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Lecture Outline
® EM spectrum

m IR — vibrations of nuclei on the electronic P!
m Theory

m Calculation scheme

= Strengths & limitations

= Calculations vs. experiment

B NMR — effect of electronic environment on
nuclear spin transitions

= Theory
= Calculation of shielding tensor

= Calculation vs. experiment

® Advanced topic: Calculation of spin-spin coupling




EM spectrum



Electromagnetic (EM) Spectrum

* Examples: X rays, UV, visible light, IR,
microwaves, and radio waves.

* Frequency and wavelength are inversely
proportional:

C = AV
(c 1s the speed of light)

Energy per photon = hv, where h 1s Planck’s

constant.



The Spectrum and
Molecular Effects
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IR spectroscopy



m Infrared (IR) spectroscopy measures the
bond vibration frequencies in a molecule
and 1is used to determine the functional
group and to confirm molecule-wide
structure (“fingerprint®).



IR: Some theory

Born-Oppenheimer calculation of the PES:
H=H +H,
y= l_Ife SUﬂ
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Separation of Vibrational and
Rotational motion

(with good accuracy)

H =H_ +H,
‘Pn=qjvqu

We are interested in the vibrational spectrum



Harmonic oscillator
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Diatomic molecule: 1-D PES




Harmonic approximation near
the energy minimum

1 }
bl i i kY =Ff AW % el Y k' Ia-!
Viz) =V(re) +Vi(re)(r —re) + 5V (re)(r —re)” + ..




Molecular vibrations

Covalent bonds vibrate at only certain
allowable frequencies.
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How can we extract
the vibrational frequencies (w)
if the potential is known?

That’s the potential from our
previous calculations!!!



Steps of calculations

1. Calculate the potential = V_ (R)

o, Calculate w?

3. Work donel We know the spectrum



Polyatomic molecules

® Normal modes (classical)

®m Question: how many internal degrees of freedom for
molecule with N atoms ?

Answer:
3N-5 for linear molecule
3N-6 for nonlinear



Normal modes

For molecule with N atoms every vibration can be
expand as a sum of 3N-6 (3IN-5) independent
modes i.e. in the vicinity of the equilibrium
geometry we have JN-6 independent harmonic
oscillators

(with frequencies w,=1...(3IN-06)).

AN —6

E ':._ .. N e | e H_ f uy ':._ (BF +

— )

1=1




Example: Water

Number of modes = 3x3-6 = 3

S B N
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Normal Mode Calculation

. The harmonic vibrational spectrum of the 3N-dim. PES:

v(R)ZV(Re)+v'(Re)(R_Re)+;v"(Re)(R_Re)2+...+;(‘;;\ﬁ] C(R-RY

. Solve the B-O electronic Hamiltonian at each nuclear configuration to
produce the PES, V(R): , .
(He +VNN )l//e :Vl//e

. Create the force constant (k) matrix, oV
which is the matrix of second-order derivatives: OR.OR,
eq

| o | k 1 vV
. The mass-weighted matrix is the Hessian:o’ = — = [ ¢ ] =H;
€q

m ,/mimj OR0R;

. Diagonalize the Hessian to get eigenvalues, 4,, and eigenvectors, I
3N

Z(Hij_@jﬂk)ljkzo

i, j=1
. Find the 3N roots of the secular equation ‘Hij —5”4‘ =0

. Six of the roots should be zero \/Z

(rigid body degrees of freedom: Translation and rotation) v, = % _

The rest are vibrational modes. 2w 21




Normal Mode Calculation

] , 1 e - T
(HQ +Vﬂw)wg =k g H B \/m? 6R 6& i ‘H — 5 ﬂ, ‘ —() v, = \i;

Solve the electronic ~ The Hessian 1s the Diagonalize the Vibrational
BO problem at each ~ mass-weighted matrix Hessian by solving  frequencies are
nuclear configuration of the second-order the secular equation, related to the
to get PES. derivatives. finding 3N roots, six square root of
(ot five) of which  the eigenvalues.

aren’t vibrations.

* What would it mean if we got too few non-zero roots?
* When would we get one negative vibrational frequency?



Stretching Frequencies

|
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Bond Energy Stretching Frequency
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Frequency dependence on atomic masses
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Frequency dependence on bond energies
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* Frequency decreases with increasing
atomic weight.

* Frequency increases with increasing
bond energy. =>




Molecular Fingerprint

m Whole-molecule vibrations and bending
vibrations are also quantized.

m No two molecules will give exactly the same IR
spectrum (except enantiomers).

m Delocalized vibrations have lower energy (ct.
“particle in a box™):
m Simple stretching: 1600-3500 cm .

m Complex vibrations: 600-1400 cm™,
called the “fingerprint region.”



