





Figure 2.5. <7T,> data and fits. (A) FIDs for T:A. (B) FIDs for U:A. (C)
Exponential fit to data from part A for the T:A sample. (D)
Exponential fit to data from part B for the U:A sample.
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Hookean/harmonic potential for the potential energy surface (Figure 2.2¢), with a value
of Uy of 5.5 kgT. The rate constant between sites along the pseudorotation trajectory is
1.0 x 107 Hz, which leads to a value of 2.0 x 10° rad*/sec for the diffusion constant D.
The puckering amplitude is ¢ = 0.5 A. Additionally, there is a structural difference
between this simulation and those performed previously. The angle of the C-*H bond
relative to the longitudinal helix axis was determined to be 8 = 25°.

It can be shown that the local motions present contribute significantly to the
overall lineshape. Figure 2.7 builds up the motions one at a time. First, in Figure 2.7a
is a static lineshape. Figure 2.7b contains only the helical motions present due to the
filled first hydration shell. Figure 2.7c shows a small amplitude (10 degree) local
libration of the C-"H bond, and Figure 2.7d repeats the best fit simulation confirming

that there is contribution from non-activated motion.
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Figure 2.6. Comparison of the T:A (A) and U:A (B) experimental lineshapes to
the best fit simulation (C). The specific simulation parameters are

discussed in the text. Note that central isotropic peaks are residual
HDO.
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Figure 2.7. Simulation build-up for the best fit to the experimental data. (A)
Static deuterium lineshape. (B) Lineshape containing only 6-site
slow helical rotation. (C) Lineshape with small angle (10°) libration
for local motion of the sugar ring superimposed on the slow helical
motion. (D) Best fit simulation with specific details discussed in the

main text.
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2.5 Discussion and Conclusion

The results from this work lead to the conclusion that there is essentially no
difference in the dynamics of the furanose rings for DNA containing uracil compared to a
thymine in the same sequence context. This conclusion was drawn from the lack of
discernable differences in quadrupole echo lineshapes, <7 > and <7,,> values. These
results are analogous, but less dramatic to those seen in the M. Hhal binding sequence.”
The Hhal methyltransferase uses a nucleotide flipping mechanism during its conversion
of cytosine to 5-methy-cytosine®® similar to UNG. Deuterium SSNMR indicates a
significant difference in motions between the target deoxycytidine residue and the
surrounding sequence.” However, the differences in the equilibrium lineshapes and
simulated lineshape parameters between the deoxycytidine substrate sequence and the
methylated analogue are more subtle. It was concluded that the unmethylated site has a
modestly larger puckering amplitude (0.40 A for C versus 0.35 A for 5-methyl-C).* This
indicates that while there is a significant sequence dependence on local dynamic
properties, there may be a smaller dependence upon modifications of the target DNA
base. The results herein for furanose ring lineshapes and relaxation times are analogous
in that they compare samples that contain uracil versus thymine which, like cytosine and
5-methyl-cytosine, only differ by the presence of a single methyl group. Given the
identical base pairing and the small steric difference between the two bases, it is perhaps
not surprising that demethylation of the DNA leads to no detectable dynamic
perturbation.

It must be stated that the lack of distinct spectral features suggests a difficulty in

providing non-degenerate simulations that fit the experimental lineshapes. The results
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from the simulations presented do offer some insight into the local motions as well.
Although the harmonic potential is without a significant energy ‘barrier’ to
conformational rearrangement, it can be seen in Figure 2.2 that the angular dependence to
the barrier is significant, and the pseudorotational conformations outside the bottom of
the well will not be highly populated. Indeed, this is indicated in Figure 2.8, which
displays populations of sites within the trajectory used in the best fit simulation and
compares them to the site populations of an unequal two well potential (Figure 2.2b) with
barrier heights 5 k7T and 1 k;T. These data suggest that these sugar rings, undergoing
motion within this harmonic well, are only sampling a small number of conformations.
This result is consistent with previous data for the T:A indicating small angle motion,’'
that even though the overall angular excursion of the sugar ring is large (0.5 A), only a
small number of these sites are highly populated.

What is the importance, if any, of these similar motions and what conclusions can
be drawn from this work? Taken initially, these results may seem to contradict the
hypothesis of a dynamic component to lesion recognition, and this is certainly a possible
interpretation. In particular, the replacement of thymine with uracil while base pairing
with adenine represents one of the least significant structural alterations and this type of
structural disruption may provide relatively small effects on the overall DNA properties.
Sequences containing other lesions are currently being examined.

The differences between the U:A and T:A samples are indistinguishable,

indicating that purely dynamic recognition process via local motions of the furanose
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ring is unlikely to be the sole arbiter of specificity. Indeed, other aspects including

steric hindrance and electronic properties of the 5-substituent and thermal stability of
base pairing partners have been proposed as other means of discrimination.” The
current work agrees well with established data on several fronts. First, uracil base-
paired with adenine provides lower activity in uracil DNA glycosylases from various
organisms™ >’ as well as other DNA glycosylases with uracil as a substrate," relative to
U:G base pairs. Additionally, U:A base pairs have significantly different melting
thermodynamic properties relative to U:G base pairs (as well as other base pairing
contexts).” If there is a dynamic component to recognition, they may be exhibited
more strongly in a U:G base pair than in a U:A base pair.

Sequence context may also play an important factor. It has been stated that for
uracil recognition, that sequence plays a greater role than base pairing in determining
repair enzyme activity.”'> When a large number of sequences were tested for activity,
the flanking sequence for the samples in this work (i.e. 5'-AATUCG-3') offered a
relatively low activity compared to the optimum flanking sequence (5'-GCAUAA-3")."
%2 Flexibility in the nearest neighbors of a uracil has also been proposed as a aspect of
recognition from fluorescence studies.™ Sequence dependence may ultimately result
from differences in base stacking energies between the uracil and its neighbors.
Differences in base stacking have been suggested as playing a role in recognition of
thymine in T:G base pairs.">*

If there is a dynamic component of discrimination and/or recognition, there may
be other reasons that differences do not appear in these two samples. First, the important

subunits responsible may be other than the furanose ring. In fact, the backbone
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methylene group in C:G base pairs have more significantly different local motions than in

5-Me-C:G base pairs.** The backbone moiety contains dihedral angles that must be
altered significantly during the nucleotide flipping process, and it may be these that have
significantly lowered energy barriers in lesion-containing DNAs. Second, the timescale
of motions may be beyond the region accessible by the experiments performed, and it has
been proposed that U:G removal happens faster than U:A removal.”?

This work offers insight into the local dynamic properties of DNA containing the
single base lesion uracil base paired to adenine. To our knowledge, this work represents
the first site-specific ‘H SSNMR study of damaged DNA dynamics. Given the
importance of understanding the functional roles of dynamics in biomolecular recognition,
analysis and quantification of these motions becomes important in determining their role.
Our results suggest the presence of a uracil base pairing with adenine does not alter the
dynamics of the furanose ring from lineshape and relaxation analysis. Therefore, a
dynamic component of uracil recognition via the furanose ring is unlikely to be the sole

arbiter of specificity for uracil DNA glycosylase.
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Chapter 3

Theoretical and Experimental Solid-State NMR Study
of a Melamine-Cyanuric Acid Complex

Summary

The highly insoluble adduct formed between melamine and cyanuric acid is widely
used as a cosmetic and polymer additive, and has been implicated in animal and human
kidney failure resulting from the ingestion of melamine-tainted food-products. While the
canonical structure of the complex is a layered graphitic two-dimensional hexagonal
latttice, a low-quality X-ray structure reported a monoclinic distortion.

