viscosity similar to those in which the liquid benzene/TEMPO
systems were tested in the LLIT DNP experiment, it was possible to conduct LLIT DNP
on the sec-butyl benzene/TEMPOL system (used in the research cited above) in order
to ascertain a value of C, “sensitive” to the instrumental DNP setup that is used in our
labs. Again, the sec-butyl benzene/TEMPOL system gave a reliable value of T4s, such
that it was possible to assume that the value of the constant C (the value of which is
governed largely by the magnetogyric ratios of the electron to the hydrogen nucleus,
which is a constant) would be representative of the physical parameters of the DNP
setup in our labs--and that this value of the constant C would be a reproducible value,
for use in solving for the T4sT2s product in other liquid systems. It has been shown
previously by the researchers Kramer et. al.?®, thatin an investigation of the molecular
motion and spin-lattice relaxation of benzene, toluene, and some ethers in free-radical
solutions using DNP, “if no considerable differences in the size and in the shape of the

radicals occur,” different types of radicals do not change the (measured T1and T;)
results. That is, nitroxides of similar structure (and at similar concentrations) do not
influence the physical properties of the solvent (in which information such as nuclear
spin-lattice and molecular correlation times are being obtained) and indeed can be used
as interchangeable spin probes, for the abovementioned types of measurements. This
fact would, additionally, allow for the use of the experimentally determined constant, C,
in evaluating the T1sT2s product in the normal liquid systems tested in this research, as
well as in the case of SF CO; LLIT DNP. Therefore, LLIT 'H DNP of sec-butyl benzene
was conducted at approximately 25°C and a TEMPOL concentration of 7.8 x 10 M.
(The TEMPOL molecule differs from TEMPO only by the substitution of a hydroxyl
group in the C-4 position of the six-member ring.) The same instrumental setup shown
in Figure 4.2 (used in the collection of all previous DNP data), including the same flow
cells--positioned in the low field and high field regions of the DNP setup--were used for
the experiment. The enhancement data was collected over a range of microwave
powers and a saturation plot resulted in the experimentally determined slope for the
equation of the line, given in Equation [9]. Additionally, the EPR spectrum of the sample
was obtained under the same conditions of viscosity and temperature and a calculated
value of the T,s from line width data was found. The resulting known values of T,s and
T1s and the experimentally determined value of the slope, m, were substituted into
Equation [17] and the value of C was obtained.

6.3 Discussion of Results and Conclusions
The EPR spectrum of 7.8 x 10 M TEMPOL in sec-butyl benzene is shown in
Figure 6.2. From a line width analysis based on Kivelson theory48, the T,s for TEMPOL
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Figure 6.2. EPR spectrum of 7.8 x 10 M TEMPOL in neat sec-butyl benzene.
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was found to be 2.9 x 10 s. Figure 6.1 shows the DNP saturation plot, the slope of
which is used for the determination of the value of C. Using the value of the slope, -2.7
x 10 G?, the value of T1s= 1.7 x 107 s, as reported by Percival and Hyde® and the

value of Ys® = (-1.76 x 10" rad./ s - G)?, was substituted into Equation [17], yielding C =
-4.2 x 10”°. This resulting value was, subsequently, substituted back into Equation [17]
and used to solve for the T1sTas product of other LLIT "H DNP systems.

Figures 6.3 and 6.4 show the saturation plots for LLIT DNP of 9 %
benzene/0.001 M and 0.01 M TEMPO respectively, dissolved in neat benzene,
deuterated benzene, and SF CO,. As can be seen from the figures, the slopes of the
lines become more negative (and decrease in value), as LLIT DNP is conducted in
normal liquids, deuterated benzene, and SF CO,, respectively. The values of the
slopes in a given solvent are reported in each figure and also in tabulated form, in Table
6.1. The trend in values shows that the slopes differ by two orders of magnitude in
going from normal liquid DNP to SF CO, DNP. Considering the inverse relationship of
the slope, m, to the T1sT,s product, one would expect the magnitude of the product to,
necessarily, change by the same factor, only, in the opposite direction. The negative
value of the slopes, however, reverses this apparent trend and what is observed for the
slope data is also observed in the analysis of the product of the relaxation times data.

