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The Electromagnetic Spectrum




Electromagnetic (EM) Spectrum

* Frequency and wavelength are inversely
proportional,
c = Av,

where c is the speed of light.

* Plank’s relation:

P _hc
— V_A'

where h is Plank’s constant. Max Plank
1858 —1947




The Spectrum and
Molecular Effects

Wavelength (A)
higher frequency cm
shorter wavelength 109 gamma rays
10~7 X rays
vacuum UV
1073 near UV
10— visible
infrared
1073 (IR)
10! microwave
: 10 :
lower frequency 184 radio

longer wavelength

Energy
kcal/mol
106

104

Molecular effects

1onization

electronic transitions

molecular vibrations

rotational motion

nuclear spin transitions
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Infrared Radiation

* Infrared radiation is emitted or absorbed by molecules when they
change their rotational-vibrational movements.

* It excites vibrational modes in a molecule through a change in the
dipole moment.

Intensity

X-ray UV Visible IR 9 o @
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The research team has been working with a local safari park and zoo to film and photograph animals, like these chimpanzees, to build up a reference library of
different animals.CreditEndangered Wildlife Trust/LIMU




Rhinos observed as part of the tests. The researchers found that, like stars, animals have a recognizable thermal footprint.CreditEndangered Wildlife Trust/LIMU




Review of Theory

Infrared (IR) spectroscopy measures the bond vibration
frequencies in a molecule.

- used to determine the functional group and to confirm
molecule-wide structure (“fingerprint”).
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Review of Theory

Born-Oppenheimer calculation of the PES:

H=H,+H

¥
¥

(Tk + Ee(R)) l'pn = Enan




Review of Theory

Born-Oppenheimer calculation of the PES:

-100 -

-200 —
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Harmonic oscillator




Extracting the Resonant Frequency

Energy

|[ If Dissociation Energy

: L ——
)I {armonic

In the vicinity of r, the potential
looks like a harmonic oscillator.




Extracting the Vibrational Frequencies

Covalent bonds vibrate at only certain
allowable frequencies.

spnn0 101ce spnn0 force
R
equilibrium stretched compressed
bond length
N\ N\
Calculate the Extract the
[ vibrational
Calculate the hz:?nc:;?;r frequency
potential energy P ’ . dZV’( )
X
surface. V(x) = =mw?x? et
2 m dx?
J / J
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Normal modes

* For a molecule with N atoms we have 3N degrees of freedom (x, y, z).

Out of those:
3 belong to the location of the center of mass.
3 (or 2 for a linear molecule) belong to rotation.

In the vicinity of the equilibrium geometry we have 3N — 6 (3N — 5)
independent harmonic oscillators

(with frequencies w; = 1...(3N — 6)).

3N-6

1
E = Z ﬁwi (?1,{ +§), n= U,].J.ZAlr

i=1

000



Example: Water Molecule

* Number of atoms: N = 3.

o Li ? .
inear H H

- No.

* Number of normal modes: N =3N —6 =9 — 3 = 3.

000



Normal Mode Calculation

Solve the BO electronic Hamiltonian at each
nuclear configuration to get the PES

I y N
Create t E—E), = k(q - QU)Z I/hich is the

: 2
matrix o N d°FE _op o\
dqg? OR.OR.
) Jeq.




Normal Mode Calculation

Diagonalize the Hessian to get eigenvalues, )
A and eigenvectors, ly,.
3N
Eigenvalues _Z(Hij—@,ﬂk)l,-k =
1,]=1 /

Six (five) of the roots should be zero, and the
rest are vibrational modes.

wk_\/z

or  2rx )

Vi =




Normal Mode Calculation

*  What would it mean if we got too few non-zero roots?
—> Calculation hasn’t converged.
* Too many?

- It is actually non-zero, but very small. (we may use more iterations or a
different method)

*  When would we get one negative eigenvalue of the Hessian?
— Saddle point.

What does a complex eigenvalue of the Hessian?

—> Our calculation hasn’t converged.
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General Trends

* The vibration frequency is

* Frequency decreases with increased atomic weight.

* Frequency increases with bond energy.

Bond Energy Stretching Frequency
Bond [kcal (kJ)] (em™)

Frequency dependence on atomic masses
C— o 100 (420) 3000
C— ;:‘):]']L\' 100 (420) 2100 | 7 decreases
c—C§ 83  (350) 1200

Frequency dependence on bond energies
a— 83 (350) | g romoer 1200
C=C 146 (611) | 1ong 1660 | ¥ increases
— 200 (840) 2200
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Summary of IR Absorptions

percent transmittance

wavelength (um)
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Example: Water

* The experimental IR gives

hw; = 1000 cm™1
hw, = 1500 cm™1!
ﬁw:.-, = 2200 Cm_l

* What is the energy of the ground state?