We have used 'H, *H, and *C solid-state NMR to investigate this material. Our
results reveal a highly permeable porous structure, which allows access of small-
molecules to the interior of the crystallites and rapid exchange of hydrogens between
crystals and ambient water vapor. Quadrupolar coupling constants (Cq) obtained by
sideband analysis of the chemical-shift-resolved “H MAS SSNMR spectra indicate the
presence of only two chemically distinct deuterons (rather than the five predicted from
the crystal structure) and indicate a strong N-H...N hydrogen bond between the cyanuric
acid donor and melamine acceptor. The longer NH...O hydrogen bond (N...O ~2.96 A)
has a significantly larger Cq value of 133 kHz compared to the Cq of the shorter NH...N
hydrogen bond (N...N ~2.86 A) at 90 kHz. In contrast to previous work” 'H and "*C
MAS spectra similarly show two chemically distinct hydrogens and carbons respectively,

consistent with the hexagonal structure; we obtain *H linewidths substantially less than
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the previously reported splittings due to the monoclinic distortion. Careful inspection of

previously published *H and '>C MAS spectra suggests that the apparently increased
multiplicity is not a result of lattice inequivalence, but rather, is a consequence of mis-
setting of the magic angle, a species of artifact which has in the past led even experienced
spectroscopists astray. Finally, powder x-ray diffraction shows no evidence of
microcrystalline structure in the complex, and is consistent with two-dimensional sheets

stacked in a disordered fashion.
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3.1 Introduction

The recent controversies regarding the industrial melamine contamination of
human and animal foodstuffs have brought intense international interest in this
compound.' With a high mass percentage of nitrogen, melamine is frequently added to
animal feed to give it false “high protein” content. Melamine is used along with cyanuric
acid as a non-halogen flame retardant, a basis for supramolecular self-assembly’, a
potential solid lubricant, and in many plastic products.” The nature of the cyanuric acid-
melamine complex (CAM) has been studied now for decades, with Ranganathan
publishing the crystal structure after the complex was painstakingly grown under
hydrothermal conditions.” The challenge to obtaining quality crystallographic data prior
to Ranganathan’s work is that the CAM complex is insoluble in organic solvents and

rapidly precipitates from aqueous solution.

Structurally, the non-covalent nature of the CAM complex is of particular interest.
While hydrogen bonds have been readily probed by many scientific means, little is
currently known about their contribution to the robust structure of CAM and its formation
via molecular self-assembly.’ IR spectroscopy revealed that CAM is held together by
hydrogen bonding.® It has been shown both experimentally and theoretically that NMR
chemical shift values are highly dependent on the strength of the hydrogen bond.”” Using
solid-state NMR, Berglund and Vaughan compiled deuterium quadrupole coupling
constants for a variety of O-H...O hydrogen bonds. They showed that the coupling
constants decrease from 275 kHz for the infinite r,._, (corresponding to the isolated O-H

group on calcium hydroxide) to about 50 kHz for the shortest r,__, distance.” Therefore, a
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systematic solid-state NMR study of the CAM complex can provide structural insight

pertaining to the relative strengths of these hydrogen bonds.

Structural insight is most easily achieved through studying localized interactions.
For example, in an NMR system the two most localized interactions are the proton or
deuteron-specific chemical shift or the quadrupole coupling constant (Cgq). Previously, we
have shown that short O-H. . .O hydrogen bonds show a positive dependence of the
deuterium quadrupole coupling constant with temperature by determining the value of
d(Cq)/dT (kHz/K) from deuterium SSNMR spectra.’ Little has been done to determine if
these same trends are witnessed in longer, nitrogen-based hydrogen bonds. The presence
of two distinct nitrogen-containing hydrogen bonds in the CAM complex makes it an

ideal system of study.

Previously published x-ray diffraction* and SSNMR data'” seemed to be
inconsistent with the conclusion that the CAM complex forms highly symmetric,
graphitic-like sheets. For these previously-mentioned studies, only crystals grown under
hydrothermal conditions were suitable for single-crystal x-ray diffraction. These studies
reported an overall monoclinic distortion of the complex that was inconsistent with our
preliminary quantum calculations. Follow up work by the Damodaran group'® used °C,
*H and "N SSNMR methods that seemed to confirm the monoclinic crystal structure
proposed by Ranganathan’s original work. These seemingly inconsistent results with our

initial calculations led to our study of the crystal structure with SSNMR.
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3.2 Theory

3.2.1 The Pake powder pattern and magic angle spinning. Solid-state NMR is mostly
focused around the analysis of single crystal and powder samples. In solution NMR,
rapid molecular tumbling in solution averages orientation-dependent, or anisotropic,
effects. While these effects are not completely averaged out in solution state, they are
sufficiently averaged over the time range of a typical NMR experiment, therefore
resulting in the lack of spectral frequencies associated with these anisotropic interactions.
Anisotropic effects in solid samples arise from inequivalent nuclear sites within the
magnetic field, leading to the super position of many spectral frequencies associated with
each nuclear orientation. This is especially problematic in powder samples and the
resulting spectral shape, called the “powder pattern,” can obscure any valuable molecular

properties one might wish to obtain from an NMR experiment.

Magic angle spinning (MAS) is a technique developed in the 1960’s' that is
widely used in solid-state NMR to remove or lessen anisotropic effects of chemical
shielding, heteronuclear and homonuclear dipolar coupling, and quadrupolar coupling.
Rapid rotation of a sample at the magic angle can be used to reduce a broadened powder
pattern to one well-resolved line representing the isotropic NMR frequency. However, to
completely average out the anisotropic interactions, the frequency of sample rotation
must be significantly greater than that of the anisotropic interaction. Modern MAS probes
can effectively spin at > 50 kHz while our facility is limited to a 15 kHz rotational
frequency. This often results in anisotropic interactions that are not completely averaged,

resulting in additional spectral lines known as ‘spinning sidebands’. These spinning

sidebands radiate out in either direction from the central isotropic frequency at an interval
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equal to the spinning speed. At lower spinning speeds, it can often be difficult to
differentiate the central isotropic frequency from the spinning sidebands. However, the
central frequency will not change position as a function of the spinning speed whilst the

spinning sidebands will.

Magic angle spinning is an effective way of obtaining high resolution spectra
because all second-rank tensor interactions share a common (3cos®d — 1) dependence,
where 0 is the angle between the most distinct principal axis of the tensor and the
magnetic field. By spinning rapidly at an angle 6g: (3cos’dg — 1) = 0, or in other words
Or ~ 54.74°, where 6 is the angle between the spinning axis and the applied magnetic
field (Figure 3.1). Optimization of this magic angle is imperative to the quality of spectra
obtained by MAS SSNMR. Significant line broadening and the lack of well-resolved
spinning sidebands can occur if the magic angle is even slightly “off angle.” It is common
practice to use the "’Br nucleus in KBr to optimize the angle, as no decoupling is required
to get narrow, well-resolved lines and sidebands. KBr is ideal in that the quadrupolar
nucleus, "’Br, is abundant and rapidly relaxes so that angle optimization can be done with
single scans using either the transformed data or the free induction decay (FID).
Optimization of the magic angle with the FID is particularly convenient as the presence
of rotational echoes in the FID means there is no need to perform a Fourier transform
after each scan. Figure 3.2 compares the FID and spectrum of a pseudo-optimized magic
angle for KBr (figure 3.2 A and C) versus an angle that has not been optimized (figure

3.2 B and D).



principal z-axis
of tensor

Spinning
Axis

Figure 3.1. Magic angle spinning places a sample in a cylindrical rotor at an

angle O (54.47°) with respect to the applied magnetic field (By).

The ellipsoid in the picture represents the tensor of the
anisotropic interaction, and labeled is the distinct principal axis
of the tensor in the principal axis frame.
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Notice in the non-optimized FID the complete lack of any rotational echoes and the

presence of only a few pairs of spinning sidebands.
Upon spinning a sample at the magic angle, the Larmor frequency evolves into

05 = -0, G+ A cos(@ +7) + B sin(yt +7)+ A, cosQyt +2y) + B,sinQoyr +2y) | (3.1)

where

XX ped yy ped
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(3.2)

In the previous equations, wyis the rotational frequency about the magic angle and
a, f and y are the Euler angles that rotate the principal axis frame to the rotor axis frame.
Further analysis of equation 3.1 shows the time-independent isotropic chemical shielding
(o) as well as two terms that oscillate about the central frequency by wrand 2w;. If wxis
significantly larger than the chemical shielding anisotropy, the magnitude of the

oscillating frequency is negligible and no sidebands are present.'> '""'®

3.2.2 Cross polarization magic angle spinning (CPMAS). The observation of dilute
spin systems offers another challenge in solid-state NMR. In the absence of strong

homonuclear dipolar interactions, relaxation times for some sites can be prohibitively
long. Additionally, the signal-to-noise is almost invariably worsened due to the dilute

nature of the spin. Excessively long relaxation times can significantly increase
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experimental times. Additionally, dilute spin systems require thousands of scans for well-

resolved spectra, which also leads to long experiment times. Posing an additional
problem in the study of dilute spin systems is the broadening effect of heteronuclear
dipolar coupling when the dilute spin is adjacent to a relatively abundant spin. This is
especially problematic for the SSNMR of organic and biological solids as the dilute

C/"N spins are often near abundant 'H spins.