The calculated T1sT2s values for each solution are given in Table 6.2. Although
these values cannot be quantitatively compared to any existing literature values, the
qualitative trends in the values are made more apparent when comparing the different
DNP solvent systems. In general, the data suggests that the product of the electron
relaxation times is becoming shorter, by approximately two orders of magnitude, in
going from the normal liquids to SF CO,, at both concentrations of TEMPO. Based on
the direct relationship that T1s and Tas for the nitroxide are shortened as the viscosity
(and density) of the bulk solvent decreases, then the calculated values support this
trend. In the case where the T4sT2s product decreases from deuterated benzene to neat
benzene by an approximate order of magnitude at the two TEMPO concentrations
specified, if it is assumed that the value of the electron spin-spin relaxation time does
not change (based on constant viscosity and constant TEMPO concentrations between
the two solvents), then it is the electron spin-lattice relaxation time that must be
changing. Itis possible that the increased presence of protons in the neat benzene,
and thus the proton magnetization (coupled to electron spins), is acting to relax the
magnetization of the electrons, via the mechanism proposed by Robinson et. al.* and
Mailer et. al.*” based on spin diffusion theory. According to the data in Table 6.2, the
T4s does indeed decrease by an order of magnitude, as the researchers propose.

95



Saturation Plot 0.001 M TEMPO

0.001 , . ,

0.000

-0.001

-0.002

A-1 -0.003
-0.004

-0.005

-0.006

-0.007

-0.008 I 1 1
0.0 a1 0.2 0.3 0.4 0.5

P-11w] -1

Figure 6.3. LLIT 'H DNP saturation plot showing the inverse enhancement versus
the inverse microwave power for 9% benzene in deuterated benzene (0), neat benzene
(A), and 9% benzene in SF CO; (11) in 0.001 M TEMPO. Microwave power was varied
from 2 to 15 W. The value of the slope for each sample is given as follows: (0)-2.5 x 10
4 G? (A)-5.9x10° G?, and (1)-2.7 x 10?% G2,

56



Saturation Plot 0.01 M TEMPO
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Figure 6.4. LLIT '"H DNP saturation plot showing the inverse enhancement
versus the inverse microwave power for 9% benzene in deuterated benzene (0),

neat benzene (A), and 9% benzene in SF CO; (11) in 0.01 M TEMPO. Microwave
power was varied from 2 to 15 W. The value of the slope for each sample is

given as follows: (0)-5.0 x 10* G, (A)-7.0 x 10° G?, and (11)-1.4 x 107 G2,
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Table 6.1. Slope values of saturation plots for DNP of deuterated benzene,

benzene, and SF CO, using 0.001 M and 0.01 M TEMPO.

Slope, [Gauss] 2

g;lr';p[l):lP D6 benzene benzene SF CO,
0.01 MTEMPO |-5.0x10™* -7.0x107° 1.4 x107?
0.001 M TEMPO | -2.5x 10™* -5.9x107° 2.7 x107

--R? values for best-fit lines = 0.95, for all data plots.
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Table 6.2. Calculated T1sT2s products for 0.001 M and 0.01 M TEMPO in
deuterated benzene, benzene, and SF CO..

T1sTos, [57]
LLIT DNP D6 benzene benzene SF CO,
Sample
0.01 MTEMPO |27x10™ 1.9x10™" 9.7 x1071®
0.001 MTEMPO |54 x10™ 2.3x107 5.0x 107"

59



However, as discussed earlier, their theory has not been substantiated, sufficiently. Nor
can the current data presented be a confirmation of the theory, since it is more
qualitative than quantitative, in nature. Otherwise, T+s values in this case should not
change, since all other mechanisms of electron relaxation should be the same for the
two solvents.*