An Alkane IR Spectrum
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Summary of IR Absorptions
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Strengths and Limitations

m IR alone cannot determine a structure.
® Some sighals may be ambiguous.
m Functional groups are usually indicated.

m The absence of a signal is definite proof that
the functional group 1s absent.

m Correspondence with a known sample’s IR
spectrum confirms the identity of the
compound.



WATER
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NMR spectroscopy



NMR: Backg

O Subatomic particles (electrons, protons and neutrons can be
imagined as spinning on their axis.

O In many atoms these spins are paired against each other, such that
the nucleus has no overall spin.

O Nuclear magnetic resonance is a physical phenomenon that base
on magnetic property of an atom’s nucleus.

[1 Tesla = 10,000 Gauss ; earth 0.00005 Tesla ]
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Some theory

m If the nuclear spin /=0, then the nuclear angular
momentum, p=0 (nucleus doesn’t “spin”).

m [f [>0 then the nuclear angular momentum

m Since the nucleus is charged and spinning,

there 1s a nuclear magnetic dipole moment

Hn — Tnl — Tn hl

N/

Gyromagnetic ratio



Magnetic moment of a proton

Hn = GnOnl

Nucleus g factor

Length of vector = [HAERVIINETEY

In the absence of magnetic field all 21+1 directions of the spin
are equiprobable



Nuclear Spin

The rules for determining the net spin of a nucleus are as follows:

If the number of neutrons and the number of protons are both even,
then the nucleus has NO spin

If the number of neutrons+ the number of proton is odd, then the
nucleus has half-integer spin (i.e.1/2, 3/2, 5/2).

If the number of neutrons and the number of protons are both odd,
then the nucleus has an integer spin (i.e 1,2,3).




m [n the presence of magnetic field,
there 1s an interaction between the field and the
magnetic moment:

H = _Hﬂ."E

m [f the field is in the z direction

Thete are 2[+7 values of I, )  There are 2]+7 values of energy



Example: proton

-~ Mg =+1/2

AE = Eyqr2 - Eqp2

T mg == 112

Magnetic Field



Two Energy States

 The magnetic fields of the spinning
nuclei will align either with the
external field, or against the field.

« A photon with the right amount of
energy can be absorbed and

cause the spinning proton to flip.

Applied magnetic field /

Each level is given a .
magnetic quantum number m | O state —

By

This level are degenerate in
absence of external magnetic
field




Calculating Transition energy

The difference in energy between levels (the transition) energy is given
By
|AE |=yhB

The frequency of electromagnetic radiation is given by

vy is the gyromagnetic constant

(for each elements)
Larmor fregency



Shielding by the Electronic Environment

Q The magnetic field at the nucleus is a results of number of effects,
the most important of which is that the applied magnetic field
iInduced motion of electron cloud near the nucleus in the molecule
such that an additional magnetic field is set up in opposition to (and

proportional to ) the applied field. The nucleus is Shielded by
electrons.

glectrons

shielding
effective ‘ effective
53 tield field /\/
14.091.7 /A ‘/ 14,0920 ,
A Y | r AF
) 60 MHz | 60 MHz [ @ 60 MHz
A '\’
absorbs does not absorbs
absorb
| 4. P,‘JH‘;.]H\A 114,092.0 gaUSS Ifl.l)"’l;ﬁ 2auss
naked proton | shielded proton stronger applied field —
absorbs at 14,092.0G|  feels less than 14.092.0G compensates for shielding




Shielding and Resonance Freguency

Shielding effects can be taken into account by the
expression: B=B,-0oB,

B, is the applied magnetic field strength and the
o; IS the shielding factor

_ 7B
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Protons In a Molecule

Depending on their chemical
environment, protons in a molecule are
shielded by different amounts.

Enorc shielded.

absorb at a higher field

H
H—C—O:
N —
\( H less shielded,
= .
absorbs at a lower field




CHas

i Tetramethylsilane
HgC—?I—CHg
CHs,

 TMS is added to the sample.

» Since silicon is less electronegative
than carbon, TMS protons are highly
shielded. Signal defined as zero.

* Organic protons absorb downfield (to
the left) of the TMS signal.