A combination of high-power decoupling coupled with the use of a specific pulse
program can alleviate these issues. In this particular pulse program, called cross-
polarization (CP), the dilute spin derives its magnetization from an adjacent and abundant
spin-1/2 nucleus (often 'H in organic compounds). An initial 90° excitation pulse on the
abundant spin creates transverse magnetization in the rotating frame. An on-resonance
contact pulse is then applied to the abundant spin system and the spins of both nuclei are
“spin-locked” along a like axis of the rotating frame. In the rotating frame, we label the
field acting on the nuclei B; since the contact pulse is on-resonance. The precession of
each nucleus in the rotating frame will depend on the magnitude of the rf applied as well
as the nuclei’s respective gyromagnetic ratio. A condition called the Hartmann-Hahn
condition (named in honor of the individuals who first discovered cross-polarization)
must be met where the precession of both spins are equal, i.e. y1B11= ysBis. This is
achieved by setting the amplitude of the rf pulses for each spin in a way that the 90° pulse
lengths are equivalent for each spin. The Hartmann-Hahn condition ensures that the
energy barrier between the two spin states for each nucleus is equivalent, so that transfer

of polarization from one spin (the abundant spin) to the other spin (the dilute spin) results
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in no net change in energy and no net change in polarization. The general pulse program

for the cross-polarization experiment can be found in Figure 3.3.

3.2.3 Side band spinning analysis: the Herzfeld Berger method. Magic angle spinning
in SSNMR can provide both the isotropic and anisotropic parameters of a solid sample.
Maricq and Waugh® originally showed that careful measurement of all sideband
intensities can be used to determine the chemical shift anisotropy, but this method is not
always feasible because of sideband overlap. Analysis of a smaller subset of spinning
sidebands by methods set forth by Herzfeld and Berger'” can provide the chemical shift
anisotropy and the asymmetry parameter. As indicated in equations 3.1 and 3.2, the
intensities of the sidebands are intrinsically related to the tensor elements of the chemical

shielding.

As mentioned, sidebands flank the central isotropic resonance by integer
multiples Noy of the rotational frequency. The relative intensity of the Nth sideband is

given by:

2

N:L]E‘“Frdocsinﬁdﬂ (3.3)
4msy s

where

F= (21ch fexp[ -N6+A_7_(o,3,0)+ A+T+(ﬂ,9))]d9 (3.4)

and the values z_and 7. are dependent on the angles and, therefore, the intensities of the
sidebands are a complex function of only A_and A; variables. Estimates of the A.and A+
variables can be made and the integration completed in order to minimize and stabilize
the magnitude of /y. Experimental sideband intensities must be normalized in order to

directly compare experimental parameters to the theoretical parameters.
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90°

decoupling

\ A
VA

contact pulse

Figure 3.3. The cross-polarization pulse sequence. The abundant spin
is given as I and the dilute spin is given as S.
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This requires that all experimental sidebands be accurately measured which, as
previously noted in the work of Maricq and Waugh, is very difficult. However, this
normalization concern can be alleviated by working with the ratios of sideband intensities
with respect to the intensity of the central isotropic chemical shift, /y/I; where M=0 and
N=£1, £2, £3 and so on. The need to effectively cover the full range of the tensor
elements of the chemical shift and asymmetry parameters remain. Using the typical
convention of the tensor elements, 633> 622> 611, Herzfeld and Berger define two new

variables

_ (0-11 +05; — 20—22) (3~5)
(633 - 0-11)

(YH, )03, —0)))

M= o, (3.6)

It is apparent that ¢ will always be positive for positive values of rotational frequency,
and that p has a minimum value of -1 and a maximum at +1. In the original work, specific
orientations were chosen so that A=y and A;=- up and then these values were substituted
into Equation 3.4 to obtain computed sideband intensities. Values of x ranging from 0 to
14 were plotted against p to obtain contour plots of the intensity ratios, so that these plots
could be used to obtain p and u from the ratio of sideband intensities taken from a
spinning sideband spectrum. Modern computing technology significantly simplifies this
process; the sideband pattern is integrated, the integrated intensities inputted into a script
based on the Nth sideband labeling scheme, values for the chemical shielding and
asymmetry parameters are estimated and the script performs a least-squared fit analysis.

This process is repeated until the calculated error is minimized and stabilized.
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3.2.4 Nuclear magnetic parameters and hydrogen bond environment. The magnitude
of nuclear magnetic parameters depends on the chemical environment of that nucleus. In
their study of the strongly hydrogen bonded system of potassium hydrogen malonate
(KHCH,(COO),), Berglund and Vaughan® found that protons in a strong hydrogen bond
generally have larger chemical shielding anisotropies. Additionally, both the anisotropy
and the isotropic chemical shift correlate with hydrogen bond strength in that the isotopic
component of the chemical shielding tends to decrease (relative to the standard) with
increasing strength of the hydrogen bond. X-ray and neutron diffraction data®* of the
potassium hydrogen malonate crystal showed a Ro. o of 2.468 corresponding to an
anisotropy (Aco) of 27.6 ppm and a chemical shift of 20.5 ppm. By comparison, potassium
hydrogen maleate has a slightly stronger hydrogen bond with a Ro._o of 2.437.*' As
expected, the anisotropic component of the chemical shielding is increased to 30.3 ppm

and the chemical shift is increased to 20.9 ppm.

Later experiments by Berglund and Vaughan® would confirm that these trends
with hydrogen bond strengths could be extended to other nuclear magnetic parameters,
mainly, the quadrupole coupling constant of deuterium in hydrogen bonds. Taking the
published NMR and crystal structure data for a variety of strongly hydrogen bonded
solids, they found that the trend in deuterium quadrupole coupling constants was opposite
to the anisotropic component of the chemical shielding, meaning, the quadrupole
coupling constant decreased in magnitude with increasing hydrogen bond strength.
Conglomerate plots of these trends for the Berglund Vaughan study can be found in

figure 3.4.
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Figure 3.4. Plots showing the trend of (A) chemical shielding anisotropy and (B)
deuterium quadrupole coupling constant in a variety of strong
hydrogen bonded solids.”
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3.3 Methods

3.3.1 Computational chemistry studies. Electronic structures were optimized using the
GAMESS'® software package at the B3LYP/6-311++G(2d,p) level of theory. To reduce
computation time, the tri-fold rosette structure of the CAM complex was optimized first
using a simplified trimer model in which cyanuric acid was the central molecule
surrounded by three melamine molecules (Figure 3.5). All of the melamine atoms’
molecular coordinates were frozen with exception of the nitrogen atom involved with the
N-H. . .N hydrogen bond connecting the cyanuric acid to the melamine. Once the
cyanuric acid molecular coordinates and the N-H. . . N hydrogen bonds were optimized,
the remaining melamine atoms were unfrozen and the entire trimer was optimized. The
procedure was repeated for the melamine-centered trimer (Figure 3.6) and once
optimized, the coordinates were combined and the entire 174 atom tri-fold rosette

structure was optimized.

3.3.2 Sample Preparation. Melamine and cyanuric acid were purchased from Sigma-
Aldrich. The protonated complex (Sample A, Figure 3.10) was prepared by combining
with rapid stirring 0.01 M aqueous solutions of cyanuric acid and melamine, filtering, and
drying with a vacuum pump overnight. The perdeuterated complex sample (Sample B,
Figure 3.10) was prepared similarly; however, deuterium oxide purchased from Sigma-
Aldrich was used to prepare the solutions. The species to be deuterated was prepared in a
deuterium oxide solution while the non-deuterated species prepared in water and then
mixed thoroughly, filtered, and dried via vacuum. Once thoroughly dried, the samples

were sealed and frozen to prevent any isotopic exchange.
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Figure 3.5. Simplified rosette structure used to optimize the central
cyanuric acid molecule (bold) in the CAM complex. The
molecular coordinates of the surrounding melamine molecules
were initially frozen to decrease computational time (grey).