If the change in Tys alone is considered, this value would be expected to
decrease, based on EPR line width measurements made in normal liquid benzene and
SF CO,. Magnetic resonance theory states that the EPR line width measured at half-
height is inversely related to the spin-spin relaxation time. Researchers have shown, in
general, the increased line widths obtained in SF’s in e.g. EPR experiments where
solvents are utilized under normal conditions of temperature and pressure and at their
critical point parameters.?® The researcher Dukes et. al. show a broadened EPR
spectrum, specifically, for TEMPO dissolved in SF CO; versus a sharper-lined spectrum
for the same concentration of the nitroxide dissolved in normal liquid benzene, when
demonstrating the use of a high-pressure EPR probe. ** Fig. 4.4 is a field plot showing
evidence for a broadened EPR signal for TEMPO at a smaller concentration. Overall,
decreasing spin-spin electron relaxation times and an increased electron-electron spin
exchange rate between nitroxides, would be indicative of the increased mobility of the
nitroxide in SF’s.

In reference to Table 6.2, the T1sT2s product compared at the two different
TEMPO concentrations for the normal liquids shows an increase in overall value on
going from the more concentrated to the less concentrated TEMPO sample systems.

An opposite trend is observed for SF CO,, where the product decreases. A comparison
of the normal liquid data (the neat benzene and deuterated benzene) at the two
concentrations of TEMPO in Table 6.1 show that the (negative) slope values increase
and become more positive as the concentration of TEMPO decreases. A larger value of
the slope supports, on the one hand, an increase in Tzg, or longer times, at lower
nitroxide concentrations. Since, the Heisenberg spin-exchange rate increases with
increasing concentration of radical, this result in the data would be supportive of a
decreased electron-electron exchange rate between nitroxide radicals, at lower
concentrations. Decreased spin exchange, also, would result in a decreased EPR line
width, based on theory. Figure 4.2 shows, in fact, the characteristic narrowed EPR line
of TEMPO in neat benzene, at decreasing TEMPO concentrations—and when Tys times
are longer. (Comparable EPR spectra could be shown for decreasing concentrations of
TEMPO in deuterated benzene solvent, as well as for TEMPO dissolved in SFs.%)

If T1salone is considered, it could be said that an increase in this value also
contributes to the overall increase in the T1sT2s product in the normal liquid systems (in
going from a higher to lower concentration of the free radical). However, the literature
shows that the experimental findings of researchers both support and refute the
abovementioned trend for (nitroxide) free radicals. For example, fundamental research
using EPR techniques to measure electron T+'s has shown that at radical
concentrations of 10° M and greater, electron T's decrease with increasing
concentration, reflecting faster intermolecular dipole-dipole relaxation. 2°*¢#"4% |n some
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of the same research, spin-lattice relaxation times have, in fact, been shown to be
concentration independent at low nitroxide concentrations of <107 M.*" Other
fundamental research, dealing specifically with the use of the DNP technique in the
estimation of molecular correlation times and electron spin-lattice relaxation times for
benzene and other organic molecules dissolved in free radical solutions, experimentally
contradict the above research.? In the unique case where the Overhauser
phenomenon is in effect in solutions containing free radicals (as is the case with the
DNP data being currently presented), measured T+s's are shown to be directly
proportional to the free radical concentration, at concentrations of =10 M, where
dipolar electronic relaxation predominates.29 In addition, the researchers Schwartz et.
al.®® reported “an absence of any noticeable dependence of T1s on TEMPONE nitroxide
concentration in the range 10 to 3.5 x 10 M”. Undoubtedly, variations in the
experimental findings of all researchers can be attributed, in part, to the different
experimental techniques used by each and by the different theory on which calculations
for the data were based. It is the case that in comparing the DNP (normal) liquid
systems at the two different concentrations of TEMPO, there should not be a significant
change in the viscosity of the solutions. (In fact, the work of Percival and Hyde™ cited
above found that a change of 2 orders of magnitude in the viscosity of a solution was
needed in order to effect a change of 1 order of magnitude in the T+s times.) Literature
findings, thereby, support that there are only minor differences in T times measured in
different solvents of comparable viscosity. * So, it is plausible that T1s should not really
change at all—especially in the range of concentrations used in the present study.

