Analytical Cume April 2006 Crip

NMR Spectroscopy

1. (40 pts) Define the 8 of the following 10 terms. Be Brief!

Most of these terms have numbers associated with them, or a range. Put down a reasonable
value or range and the unit associated with that value for full credit (some quantitative hints are
given in parentheses).

A. Larmor Frequency: @ = yB the frequency of the NMR transition. Common values are
300, 400, 500, 600 800, and 900 MHz.

B. T coupling: Thru-bond coupling that gives rise to multiplets in the NMR spectrum.
Common values are 4-10 Hz for H-H coupling.

C. Chemical Shift Anisotropy(CSA): Orientation-dependent frequency shift of the molecule
in the solid state caused by the tensor nature of the chemical shift. Common values are 50-
200 ppm for BC NMR.

D. Magic Angle Spinning (speed): A method to reduce CSA by averaging the CSA around
an axis of 54.7 degrees w.r.t. the static magnetic field. Common values are SkH — 35kHz.

E. Deuterium channel (frequency): Used to lock the frequency for 'H or ®C NMR using D,0
or another deuterated solvent. Common values are about 9x less that the 'H Larmor
frequency.

F. Probe resonant Q factor: Determines (in part) the S/N of the probe. Defined as the

resonancefrequency over the probe resonance width. Q = @,/A®. Common values are 100~
300.

G. Solvent suppression (for quantitation, mention dynamic range): Used to improve the
dynamic range by reducing the enormous signal of the solvent. Reduction of the solvent
can be as much as 10°. The dynamic range of the NMR spectrometer is determined by the
digitizer. Common values today are 22 bits, or 222 or about 4,000,000.

H. Appodization: Used to improve the S/N by multiplying the FID by a decaying function,
_such as an exponential function that reduces the noise at the end of the FID. It can also be
used to enhance resolution at a cost of some signal distortion. Line widths of 1 Hz are
typical for appodization.

I. T,relaxation: Also known as spin-spin relaxation, this term is largely responsible for the
linewidth seen in the NMR spectrum. In liquids, Ty = T, but in solids, T is very short
compared with T;. Common values are around 1 s for liquid state NMR. '

K. dipolar coupling: Thru-space coupling responsible for relaxation, this term is not
observed directly in liquid state NMR, however, it is seen in solid-state NMR. Various



methods to eliminate its broadening effect om spectrum include MAS and dipolar
decoupling. Typical values for 'H-*C dipolar coupling are 30 kHz.

2. (10 pts) Give two reasons why larger magnetic fields are preferable. Be quantitative, as in “if
the magnetic field strength is doubled the changes by a factor of

S/N and Resolution or chemical shift dispersion. The higher the field, the larger the S/N,
which goes up roughly as the square of the field, or B” (actually B™). The dispersion
increases linearly with the field and allows one to resolve more peaks in densely crowded
spectra.

3. (20 pts) Name 2 different multidimensional NMR experiments and briefly explain how they
work and what they measure.

COSY — measures through bond connectivity in molecules via the '"Hs. The COSY
experiment consists of only 2 pulses, with an excitation and mixing pulse. The evolution
time defined as the time between the two pulses is incremented during the experiment and
is called the indirect (or second) dimension of the experiment. A double Fourier fransform
is performed to convert the time data to frequency information.

HSQC - is a more advanced experiment that measures the proton-carbon correlation for
carbons that have directly bonded hydrogen atoms. This experiment incorporates two

- conversions of magnetization, one from protons to carbon, and the other from carbon back
to protons to improve the sensitivity of the experiment. Carbon chemical shift evolution
occurs during the middle of the pulse sequence.

4, (10 pts) What are the advantages and disadvantages of the 'H-13C heteronuclear HSQC
experiment as compared to 'H or *C NMR?

As described above, the HSQC has high sensitivity and also give good resolution because of
the indirectly detected carbon dimension. The resolution is better than just a 1D proton or
1D carbon. However, it is not sensitive to quaternary carbons. Also, because the method
uses the spins on C during the experiment, it is less sensitive than just 'H (by about 400
times) but more sensitive that just *C direct observation.

5. (10 pts) How does a cryoprobe work? (In a cryoprobe, the detection coil operates at 20K to
improve the signal to noise).

In a cryoprobe, since the coil and electronics are at 20K, they have less thermal noise, thas
increasing the S/N. Although the Q of the probe circuit (see above) is also increased, the
probe filling factor is reduced because of the need for a dewar between the room

temperature sample and the coil. The S/N gain is about 3-4, which results in a time savings
of 9-16.

6. (10 pts) The combination of NMR and multivariate statistical analysis of complex sampies
such as urine or serum is gaining attention as a possible method for early disease detection.



What properties of the NMR experiment do you think are desirable to this end? What are some
undesirable qualities of NMR and what would you do as an analytical chemist to get around
these problems?