Figure 3.6. Simplified rosette structure used to optimize the central
melamine molecule (bold) in the CAM complex. The molecular
coordinates of the surrounding cyanuric acid molecules were
initially frozen to decrease computational time (grey).
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The samples for the isotopic exchange study were prepared as indicated above,
though the samples were left in a deuterium vapor equilibrated desiccator to promote
isotopic exchange. The chamber was equipped with the dried protonated complex and a
receptacle of deuterium oxide along with a fan to ensure saturation of the deuterium
isotope. Additionally, perdeuterated CAM was placed in the desiccator with protonated

water to promote the back-exchange of deuterons off the CAM complex.

3.3.3 NMR Experiments. Spectra were acquired with a Bruker Avance spectrometer
operating at 14.1 T (92.102 MHz for deuterium, 600.0 MHz for proton, and 150.864
MHz for carbon-13) using a simple one pulse sequence with a 7/2 pulse of 2.0 us for the
proton spectra. Deuterium MAS SSNMR was performed using a Bloch decay and high
power proton decoupling with a 4.0 ps 7/2 pulse. The CPMAS protocol for the *C work
included a 30 s second delay and a 2 ms mixing time. The proton n/2 pulse was 3.70 ps at
8 dB power. MAS rotational frequency was 15 kHz for both deuterium and proton
spectra collected at ambient temperatures, while various spinning speeds for the CPMAS
were completed to determine chemical shielding parameters of the carbon atoms. All
proton and deuterium spectra were referenced to isotopic frequencies of residual protons
and deuterium in deuterium oxide and the CPMAS data referenced to TMS. Based on the
formulas derived by Herzfeld and Berger,'> MAS and CPMAS sideband intensities were
used along with least squared fit analysis to obtain experimental quadrupole coupling

constants (Cp) and asymmetry parameters (7).
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3.4 Results and Discussion

The GAMESS electronically optimized rosette structure of the CAM complex is
shown in Figure 3.7. Cyanuric acid and melamine are isoelectronic and the overall
structure of the complex optimizes to a symmetric D3, symmetry. This result suggests a
highly symmetric hydrogen bonded supramolecular structure which is counter to the
relatively asymmetric nature of the single-crystal grown under hydrothermal conditions
in the previously published x-ray diffraction paper.* Previous SSNMR studies of CAM
had suggested that while both cyanuric acid and melamine are independently symmetric
in their monomeric forms, the inequivalence of the hydrogen bonds in the complex
impose an overall asymmetry due to distinct chemical environments. Specifically, those
nitrogen, carbon and proton atoms on the two-fold symmetric axis were chemically
distinct from those atoms off axis. This suggests a 1:2 “H multiplicity in the cyanuric
acid and a 2:2:2 *H multiplicity in the melamine as labeled in Figure 3.8. The original
authors claimed that while the exocyclic amino protons in the melamine molecule are
chemically equivalent, in the supramolecular structure these protons form an inequivalent
number of hydrogen bonds: one, two, or none leading to the overall magnetic
inequivalence. Furthermore, they noted that this same multiplicity is not observed in the
splitting patterns of the carbon and nitrogen atoms on melamine, to which they attribute
to chemical shift dispersion. Our preliminary computational work suggests otherwise and,

as shown below, seems to be confirmed with powder SSNMR studies.



Figure 3.7. B3LYP/6-311++G(2d,p) optimized structure of the
hexagonal 2D lattice of the melamine-cyanuric acid

complex. The rosette structure optimizes to an overall
D3, symmetry.
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Figure 3.8. Published deuterium SSNMR chemical shift multiplicity for the
CAM complex. The deuterons are cyanuric acid is 2:1 (blue:orange)
while melamine is 2:2:2 (red:green:purple).
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MAS SSNMR spectra of the protonated and deuterated complex at ambient

temperatures are shown in Figure 3.9. The relatively narrow proton lineshape downfield
corresponding to the cyanuric acid proton/deuteron in Figure 3.3a shows resolved signals
in both the proton spectrum and the deuterium spectrum. The presence of two chemically
inequivalent protons on the melamine species is witnessed by the two distinct chemical
shift values. Additionally, the amino protons are in such proximity that they lead to
dipolar broadening of the lineshape as seen in both the proton and the deuterium
SSNNMR spectra. Upon analysis of the proton SSNMR spectrum, this dipolar coupling
is evident due to the broadening of the center band as well as increased intensities of the
sidebands. The proton spectrum of the CAM complex shows two distinct chemical shift
values, one narrow line downfield relative to the wider line upfield. The distinct chemical

shifts confirm the presence of two separate hydrogen bonds in the complex.

The downfield shift at 14.5 ppm corresponds to the shorter amine hydrogen bond
from the N-H of the cyanuric acid to the cyclic N of the melamine. The upfield shift at
7.5 ppm corresponds to the longer amide hydrogen bond of the N-H from melamine
hydrogen bonded to the carbonyl on the cyanuric acid. These assumptions are verified by
the difference in the experimentally determined deuterium quadrupolar coupling
constants. Sideband spinning analysis of the “H SSNMR spectrum showed that the
shorter 2.87 A amine bond of the cyanuric acid deuteron in the supramolecular structure
has a decreased Cyp of 135 kHz relative to the longer amide bond in the monomeric form

with a deuteron Cyp of 178 kHz.
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Figure 3.9. (a) 'H SSNMR of the 'H-labeled CAM complex. (b) “H SSNMR of the
perdeuterated CAM complex. (c) Close-up view of the central frequency
of the *H spectrum showing the two chemical environments

corresponding to the cyanuric acid deuteron (downfield) and the
melamine deuterons (upfield).
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Likewise, the longer amide bond of the melamine deuteron in the CAM complex results
in a larger Cyp value of 201 kHz compared to the shorter amine bond of melamine, with
deuteron Cyp values of 192 and 222 kHz. These experimental results for the CAM
complex are tabulated and compared to the monomeric forms of cyanuric acid and
melamine in Table 3.1. The variance of the deuteron quadrupole coupling constant in the
melamine species can be attributed to the fact that in the crystal structure, while exocyclic
amino groups are chemically equivalent relative to reach other, the protons on the
exocyclic amine are not chemically equivalent. This is attributed to the fact that one
hydrogen bonded to the cyclic nitrogen atom of the adjacent melamine and the other

proton is not involved in hydrogen bonding.

Precipitation of the complex from solution occurs at a rate that exceeds the
isotopic exchange of deuterium, as noted in the selectively labeled CAM spectra shown
in Figure 3.10. Proton powder SSNMR spectra of the selectively labeled (protonated,
Sample A; deuterated, Sample B) complex show chemical shift values and lineshapes
only relevant to the unlabeled constituent. Conversely, chemical shifts and lineshapes for
the deuterium spectra correspond only to the labeled constituent. The proton spectrum of
the CAM complex with *H labeled cyanuric acid shows a dipole-broadened lineshape due
to the presence of amine protons on the melamine constituent. Likewise, the proton
lineshape corresponding to the *H labeled melamine in the CAM complex is relatively
narrow, since a majority of the dipolar broadening due to the melamine protons has been

reduced due to the isotopic exchange.
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Species Co (kHz) Co (kHz) Bond Type Bond length
A)
Theoretical Experimental
Cyanuric acid 181 178 N-H...O 2.83
Cyanuric acid
(complexed) 140 135 N-H...N 2.87
Melamine 206 192,222 N-H...N 3.0-3.1
Melamine
207 201 N-H...O 2.96
(complexed)