Unreported, calculated Tys’s obtained for the DNP liquid systems tested in our
labs (calculated in order to obtain a value for the T1sT2s product) reveal that in going
from the lower to higher concentration of TEMPO, the value of Tos changed by a factor
of approximately 2 in deuterated benzene and by a lesser factor in the neat benzene
solvent. (Actual values were 20 and 44 ns for 0.01 M and 0.001 M TEMPO in d6-
benzene, respectively, and 15 and 26 ns for 0.01 M and 0.001 M TEMPO in neat
benzene, respectively). As can be seen from the change in the T1sT2s product in Table
6.2, this value also changes by the same approximate factors, based on the above
calculated values. Therefore, it can be said that it is really the change in Tys alone that
is governing the change in the product of the relaxation times. The trend, then, in
increasing relaxation times of the normal liquid systems, cannot necessarily be
supported nor refuted by the literature. And, it is possible that minor variations in T1s
cannot be detected, nor are not significant enough, to produce a noticeable change in
the present analysis of relaxation time products, for the free radical.

In the case of SF CO,, as already indicated, the opposite trend is observed
where the slope values become less positive and decrease in a negative direction, as
the concentration of the nitroxide is decreased. A comparison, then, of the T4sT2s
product in SF CO, at decreasing nitroxide concentration, shows an overall shortening or
decrease in value of electron spin-spin and spin-lattice relaxation times—which would
imply increased mobility of the nitroxide. Based on the above reasoning used for the
interpretation of the normal liquid slope trends, the decrease in slope value by a factor
of approximately 2 would indicate, specifically, shorter electron spin-spin relaxation
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times (and, subsequently, an increased EPR line width). It, similarly, suggests greater
electron-electron exchange rates at decreased radical concentrations in SF CO..
Apparently, one would expect the Heisenberg spin-exchange rate to increase with
increasing concentration of free radical, as is the case in normal (viscosity) liquids.
However, in the case of SF’s, the research of Randolph and Carlier®® (presented briefly
in Ch. 4) shows that the experimentally determined exchange rate is independent of
radical concentration, as was determined for the free radical di-tert-butyl nitroxide
(DTBN) dissolved in SF ethane, over the range 0.5 to 2 mM. For a constant DTBN
concentration in the SF, the exchange rate was affected, however, by changes in
pressure and temperature, especially in the vicinity of T, and P.. In the present
research, no experimental evidence was gathered e.g. EPR line width data, to
corroborate a change (or lack thereof) in the EPR line width (and hence a change in the
spin-exchange rate, which is inversely proportional to T»s) at the two different
concentrations of the nitroxide, under SF conditions. However, if the rate of spin
exchange does not change significantly for the SF solvent systems based on the
research cited, then the change in the T1sT2s product as seen in Table 6.2 can be
attributed to a change, mainly, in T1s.

Overall, the change in the electron spin-spin and spin-lattice relaxation time
(which is shown to be dependent on the viscosity and temperature of the solution) can
be attributed to the “sensitivity” of SF’s in which slight changes in temperature and
pressure, especially at the critical point, can dramatically alter their physical properties
i.e. viscosity, density, etc.. Of course, as has been the subject of this thesis, the
molecular motion in molecules dissolved in SF’s is also greatly affected, based on these
effects. Forinstance, the literature shows that at the critical point, local density
augmentations and an increase in the intrinsic viscosity of solvents, versus the bulk
solvent, occur due to solvent-solute and solute-solute clustering.?”?**° The result of this
clustering has been shown to increase molecular correlation times at the critical point
for naphthalene dissolved in SF CO,, as the many solvent molecules—treated as one
large molecular entity--act to slow the motion of the naphthalene solute at the critical
point conditions.’*® And, solvent clustering about dilute solute molecules is proposed
as being responsible for an increase in the electron-electron spin exchange rate of
DTBN dissolved in SF ethane, by a factor of 3, compared to spin exchange in normal
liquids.?® Much evidence for SF clustering exists in the literature, however, it is still
purportedly an issue of debate.’®*® Nevertheless, it is possible, then, that variations in
temperature, namely sub-critical T's, could have influenced EPR line width’s and spin-
lattice relaxation times, even. It was shown in the work of Batchelor®” (presented briefly
in Ch. 4) that at constant pressure (slightly above the P;) and at a TEMPO
concentration of 10 M, as the temperature was varied in SF ethanol, ethane, and n-
hexane, a small decrease in the EPR line width was observed at sub-critical
temperatures, before a huge increase in the line width (by a factor of @ 4) was
observed at the critical point temperature and corresponding temperatures above T.