Delta Scale

shift downfield from TMS (in Hz)

spectrometer frequency (in MHz)

chemical shift, ppm & =

I I I | | I I I I I I
600Hz 480Hz 360Hz 240 Hz 120 Hz 0 Hz

10 9 8 7 6 5 4 3 b, I 0
ppm 0 f TMS
60 MHz

I I I I I I | I I I I
3000 Hz 2400 Hz 1800 Hz 1200Hz 600 Hz 0 Hz

10 9 3 7 b S - 3 . I 0

ppm 0 I TMS

300 MHz



Location of Signals

TABLE 13-2 Chemical Shifts

of the Chloromethanes o More electronegat|ve

atoms deshield more and

L give larger shift values.

||| e |+ Effect decreases with
5'—;{;—‘-* distance.
¢ ™| - Additional electronegative

) atoms cause increase in
(| . .
e chemical shift.

:|'1 -

Nete: Fach chlonne atom added
changes the chemical shift of the
remaming methyl protons by abou
2 10 3 ppm. These changes are
nearly additve.




Typical Values

Type of Proton Approximate § Type of Proton Approximate §
alkane (—CH,) 0.9 Mikora ot
: /C C\CH I
alkane (—CH,—) 1.3 v
—H .
alkane (—CH —) 1.4 v e
| Ph—CH, 2.3

{I? R—CHO 9-10
— i — p)

Lk, l R—COOH 10-12
—=a %3 R—OH variable, about 2-5
R—CE,—X 3-4 Ar—OH variable, about 4—7
(X = halogen, O)

R—NH, variable, about 1.5-4
N
/C_C\“H 5-6

Note: These values are approximate, as all chemical shifts are affected by neighboring substituents. The
numbers given here assume that alkyl groups are the only other substituents present. A more complete
table of chemical shifts appears in Appendix 1.



Example: Ethanol (Spin-Spin coupling)

Applied field

Methylene

'

CH3—CH;—0OH
Methyl
Spin orientations of Aoolied field Spin orientations of
methylene protons PP methyl protons
-~ .
— —— B
-+ e +—— — —
-— —_— - — —_—
- —_—  —
.
Methyl triplet
Methylene quartet
AN JUJ.. L
8 7 6 4 3 2 1 0



NMR Signals

m The number of signals shows how many
different kinds of protons are present.

m The location of the signals shows how shielded
or deshielded the proton is.

m The intensity of the signal shows the number of
protons of that type.

m Signal splitting shows the number ot protons
on adjacent atoms.



Calculation of the Shielding Tensor

] - A - ) -

Calculate
zero-field SCF

Choose gauge by
which to enter the
magnetic vector
potential

Calculate new SCF
for non-zero field.

Use the zero-field

SCF results as the
initial guess

Calculate
shielding tensor,
susceptibility, etc.
using the
non-zero field
electron structure



Basic Calculation

(single molecule in gas phase)

Example:
Cis-2-butene 112y NMR nnnopoo
SCF GIAQ Magnetic shielding
1 a4
34 10:H
5
%2_ “H TH 11
o
8
14 " 12H_ 3H
Fief
o |
T & & a3 3 T T T
Shift (ppm)

Element: |H | Heberencll | THE HF/ETIG|d) Gltd ¥ | Shieldng | 225575 E



Calculation vs. Experiment

(single molecule in gas phase)

Since the calculation 1s done on a static molecule,
no bond rotations are possible

(number of sp> proton kinds may be different,
e.g. H;,CNHE).

The location of the signals 1s given relative to a reference

material calculated separately, at the same calculation level.

Linewidths are zero
(no solvent or temperature effects, 7=0).

Signal splitting can be calculated separately,
e.g. using GO3:



Calc. of indirect dipole-dipole coupling

m Direct dipole-dipole coupling becomes negligible for
closed-shell systems at high temperature (existence of
intermolecular collisions).

s GAUSSIAN keyword option NMR=SpinSpin

Calculates four contributions to isotropic spin-spin
coupling:

1. Paramagnetic spin-orbit coupling (PSO)

2. Diamagnetic spin-orbit coupling (DSO)

3. Spin-dipolar coupling (SD)

4. Fermi1 contact interaction (FC)



NMR: Summary

d NMR spectroscopy is a powerful and theoretically complex
analytical tool for structure determination.

4 It is used to study a wide variety of nuclei with non-zero nuclear spin

(H, 13C, 5N...).

Q In NMR we are performing experiments on the nuclei of atoms, not
the electrons.

1 The chemical environment of specific nuclei is deduced from
information obtained about the nuclei.

d Transitions between energy levels for NMR dipoles occur in the
radio-frequency range (transitions between energy levels for
unpaired electron occur in the microwave range).

 Different methods for studying nuclear magnetic resonance were
developed independently by Purcell and Bloch 1946.

d Nowadays Fourier transform spectrometers are used.