Table 3.1. Tabulated data of theoretical quadrupole coupling constants compared to our
experimentally determined quadrupole coupling constants of deuterons
within the CAM complex. Included are hydrogen bond lengths for the
cyanuric acid and melamine species both singularly and within the complex.
Single point calculations of the electronic field gradient for the optimized
structures of melamine and cyanuric acid provided theoretical Cq values.
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Figure 3.10. (a) Proton SSNMR spectrum of the isotopically labeled *H-Cyanuric acid,
'"H-Melamine complex. (b) Proton SSNMR spectrum of the isotopically
labeled 'H-Cyanuric acid, *H- Melamine complex.
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We compared our “H and >C CPMAS (Figure 3.11) SSNMR lineshapes to those

previously published'® in an attempt to understand the chemical shift splitting discrepancy.
Our experimental CPMAS lineshapes were far simpler compared to the variety of
splitting patterns found in the original work. For instance, the results in the original
SSNMR work showed a distinction in the chemical shifts of the atoms on the axis of
symmetry compared to those atoms off the axis of symmetry. If the supramolecular CAM
structure was actually hexagonal, one would expect chemical and magnetic equivalence
of these atoms. Inspection of our SSNMR lineshapes showed two chemically distinct
hydrogens and carbons, respectively, rather than an extensively split lineshape, consistent
with the hexagonal structure we obtained via quantum calculations. While fine pattern
chemical shift distinction can easily be concealed in a pattern with significant broadening,
we obtained "*C and H linewidths substantially less than the previously reported
lineshapes. Careful inspection of previously published “H and >C MAS spectra suggests
that the apparently increased multiplicity due to the monoclinic distortion of the
supramolecular structure is not a result of an overall lattice inequivalence, but rather, is
most likely attributed to a mis-setting of the magic angle. Direct comparison of our
central frequency lineshapes for both *H and "°C to the previously published lineshapes

can be found in Figure 3.12.

In an attempt to confirm our quantum mechanical studies that indicated an overall
hexagonal structure of the CAM complex, we performed powder x-ray diffraction on the
complex formed at ambient temperatures and pressures (Figure 3.13). The overall
simplicity of the powder pattern seems to confirm a highly symmetric structure, rather

than the monoclinic distortion previously reported* for single crystals grown under



hydrothermal conditions. We can confirm by a combination of NMR and x-ray
diffraction studies that the solid obtained under ambient conditions is distinct from the

single-crystal obtained via hydrothermal synthesis.
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Figure 3.11. "°C cross-polarization SSNMR spectrum of the CAM complex
with a 6 kHz MAS rotational frequency.
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Figure 3.12. Comparison of our (a) ’C and (b) *H experimental SSNMR central
frequencies (top) to those previously published'® (bottom) for the CAM
complex.
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Figure 3.13. Powder x-ray diffraction of the CAM complex
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3.5 Conclusion

The room temperature complex formed between melamine and cyanuric acid in
neutral conditions appears to be unlike the single crystals formed previously via
hydrothermal conditions. The crystal structure of the sample formed under ambient
conditions appears to be a highly symmetric two-dimensional layered hexagonal structure,
rather than the monoclinic structure previously reported. We have confirmed this with
extensive quantum mechanical methods as well as 'H, ?H, and *C SSNMR. Our solid-
state NMR results vary greatly from those previously reported in that our results show
two unique proton and carbon environments indicating a highly symmetric adduct rather
than a distinction between the proton and carbon atoms that are on-axis versus those that
are off-axis. The overall simplicity of our powder X-ray diffraction studies seem to
confirm an overall hexagonal structure rather than the monoclinically distorted crystal
structure reported previously. Further investigation of the previously published SSNMR
data suggests that the magic angle was mis-set resulting in what looked like an increased
multiplicity in the lineshape, leading the original investigators to assume that this was
sufficient evidence of the monoclinic lattice inequivalence as previously reported by

Ranganathan.

Additionally, the relative magnitudes of the deuterium quadrupolar coupling
constants directly correlate to the length of the hydrogen bonds as reported by
Ranganathan, et al. Very strongly shifted deuterium and proton chemical shift data of the
cyanuric acid N-H---N bond in the complex agrees with the relatively small

experimentally calculated Cq value and the small bond length as reported.
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Chapter 4

Thermodynamic Isotope Effects in the NMR Spectra of
Partially Deuterated Amino Acids

Summary

A common assumption in NMR is that isotope labeling is not perturbative. This is
often not so for deuterium. Theory and experiment demonstrate that fully deuterated (—
ND;") and partially deuterated (-NDH,") amino groups in three distinct crystalline amino
acids have substantially different *H spectra, because of partitioning of deuterium out of
strong hydrogen bonds, which disrupts averaging by thermally activated hops of the
group. Thermochemical quantum calculations allow us to compute deuterium partitioning
between the three sites, and reproduce the effect. Such computations predict similar but
somewhat smaller effects in partially deuterated methyls, particularly if one site is
sterically crowded. Accurate computation of methyl and amino group spectra and spin

relaxation requires accounting for these effects.
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4.1 Introduction

Deuterium solid-state NMR is powerful technique for investigating molecular

739 (see Chapter 2) and gaining structural insight’*' (see Chapter 3). This is

dynamics
mainly due to the nature of deuterium’s electronic quadrupole interaction. This
orientation-dependent quadrupole interaction arises from the interaction of the nuclear
electric quadrupole moment with the electric field gradient. Hence, the quadrupole
interaction acts as a very convenient structural probe due to its dependence on electron
density. Furthermore, its relatively small magnitude (ranging from 140-220 kHz in
organic compounds) is small enough that is does not completely distort the NMR
spectrum unlike quadrupole lineshapes of nuclei with significantly larger electric
quadrupole moments. However, the magnitude of the quadrupole interaction remains
large enough that it can still act as a sensitive probe of the electronic environment.
Additionally, the relative simplicity of deuterium’s spin dynamics compared to other
quadrupole nuclei allow for complete analysis of density matrices in complicated pulse
sequences and relaxation processes. Another simplification is that the 2™'-order
quadrupolar contribution to the lineshape is often insignificant for deuterium compared to
its /> 1 counterparts. This adds to the overall ease of theoretical descriptions and

lineshape simulations.*>?

4.2 Theory

4.2.1. The thermodynamic isotope effect. The structural, thermochemical, and

geometric effects upon isotopic substitution have been well described.'~***2° Recently,



108

many experimental schemes have been developed that use isotopic substitution as a tool
in understanding biological reactions and structures. Substituting in a heavier isotope
increases the mass and changes the zero point energy, thus perturbing the equilibrium and
kinetics.” Early and extensive study of the elementary hydrogen molecules (H,, HD, and
D,) revealed that many thermochemical properties including heats of fusion and
vaporization, molar volumes, and others changed upon substitution of the heavier
isotope.>> These early studies also reveled that isotopic effects were small except for
those involving hydrogen and the effects decrease substantially with increasing atomic

weight.

The isotopic exchange process was generalized by Harold Urey” by:

aA, +bB, = aA, + bB, (4.1)

in which the (2) subscript indicates the heavier isotope. From this, the equilibrium

constant could be written as a ratio of the partition functions.

(Q%A, )a (4.2)

K=——"%

0,/ Y
0,

It was noted through experimental and computational work that the ratio of the partition
functions decreases with increasing temperature, indicating that the effect would be more
pronounced for experimental or calculations being completed at room temperature or
lower. Additionally, kinetic amide isotopic effects have been used repeatedly for
understanding protein folding by directly assaying transition state structures.' This effect

can be used to extract thermochemical data from the folding and unfolding of proteins by:
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= n I’ (4.3)

eq

The equilibrium constants can be written as a function of the isotopic exchange folding

and unfolding rate constants:

k7

f

D

AAGP ™" = —RT In k, (4.4)

H

k; kH
Geometric isotope effects in which substitution of heavier isotopes can perturb

equilibrium molecular geometry can also occur.”>** Geometric perturbations of hydrogen
bonds can affect entire molecular structures and physical properties. Known as
Ubbelohde™'? effects by the solid-state physics community, these effects have been
studied extensively in ferroelectric materials and by NMR, diffraction studies, and
microwave spectroscopy in liquids and gases.”'' More recently, quantum chemical
calculations and molecular dynamic simulations have been used to study geometric

effects.® In a hydrogen bond, denoted A—X- - ‘B where X = 'H or *H, two observations

are made upon substitution with the heavier deuterium isotope:
(1) the intramolecular A—X bond shrinks and
(2) the intermolecular X- - ‘B elongates.