Essentially, the EPR line width, AV, was found to be directly proportional to T when
operating at a constant pressure and slightly above P (that is, working within 1 to 2
pressure units above P for a particular substance). Under conditions of constant

pressure well above the P, when T is increased, AV4,; was found to be approximately
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constant, with only a small increase (by a factor of approximately 0.5) in the EPR line.
In another experiment, where the pressure was varied at constant temperature (above
the T¢), a similar trend in line width results was observed for a constant concentration of
TEMPO dissolved in the SF’s. At subcritical pressures, there was a slight narrowing in
the EPR line width, with a large increase as the pressure was decreased to P. and

values below. In this case, it was demonstrated that Av1, O 1/P when operating at a
constant temperature, slightly above T ; at P’'s well above P. AV, was shown to remain

relatively constant with only a slight decrease. The pronounced increase in AV4, at T,
and P. is undoubtedly explained by the occurrence of solvent-solute critical clustering
(which is proposed to enhance spin exchange, as well). This is especially supported by
researchers already mentioned above, since, once the experiment is no longer being
conducted under critical (point) conditions for a particular solvent, the phenomenon of
marked differences in the data results (as compared to normal liquids) usually
disappears—that is, the clusters disappear at P’s and T’s, outside of the critical point
region. With these experimental results, it is possible that in the present research, sub-
critical temperatures (T’s below 33°C for SF CO;) at the EPR cell (refer to Fig. 4.1),
could have resulted in longer than expected spin-spin relaxation times for the case of
0.01 M TEMPO/SF CO; system (since it was more difficult to maintain a constant
temperature of the DNP solvent system throughout the PEEK cells and tubing, than it
was to maintain a constant pressure). Thereby, the value of the T1sT2s product was
inflated, compared to the value reported for 0.001 M TEMPO. However, since it was
the case that in the present research, SF CO, DNP was conducted at P’s well above
the P, for CO; (for purposes, initially, of ensuring the solubility of the benzene and
TEMPO solutes) and at elevated T’s above the T, the results of the above research
again suggest that it is more probable that T,s should not have changed significantly,
then, between the two solvent systems, based on TEMPO concentration alone.

Since Ty, and T+ for nitroxides are directly proportional to the molecular

correlation time, then a significant change in T, would affect these two values. The
results of the above research imply that if the molecular motion of the nitroxide was, for
example, decreased due to critical clustering effects (especially in the vicinity of P; and
T), this would have a great effect on both T+s and Ty values. Therefore, it can only be
suggested at the present time, that between the two SF CO; solvent systems, there
might have been a difference in P and T operating conditions when the experiments
were being conducted, that would account for the factor of 2 difference in the value of