The characteristics of NMR that make it favorable for this type of analysis include NMR’s
high resolution and quantitation, its repeatability and limited need for sample preparation.
Advanced methods can sometimes be used to improve resolution or sensitivity,. NMR’s
lack of sensitivity can be a problem, so the use of other methods such as MS is desirable. In
fact the combination of NMR and MS for the analysis of such complex samples is at the
forefront of this field. '



Biochemistry cume/ April 2006 Qn )
1. See page 933, in the textbook "BIOCHEMISTRY" by Voet and Voet ,second edition

2. See page 1126 (Fig. 33-5), in the textbook "BIOCHEMISTRY" by Voet and Voet, second edition

3. Seepage 1124-1127, m the textbook "BIOCHEMISTRY" by Voet and Voet, second edition

Also, through interactions with DNA, the histones would limit the accessibility of DNA to transcription
factors and hence would act as repressors of transcription. This repression is released through
chromatin remodeling, which includes acetylation of histones at specific lysine residues.

4 A. See page 1159, in the textbook "BIOCHEMISTRY" by Voet and Voet, second edition.

There are several hundred known nuclear receptors. Examples include: progesterone receptor, androgen
receptor, glucocorticoid receptor, vitamin D receptor, etc

4 B. See page 1159, in the textbook "BIOCHEMISTRY™" by Voet and Voet, second edition.

5. There are numerous examples: As an example, look up gene regulation by CREB family of
transcription factors (through the cAMP/PKA  pathway), and lookup the pathway regulated by cytokines
through NF-xB family of transcription factors,
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Physical Chemistry Cume Q;b ,!L;Pr ; i 006

Useful Equations:

;]e_axzdx: i% Q=% | qtzgfe"wr (E), =U=Nsz?.§.lTi
Hy=Ey h=hi2n

H ¥ s = %‘Pmm = EponWiramss  HisWop =(_%5x_22 +1 kszWw-b —E v,
AT %wm =E,Y,; L= —-ih-a% :

1. Consider the local torsional motion of one methyl group with respect to a larger effectively
fixed molecular structure {e.g., a protein) depicted above. From your chemical intuition, do you

expect the barrier for torsional inter-conversion (E,) of a free CHj group to be greater than, lesser

than, or comparable to kT at room temperature?
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2. Let’s assume we are operating at a temperature high enough that E, <<kT. In this limit, the

wavefunctions describing torsional motion effectively reduce down to those of a 1D rigid rotator
describing the clockwise and/or counter-clockwise motions of the 3 hydrogen atoms about the C-

C bond with a moment of inertia Icys. Using typical values for bond lengths and bond angles,
estimate the value of Jogs (in units of amu*A?).

($)

e Howt
__éw G'V“L" |
loger Yy

’T\/P,‘m( (HbodlestlE 1422
- <O r&}{s = EWF' ({‘—(;ém)t - 2. (Iamu)(ﬂf)z

:L_IQ&IML,/,?‘?“

- lOC}.(O oS (lﬂf& d'\g'véé\_‘}‘o ?Oj
jms—/{ ‘}_Feﬂ'i‘\k{"é.s

o

A



@

3. Derive an expression for the set of normalized wavefunctions describing the pseudo-rotational
motion of a single CH; subunit using the boundary conditions wcus($) = Wens(d + 2m) and/or
Yem(9) = yens(¢ + 2) starting from a general solution of .y, (¢) = Ae™ , where 4 and m can

each be any real rational number. Show that resulting the wavefunction is an eigenfunction of the
angular momentum operator [, , with the z-axis defined as the C-C bond axis. What are the
eigenvalues?
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4. Show that the wavefunction Wcma(9) you derived in 3) leads to the following solution for the
energy of the pseudo-rotational eigenstates. Using your calculated moment of inertial for CHs,
how does the energy of the m = 1 excited state compare with kT? (hint: for a 1D rigid rotator,
P=ili). :
Wm®
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5. Using this expression for the energy, prove that the partition function for this torsional motion
(which is formally a vibrational motion} is given by the following expression:

(271, kT
qu = hZ 2 " 5
_ M

_.; & -5 LI ' -
ﬂQ-_‘- Zabé ""A(T’: 2 69—3:&1’ z f@ D[MJd\ ijr

"
[
—
N
1
.,
Sr-
S
3
1
b
i ‘
(A
=

1)

Zaw L kT
—

REN,

6. From the expression for g4 what is the contribution of this torsional motion to the molar heat
capacity at constant volume Cy in terms of R (where R is the gas constant) in the limit that E, <<
KT (hint: what is the definition of heat capacity at constant volume?).
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- 7. What would you expect the contributions to the molar heat capacity to be in the other limit of

E,>>kT?
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8. Is the m = 0 to m = 1 transition for this torsional mode infrared-active? Is it Raman active?
Defend your answers.
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