The shrinkage of the intramolecular bond can be attributed to the decrease in the zero-
point energy, which in turn reduces the anharmonicity of the hydrogen atom potential.
The theoretical basis for the elongation of the intermolecular bond has so far remained
illusive, though attempts to describe the interaction by decomposing the interaction into

its energetic parts by computational methods have been attempted. This entails describing
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the interaction as a sum of electrostatic, exchange-repulsion, polarization, and charge-
transfer and other energies by computational methods such as LMO energy
decomposition analysis (LMOEDA),” constrained space orbital variation (CSOV),® and

natural energy decomposition analysis using natural bond orbitals (NBO)."*

In hydrogen bonded solids, substitution of a deuteron in a hydrogen bond results
in an overall lengthening of the hydrogen bond and a substantial increase in the phase
transition temperature. Extensive NMR studies in the solution-state have demonstrated
perturbations of magnetic properties with H/D exchange. As shown in chapter 1, the
chemical shielding tensor has an inherent dependence on the nuclear coordinates. Nuclear
coordinates are altered upon isotopic substitution, resulting in a measurable change in the
chemical shift. NMR studies of intermolecular hydrogen bonding systems have proven to
be difficult due to fast proton and hydrogen bond exchange in the solution-state. Some
efforts were made to circumvent these issues by using a liquefied, low-freezing Freon
mixture (CDF,ClI-CDFy5) as a solvent in slow exchange regimes.'"'? In 2001, Lorente et
al. used 'H, *H and "N SSNMR techniques to measure H/D exchange effects in
hydrogen-bonded solids. These studies resulted in measurable alterations of the chemical

shifts and changes in the magnitude of ""N—"H/*H dipolar coupling.

4.2.2. Deuterium solid-state NMR. It was previously shown that the total NMR
Hamiltonian can be written as a sum of terms including the Hamiltonian describing the
internal interactions and the Hamiltonian describing the external interactions. The
external Hamiltonian is dominated by the Zeeman interaction. For nuclei with 7> 1, the
internal interaction is dominated by the quadrupolar interaction. Therefore, the total

NMR Hamiltonian for powder static °H NMR can be expressed as:



111

o =H i + H o (4.5)

powder Zeeman

When the static magnetic field is significantly larger than the magnitude of the
quadrupolar interaction, the secular approximation can be used to rewrite the total

powder static Hamiltonian.*” It is of the form:

total

s~ g (1= )+ %wQ (37 -1-1) (4.6)

where g, s the isotropic component of the chemical shielding, w;is the Larmor
frequency, and w¢ is the quadrupolar frequency of the form:

:3€2—‘1Q 4.7
P 4121 - ) D

The 3¢°qQ/h is the quadrupole coupling constant and eQ the nuclear quadrupole moment.
Deuterium is / = 1 and is therefore a three state system with two degenerate spin
transitions of +1 < 0 and 0 < -1. In the presence of the quadrupolar interaction, this
degeneracy is lifted and the result is two transitions at + wg about the Larmor frequency

as shown in figure 4.1."

However, the assumption that only one orientation of the EFG tensor with respect
to the static magnetic field exists is incorrect for a polycrystalline powder sample. In
these types of samples, the orientation of the EFG tensor is random with respect to the
magnetic field. The quadrupolar frequency can therefore be expressed in terms of the

components of the Euler solid angle in the Wigner rotation matrix. The Wigner rotation



112

matrix relates laboratory frame tensor components to the principal axis system of the
EFG tensor.'**

3equ

W, =m[(%oszﬁ—1)+nsin2ﬁ0052)/] (4.8)

If the principal z-axis of the deuteron’s EFG tensor is parallel to the static field, then f =
0 and the resulting spectrum resembles the generalized spectrum as shown in figure 4.1b.
However, a powder sample has a random distribution of EFG tensors relative to the field,
resulting in random values for f and y. What results is a lineshape that is the
superposition of all these orientations. This lineshape is known as the powder pattern or
Pake doublet (figure 4.2). As evident in figure 4.2, there exists three singularities in the

spectrum that correspond to specific orientations of the EFG tensor:

tw, when B=0°

0

wQ(1+n) when B=90", y=0

i)
%(1 n) when B=90°, y =90 (*33)
The doublet nature of the lineshape is a direct result of the two possible spin transitions.
Furthermore, the splitting of the maxima is equal to % the quadrupole coupling constant.
This illustrates the experimental efficiency of deuterium; the relatively small Cy value for
deuterium makes the width of the resulting Pake doublet experimentally much easier to
deal with. Most other quadrupolar nuclei have considerably larger quadrupole coupling

constants. Pake patterns of nuclei with significantly larger quadrupole coupling constants
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Figure 4.1. (A) First-order quadrupolar effects on the energy levels of a
spin / = 1 nucleus. The spin transitions are degenerate under the
Zeeman interaction but the degeneracy is lifted under the
addition of the quadrupolar interaction. (B) The resulting
spectrum will be two frequencies at wy + w,.
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Figure 4.2.

Generalized form of the *H static powder or Pake pattern. The
mirrored superposition of the two Pake patterns is due to the two
allowed spin transitions. The splitting of the maxima is equal to
¥Cop. The shaded region represents one orientation of the EFG with
the field (i.e. a specific set of [f, y]) and the overall lineshape is the
superposition of all these orientations.
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result in a significantly wider lineshape that is often difficult or impossible to fit in one

spectral window.

While the relatively small quadrupole constant for deuterium results in a narrow
spectral lineshape (~200 kHz) compared to other quadrupole nuclei, the lineshape is
significantly broadened compared to non-quadrupole nuclei. This can make obtaining a
non-distorted experimental lineshape difficult. For this reason, NMR experiments of
quadrupole nuclei — especially deuterium — typically utilize a specialized pulse
sequence called the quadrupole echo (or solid echo) pulse sequence (figure 4.3). It is of
the form [(n/2), — 71 — (n/2), — 72 — acquire)] where 7; and 7, are approximately equal. In
practice, however, 7, is usually adjusted slightly so that data acquisition begins directly at

the echo maximum.
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90°, 90°,

Tj ] /\/\/\,
VA

Figure 4.3. The quadrupole echo pulse sequence. 1) and 1, are approximately
equal, but 1, is set so that data acquisition begins at the maximum
of the FID.
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4.2.3. Ab initio calculations of the electric field gradient. For ab initio calculations,

each component of the electric field gradient tensor is treated as a derivative of the

14
energy:

JE(Q)

\Q:o (4.10)
aQam/

Yopy (N)=

In this expression, Q represents the quadrupole tensor with individual components Q.
These tensors can then be diagonalized to provide the principal components. These
principal components are then used to calculate asymmetry parameters (1) and
quadrupole coupling constants (Cyp) as explained in previous sections. The quadrupole
coupling constant is most often calculated theoretically by evaluating the electric field
gradient at each nucleus using ab initio methods. The electric field for any point is given

as

_ 1 q (4.11)
V= R-r

Ab initio methods usually compute field gradient iteratively as a function of the nuclear

coordinates as V;; =dE/di where E is the electric field and i is the chosen coordinate .*!

Some careful attention must be paid to the units. 4b initio programs calculate and
report EFG tensor elements in atomic units: Hartree/Bohr”. Experimentally obtained
coupling constants as obtained though lineshape fitting are usually reported in frequency
units (Hz or kHz). Therefore, we must take into account the appropriate conversion factor.

As explained in Chapter 1, we pick the largest absolute value of the principal quadrupole
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tensor component to be ¢... To convert this to a coupling constant, we must employ the

following equation:

Cp=Cq.0 (4.12)
where Q is the deuterium nuclear quadrupole moment (0.286 fm?) and C is the unit

conversion factor previously mentioned. C has been previously calculated'” and is

expressed as:

(4.35974381x 107" J/Hartree ) (10" m/fm)’
(5.2917720839  10~''m/Bohr ) (6.62606876 x 10~ - sec

Mhz - Bohr?
=2.34964781 ————
fm? - Hartree (*.13)

C =

which provides the theoretically-determined quadrupole coupling constant in frequency

units.