the T4s Tas product. If T, decreases due to clustering effects, then the T1s T2s product
should become smaller in value, also. This value is smaller in the case of the SF
system that has the smaller concentration of TEMPO: and so perhaps it was this system
in which the operating parameters of T and P were not optimal for the DNP experiment,
and, therefore, critical clusters were present in some degree. Also, it can be observed
that for the 0.001 M TEMPO/SF CO, system, since the value of the T1s T2s product is
smaller, this suggests that the motion of TEMPO is faster in this system, and, therefore,
ultimate DNP enhancements should be larger. And, in fact, A, values are larger based
on the results presented in Ch. 4. Unfortunately, there is no experimental data in the
literature that, specifically, provides T1s data for TEMPO dissolved in SF’s at more than
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one concentration (nor under the same conditions of temperature and pressure of the
present research), that allows for the direct comparison of the two solvent systems: in
order to verify the above claims and to offer another explanation for the observed trend
in the data, based on a changing T+s alone. It is difficult, therefore, to verify if the data
presented in Table 6.2 for the SF’s, shows the proper trends. To be sure, if there were
any slight variations in conditions of T and P, especially in the vicinity of the critical point
between the two SF CO, systems, then this fact alone could greatly alter the results of
one system, versus the other, and yield uncharacteristic or inaccurate results.
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Overall Summary and Conclusions

LLIT and SLIT dynamic nuclear polarization experiments of simple probe
molecules (i.e. benzene and chloroform), where the sample nuclei to be detected were
dissolved in SF CO;, were shown to be advantageous over the use of normal liquids.
The increased molecular motion (of the sample molecules) in the supercritical fluid
versus neat liquids resulted in observed signal enhancements 2-6 times greater than
the normal NMR signals. This result is significant in that it is the largest observed
enhancement obtained for benzene and chloroform, using the flow DNP technique, to
date. (And, as of this time, similar results have not been reported in the literature.)
Ultimately, these results demonstrate the high sensitivity of the flow DNP technique for
detecting sample nuclei when SF CO; is used as the solvent--resulting in the detection

of samples in the range of 1 ug to 100 ng (or molecules in the 100-1000 Dalton range).

On commencing this research, initial data, showing a decreased "*N NMR line
width in low viscosity liquids predicted the 2-6 factor increase in the motion of molecules
dissolved in SFs--and, thus, the enhanced NMR signals that would result via the DNP
technique, when using supercritical fluids as the flowing solvent. Subsequent
experiments where the spin-spin and spin-lattice electronic relaxation times of the
nitroxide radical (utilized in the DNP experiment) were analyzed based on DNP results,
also, demonstrated how shorter T+s Tas product times were indicative of increased
motion of free radical molecules in SFs versus normal liquids. Faster motion of the
nitroxide, once again, would suggest the increased mobility of the paramagnetic
species--to interact and transfer polarization to the diamagnetic chemical species to be
detected at the NMR--thus enhancing NMR signals.

In general, signal enhancements obtained through SF CO, LLIT and SLIT DNP
offer improved sensitivity over conventional NMR and/or normal liquid DNP detection
techniques. The flow technique, also, affords the possibility of being directly coupled to
the analytical techniques of SF chromatography or extraction. (The advantage of using
SF CO; as a mobile phase versus normal liquids, to obtain increased resolution of
chromatographic solutes, has already been noted in the introduction to this thesis.) The
coupling of these techniques would be useful in the monitoring of environmental
samples containing small organic molecules, similar to the organic molecules analyzed
in this research.

Future efforts in supercritical flow DNP-NMR will investigate the use of SF CO- in
extending the extreme narrowing condition from 3.3 kG, to higher fields. However, in

considering the findings of the present research, by decreasing T, with the use of SFs,
the operating field strength at which electron spins are currently polarized was
effectively increased from 0.33 Tesla to 1.4 Tesla (or 3300 Gauss to 14000 Gauss). At
this field strength, the predicted NMR sensitivity is equivalent to a 1000-1500 MHz 'H
NMR instrument. Furthermore, this sensitivity factor (gained via the DNP technique) is
1.3-2 times greater than what is feasible today with a conventional 750 MHz "H NMR
instrument (17.6 Tesla).
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Appendix I: Development of High Pressure Sample Cells for the EPR Cavity and
the NMR Probe