4.3 Methods

4.3.1 Sample preparation. Glycine, L-alanine, and deuterium oxide were purchased
from Sigma Aldrich. L-Histidine monohydrochloride monohydrate was purchased from
Avocado Research Chemicals, Ltd. Glycine hydrochloride was produced by dissolving a
saturating amount of glycine in warm 12 M hydrochloric acid. This solution was stored at
3°C to promote crystallization. The crystals were collected via filtration, ground to a fine
consistency, and then dried overnight in a warm oven. A homemade Schlenk line was

assembled and equipped with a round bottom Schlenk flask. A pre-determined quantity
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of solid amino acid was added to the flasks and then purged with nitrogen gas.

Approximate 10%, 30%, 60%, and 100% deuterated amino acids were obtained by
rapidly dissolving the amino acid in the appropriate amount of 'H,O and *H,O, followed
by rapid vacuum evaporation. To ensure ~99% deuteration, the samples representing the
perdeuterated samples were dissolved in “H,O followed by vacuum evaporation. This
process was repeated at least three times. The flasks remained sealed to prevent isotopic
exchange. The sealed flasks were taken directly for analysis via solid-state NMR, again

minimizing contact with the atmosphere to prevent any isotopic exchange.

4.3.2 Solid-state NMR experiments. The deuterated samples of the amino acids were
placed directly in sample rotors for analysis via SSNMR. The static “H NMR spectra
were obtained at 14 T on a Bruker Avance spectrometer with a deuterium frequency of
92.102 MHz. The n/2 pulse was determined to be 4.1 us for all three samples. A
quadrupole echo sequence [(1/2)x — t1 — (/2)y — T2 — acquire)] was employed with high
power proton decoupling on a double-tuned probe. The delays used were 50 ps (alanine)
and 30 ps (glycine HCI and histidine HCI' H,O) between the two pulses of the quadrupole
echo and a 30 ps and 20 ps delay between the last quadrupole pulse and the acquisition
period for alanine and glycine HC/ histidine HCI'H,O, respectively. The recycle delay
was kept deliberately short at 0.5 s to ensure other exchangeable deuterons with longer
relaxation times were omitted from the spectrum (in histidine hydrochloride
monohydrate). This recycle delay combined with a dwell time of 4 ps resulted in a

spectral window of 125 kHz.

4.3.3 Computational studies. Neutron and x-ray diffraction data were used to generate

multiple unit cells of L-alanine,'®'” histidine monohydrochloride monohydrate,'® and
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glycine hydrochloride." These unit cells were then truncated down to a minimum
number of adjacent molecules representing a single amino acid molecule caged by
adjacent molecules of the amino acid, the minimum requirement being that all hydrogen
bond partners of the central (caged) amino acid’s —NHj are accounted for. These
truncated unit cells were optimized at the B3LYP/6-311++G(2d,p) level of theory. In
these optimizations, all molecular coordinates not belonging to the caged amino acid

were frozen.

Hessian analysis was performed on the optimized coordinates and zero-point
harmonic energies obtained for the eight isotopomers of each amino acid. Electric field
gradients were calculated for the three deuterons on the amino acid. Boltzmann
distribution analysis was performed based on the calculated differences in zero-point
energies to obtain population factors for each isotopomer. The field gradients were
averaged over the 3-NHD,, 3-NH,D, and the 1-NDj isotopomers and weighted by the
Boltzmann probabilities. The resulting weighted field gradients were then diagonalized to
provide the principal tensor components averaged over the population of the isotopomers.
These tensor components were then used to calculate # and Cp theoretical values for the —

ND; " species, the -NDH, " species, and the -ND,H" species.

4.4 Results and Discussion

Optimized amino acid structures used for zero-point energy and field gradient
calculations are provided in figures 4.4 through 4.6. Wilson'® et al. first used neutron

diffraction data to determine the structure of L-alanine. They determined the three amine
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hydrogen bond were relatively symmetric with v 2.836(4), 2.808(3), and 2.861(3) A,

respectively. Experimentally determined hydrogen bond angles £N-H...O were
determined to be 162.2(6)°, 168.6(5)°, and 162.0(5)°. This is in good agreement with the
results of our geometry optimization: rv.__ o, 2.853, 2.815, 2.833 A and £N-H...O,

160.92°, 168.14°, 163.72°.

Al-Karaghouli ef al. used neutron diffraction to determine the glycine
hydrochloride crystal structure. The chloride ion is used to link three glycine atoms into
parallel layers, forming strong hydrogen bonds with two of the hydrogen atoms on the
amine group of the glycine molecule with ry._c; = 3.189(1) and 3.140(1) A and £N-
H...Cl, 170.8(1)° and 166.4(2)°. The third hydrogen atom on the amine forms two weak
bifurcated hydrogen bond interactions: one with the chloride ion of the same molecule
and the other with the carbonyl oxygen of a neighboring glycine molecule. In the first
interaction, 7x._c1, 3.300(1) A and £N-H...Cl, 126.7°. The second interaction has rv.. o,
2.992(1) A and £N-H...0, 131.6(2)°. Again, our computational results are in decent
agreement with these previously reported experimental results. The optimized strong
hydrogen bond lengths ry._ ¢ are 3.112 and 3.149 A with £N-H...Cl bond angles of
176.90° and 168.42°. The bifurcated hydrogen bonds have interatomic distances of 3.290
A for the ry__ciinteraction and 3.060 A for the rv__ o interaction. These correspond to

angles of 120.15° and 137.86° for the £N-H...Cl and £N-H...O angles, respectively.

Fuess et al. reported the crystal structure of histidine hydrochloride monohydrate
using neutron diffraction. They found that the histidine molecules are linked together by
hydrogen bonds of the amine group with the oxygen atom of an adjacent water molecule

and two different chlorine atoms. Their experimental bond lengths were determined to be
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3.193 and 3.198 A for the rn_ ¢ interactions and 2.790 A for the 7y o interaction. These

correspond to bond angles of 169.0° and 149.4° for the £N-H...Cl angles and 168.3° for
the £N-H...O angle. In relatively close agreement, our computed bond distances are
3.192 and 3.198 A for ry._crand 2.774 A for ry.__ o, corresponding to bond angles of 169.0

and 149.45° for «N-H...Cl and 168.0° for £N-H...O.

The spectral comparison of the 10% and 100% deuterated amino acids can be
found in figures 4.4 through 4.6. Boltzmann population-averaged field gradients from the
computational study as well as harmonic zero-point energies from the Hessian analysis
can be found in Table 4.1. Direct comparison of experimental and theoretical magnetic
and electronic molecular parameters is tabulated in Table 4.2. In all three amino acids,
experimentally determined field gradient tensors depend on the level of deuteration in
that the asymmetry parameter decreases with increasing deuteration. There was no
observable effect on the quadrupole coupling constant. Observation of the theoretically
determined asymmetry parameter and quadrupole coupling constant show the same trend,

but do not reproduce the experimental parameters exactly.

As mentioned previously in this chapter, the thermodynamic isotope effect and
the relative smaller size of a deuteron in comparison to a proton dictates that any
deuteron should preferentially partition itself into weaker hydrogen bonds. For this reason,
a single deuteron in a -NDH, group will preferentially partition into the weakest
hydrogen bond more than 1/3" of its time; likewise, it will partition itself into the
strongest hydrogen bond less than 1/3™ of its time. This phenomenon is represented by
the theoretically calculated Boltzmann populations as reported in Table 4.1 and arises

from the difference in zero-point energies of the isotopomers. Glycine HCI has two strong
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hydrogen bond interactions and a weak bifurcated hydrogen bond interaction.
Additionally, the strong hydrogen bonds differ in length by 0.036 A. As expected, the
calculated Boltzmann populations reflect the differences in hydrogen bond lengths, with a
single deuteron population probability of 0.2702 for the strongest hydrogen bond (3.112
A), 0.3365 for the second strongest hydrogen bond (3.149 A), and 0.3933 for the weakest
hydrogen bond (3.290 A). This same effect is present in the other amino acids of study as
well as the other isotopomers but is lessened due to the similarities in hydrogen bond

strengths.