Introduction

Before the present research endeavor, of conducting DNP with SF COy, the
sample cell used in our labs for flow DNP in the low field cavity was constructed out of
ceramic (Omegatite 450 from Omega Engineering Inc.), while the high field flow cell in
the NMR probe was constructed out of glass. The ceramic cell had a low dielectric
constant, meaning that it could be easily tuned in the microwave field and a high
mechanical strength, for which it could withstand high back pressures of 1000 psi and
greater. The high field probe was sufficient enough to withstand normal liquid flow
backpressures and did not produce a background signal that would interfere with NMR
signal detection. For SF CO; flow DNP--requiring much higher pressures, up to 165
atm, to achieve optimum enhancement conditions--it was concluded, and evidenced,
that the glass high-field probe would not be able to withstand breakage and prevent the
leakage of the gas-like sample solvent. In addition, after initial experimentation, it was
observed that the brass Swagelock fittings used to connect PEEK tubing to the ends of
the rod-like cells, in the low and high field magnet cavities, continually leaked CO,. Due
to this leaking, the DNP setup was continuously disturbed and had to be dismantled at
various places to tighten fittings: this, consequently, affected DNP experimental
conditions such as tuning of the EPR cavity and tuning of the NMR probe, etc.. A
change in the “plumbing” of the present setup, therefore, was needed to correct this
problem.

As previously mentioned in the experimental section of Ch. 4, PEEK has a high
pressure and temperature rating (the material is able to withstand pressures up to 3000
psi and temperatures of 150°C). The material is chemically inert, flexible as tubing, and
yet, rigid enough so that it can be machined. A consideration was given to using quartz
glass: a stronger material than amorphous glass that has been used widely in high-
pressure NMR and liquid DNP studies.?®**® Quartz, can withstand the high pressures
(up to 6000 psi®®) of supercritical fluid conditions and has a lower dielectric constant
than glass, making it more resistant to heating, especially in the EPR cavity where
tuning can be affected. Similar properties can be attributed to sapphire, and this
material was considered as well. However, quartz, and namely sapphire, are much
more expensive than PEEK and were not readily available for experimentation in our
labs. PEEK rods were available in our labs and seemed the more sensible choice to
use for testing in the DNP flow setup. Based on the abovementioned qualities of PEEK,
it was determined that solid PEEK rods (from Global Plastics) could be machined,
according to the same dimensions of the cells used in normal liquid flow DNP, for use
with SF CO,. Rods, according to the dimensions specified in Figure I.1, were made by
Fred Blair (Physics Department, Va. Tech.) and commercially available PEEK end
fittings and ferrules (Upchurch Scientific) were used in place of brass fittings. Figure 1.1
is a structure diagram showing the position and dimensions of the cells, and of the
PEEK fittings and tubing, used for the research presented in this thesis. Initial tests
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Figure I.1. Structure diagram of the low and high field PEEK flow cells and PEEK
tubing used in the DNP experiment. The direction of flow and the regions in which
polarization (region A) and transfer of the polarized sample (region B) occurs, and
its detection by NMR (region C), are indicated. (These regions correspond to the
same regions for the DNP setup depicted in Fig. 4.2.)
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using flowing SF CO, revealed that the PEEK was able to contain the high-pressure
fluid and leaking (evidenced by large drops in the backpressure) was minimal.

The PEEK rods also had to be tested for how well the material, containing
flowing solvent, would tune in the EPR cavity and if the material would have a
background signal at the NMR probe. It was found that the PEEK rod tuned as sharply
and as effectively as the ceramic cell formerly did, only at a slightly different frequency.
This is important in effectively saturating electron spins in the DNP experiment. And,
after solid-sate NMR tests were conducted by Tom Glass (Analytical Services,
Chemistry Department, Va. Tech.) with a small portion of PEEK rod, there was no
evidence of a 'H background signal that would interfere in NMR detection of the sample
being analyzed in the DNP experiment. Subsequently, DNP parameters such as
saturation and observed signal enhancements, especially in the case of normal liquid
flow DNP, were comparable with results obtained formerly in our labs. With these
favorable test results, it was possible to commence DNP research using the new PEEK
cells.
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