4.5 Conclusion

Isotopic labeling has been used extensively in the NMR studies of various
materials. While the assumption that isotopically labeling is non-perturbative in nature is
usually a good assumption, this study and previously reported studies shows that this
assumption is not valid for the isotopic substitution of hydrogen. Additionally, this work
also shows that the non-perturbative nature of isotopically labeling can be an especially
bad assumption when determining experimental NMR parameters. This study shows that
this observation can most likely be attributed to the thermodynamic isotope effect. We
have obtained similar trends upon selective deuteration in NMR parameters for
experimental results as well as those parameters obtained theoretically, though careful
consideration of averaging the deuteron along vibrational modes should be considered to

achieve exact fits in magnitude for the NMR parameters.
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Figure 4.4. Truncated structure of multiple alanine unit cells used for the
computational studies. The caged alanine molecule with the amine
hydrogen bonds of interest is indicated by atom numbers 1-12.
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Figure 4.5. Truncated structure of multiple glycine HCI unit cells used for the
computational studies. The caged glycine molecule with the amine
hydrogen bonds of interest is indicated by atom numbers 1-12. Notice
the bifurcated hydrogen bond of the 12H a chlorine atom of the same
molecule and the carbonyl oxygen of an adjacent molecule.
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Figure 4.6. Truncated structure of multiple histidine HCI'H,O unit cells used for
the computational studies. The caged histidine molecule with the
amine hydrogen bonds of interest is indicated by atom numbers 1-23.
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Figure 4.7. Comparison of static ’H NMR spectra of 10% (blue) and
100% (red) deuterated L-alanine.
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Figure 4.8. Comparison of static ’H NMR spectra of 10% (blue) and
100% (red) deuterated glycine hydrochloride.
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Figure 4.9. Comparison of static “H NMR spectra of 10% (blue) and 100%
(red) deuterated histidine monohydrochloride monohydrate.
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ISOTOPOMER ’H ZPE Pop. Vil Vil V.|
number (kJ/mol) weight
NH;—Alanine - 290.907 1 - - -
ND;—Alanine 8,9, 10 262.576 1 0.08358 0.04376 0.03982
NHD,-Alanine 8,9 272.134 0.3247
NHD,-Alanine 8,10 272.078 0.3321 0.08361 0.04484 0.03877
NHD,-Alanine 9,10 271.996 0.3431
NDH,-Alanine 8 281.591 0.3231
NDH,-Alanine 9 281.505 0.3345 0.08367 0.04641 0.03725
NDH,-Alanine 10 281.446 0.3425
NH;-Glycine - 251.798 1 - - =
ND3—Glycine 10, 11, 12 184.881 1 0.08214 0.08108 0.00106
NHD,-Glycine 10, 11 194.278 0.2737
NHD,-Glycine 10, 12 193.869 0.3229  0.09303 0.08776 0.005274
NHD,-Glycine 11,12 193.317 0.4034
NDH,-Glycine 10 203.201 0.2702
NDH,-Glycine 11 202.657 0.3365 0.10520 0.09321 0.01198
NDH,-Glycine 12 202.271 0.3933
NH;—Histidine - 527914 1 — - —
ND;—Histidine 19, 20, 21 499.855 1 0.08794 0.05115 0.03678
NHD,-Histidine 19, 20 509.068 0.3560
NHD,-Histidine 19, 21 509.448 0.3089  0.08806 0.05416 0.03390
NHD,-Histidine 20, 21 509.275 0.3311
NDH,-Histidine 19 518.603 0.3346
NDH,-Histidine 20 518.433 0.3583  0.08834 0.05775 0.03059
NDH,-Histidine 21 518.816 0.3071

Table 4.1. Computationally determined zero-point energies (ZPE), Boltzmann population
weights, and averaged and weighted electric field gradients for each
isotopomer  of
monohydrochloride monohydrate.

alanine,

glycine  hydrochloride

and

histidine
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ISOTOPOMER THEORETICAL EXPERIMENTAL
L-alanine NDH, ND,H ND; 10% ~99%
Co (kHz) 56.22 56.19 56.17 49.0 49.0
n 0.11 0.07 0.05 0.23 0.18
Glycine HC1 NDH; ND;H ND; 10% ~99%
Co (kHz) 57.31 56.43 55.63 53.0 53.0
n 0.62 0.52 0.41 0.22 0.17
HistidineHCI'H,O | NDH; ND;H ND; 10% ~99%
Co (kHz) 59.37 59.17 59.09 51.0 51.0
n 0.31 0.23 0.16 0.12 0.10

Table 4.2. Comparison of theoretically and experimentally determined NMR
parameters for variously deuterated amino acids.
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Chapter 5

Conclusions and Summary

To summarize this work, solid-state NMR can be combined with computational
methods and fundamental physical chemistry concepts to study a variety of systems and
problems. The nature of the quadrupole moment of deuterium makes it an especially
convenient NMR probe for structural and dynamic studies of various compounds. The
first project included in this work uses static SSNMR and lineshape simulations to
determine if local furanose ring dynamics plays an important role in the BER recognition
of thymidine:uracil mismatches in DNA. Careful consideration of water solvation can
mimic biological conditions while still employing the benefits of solid-state NMR by
restricting gross molecular motions like isotropic tumbling. Relaxation studies of
specifically hydrated oligonucleotides were performed to determine if any gross deviation
of furanose ring dynamics in the mismatched uracil-containing DNA compared to the
thymidine-containing DNA could contribute to enhanced repair protein recognition.
While this study showed that local ring puckering dynamics of the 2" position on the
furanose ring do not contribute to the recognition of the thymidine:uracil mismatch,
previous studies have indicated that other local dynamics likely contribute to the repair

protein recognition for a variety of other DNA lesions.

The second project presented was a study in materials chemistry. Self-assembling

organic molecules have long been of interest for their applications in material science. Of
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specific interest regarding the cyanuric acid-melamine complex was the illicit doping of
human and animals foodstuffs with melamine as a way to increase the measured nitrogen
content, the main concern being that once in the presence of cyanuric acid, a highly
insoluble adduct forms (CAM) that may block kidney function leading to kidney failure
and death. Review of previously published crystal structures and solid-state NMR of the
CAM complex prepared via hydrothermal synthesis were significantly different
compared to our initial NMR results and computationally optimized structures.
Specifically, our results showed that the CAM complex prepared in neutral conditions at
room temperature has a highly symmetric hexagonal lattice, compared to the reported
monoclinic structure formed via hydrothermal synthesis. The relative strength of the N-
H...Nvs N-H. .. O hydrogen bonds were confirmed by comparing experimental Cyp
values and chemical shift values. The trend in the magnitude of these NMR parameters
coincides with previously published SSNMR hydrogen bond data. Additionally, we were
able to show that the complex precipitates out of aqueous solutions faster than H/D
isotopic exchange was able to occur. By selectively deuterating one species in “H,O and
mixing it with the other species prepared in 'H,0, we were able to obtain 'H and *H MAS

SSNMR that showed predominantly one species only.

The final project sought to understand the effects of H/D isotopic labeling on
NMR parameters. Isotopic labeling is often considered non-perturbative. However,
previously published data suggests that the smaller size of a deuteron in comparison to a
proton causes the deuteron to selectively partition itself into weaker hydrogen bonds.
Known as the thermodynamic isotope effect, this phenomenon can cause distortions in

NMR parameters due to geometric and dynamic deviations upon isotopic substitution.
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We successfully demonstrated this effect in three hydrogen-bonded amino acids: L-
alanine, glycine hydrochloride and histidine hydrochloride monohydrate. By selectively
deuterating each amino acid with 10% and ~99% deuteration, we were able to obtain
significantly smaller # values for the perdeuterated species versus the 10% deuterated
species via static SSNMR lineshape fitting. We were able to demonstrate this same trend
theoretically as well. Boltzmann probability values were determined for each isotopomer
from computational zero point energies of optimized structures. These probabilities were
then used to average the electric field gradients obtained via DFT methods and then used
to determine theoretical Cp and # values. Since the values obtained via NMR represent
the thermal average of the NMR parameters over all accessible states, further
computational studies including averaging over the vibrational states would need to be

performed to obtain an exact or approximate match in the NMR parameters.

Overall, this project demonstrates the many facets of solid-state NMR. Coupled
with lineshape simulations and computational studies, SSNMR can be used to study
problems that are more fundamental in nature (thermodynamic isotope effects) to

problems that are significantly more complex (dynamics in biomolecules).