3N-6

1
E = Z hwi (ni +§), n=2012,..

i=1

1 1 1
= 500 + 750 + 1100 = 2350 cm™1!
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Final Notes

* IR alone cannot determine a structure.
* Functional groups are usually indicated.

* The absence of a signal is definite proof that the functional group
is absent.

* Correspondence with a known sample’s IR spectrum confirms the
identity of the compound.
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Review of theory

|r.n. ﬂl
lv-l "l

AN

bar magnet

B

By

Any moving
charge creates a
magnetic field.

B state
A

\/

oL state
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Shielding

Any moving charge creates a magnetic field.

[

— Shielding of proton.

000



Terminology

s — total spin. Fermions:

N |-

3 5
15150 Bosons: 0,1,2, ...

U, - the magnetic moment represents the magnetic strength of a
given magnet.

The magnetic moment is related to the angular momentum
through the gyromagnetic ratio,

If s = 0, the particle

Hn = YnS does not react to a
6' magnetic field.
gn = +5.585694702
S — spin angular momentum.
S =hys(s+1)
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Terminology

* In the presence of a magnetic field, E = —u,,B.

HUn = VnS
S = h\/s(s +1), -s,...,S

A
mg = + 1/2 1 1
- 15 + 1 energy values ¢ Eo = —pnB = —gYhB = —79nfn B
& _ I S
o - AE = E4qp2 - Eq2 5 = 57YhB = 59nfnB,
(11
mg = - 1/2
=
By=0 B, #0 Magnetic Field
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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

By

This level are degenerate in
absence of external magnetic
field

(1) B state ——
\ {_.JB L

o~

(

) o state —

| hy = AE
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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

hv = yhB

V= /B

/ 2T
y is the gyromagnetic constant

(for each elements)
Larmor fregency



Shielding and Resonance Frequency

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
induced 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
sl field
¥ 14,091.7
AF !
’ 60 MHz 60 MHz
X ]
absorbs does not
absorb
“":u Hn
14.092.0 gauss 14.092.0 gauss

naked proton

shielded proton
absorbs at 14,092.0G

feels less than 14.092.0G

effective
field
14,092.0
( 2 60 MHz
N\ ¢
absorbs
B,
14,092.3 gauss

stronger applied field =

compensates for shielding



Protons in a Molecule

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

{morc shielded. | .

H—C—0;
| Moy H less shielded,
absorbs at a lower field

absorb at a higher field




Shielding and Resonance Frequency

* Shielding effects can be taken into account by the expression:

B =B, - 0B,

where By is the applied magnetic field strength and g; is the shielding
factor.

* The effective shift is then:

=V = 7/—B°(1—ai) [nucleus i]
27

v..=*—1-0o
ref 272' ( ref)
B
Vi= Vit = u (O-ref o O-i)
27
= 07 Vet _ Glfef —% 105 chemical shift in ppm
000



i Tetramethylsilane

ch—? i—CHs
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.



Location of Signals

TABLE 13-2 Chemical Shifts
of the Chleremethanes

2.8 ppm

;\—tl_ —Cl
: 2.3 ppm
Cl
\—(l —(1
\l‘
1 1.9 ppm
H—C—C1 .
[
Note: Each chlorine atom added

changes the chemical shift of the
remaming methyl protons by about
2 10 3 ppm. These changes are
nearly additive,

* More electronegative
atoms deshield more and
give larger shift values.

o Effect decreases with
distance.

« Additional electronegative
atoms cause increase In
chemical shift.



Type of Proton

Typical Values

Approximate o

Type of Proton

Approximate o

alkane (—CH,)
alkane (—CH,—)

alkane (—(le —)

O
—L—ChH,
—C=C—H
R—CH,—X
(X = halogen, O)
o ~

S &
-~ g

0.9

I3

1.4

2.1

2.5

3-4

5-6

S e
/C_C\

Ph—H
Ph—CH,
R—CHO
R—COOH
R—OH
Ar—OH

R—NH,

CH,

1.7

10-12
variable, about 2-5
variable, about 4-7

variable, about 1.5—4

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.



NMR Signals

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

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

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

 Signal splitting shows the number of protons on adjacent atoms.
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Shielding and Resonance Frequency

* Shielding effects can be taken into account by the expression:

B =B, - 0B,

where By is the applied magnetic field strength and g; is the shielding
factor.

* The effective shift is then:

=V = 7/—B°(1—ai) [nucleus i]
27

v..=*—1-0o
ref 272' ( ref)
B
Vi= Vit = u (O-ref o O-i)
27
= 07 Vet _ Glfef —% 105 chemical shift in ppm
000



Calculation of the Shielding Tensor

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 using the non-zero

field electron structure.
000




Worked Example

* NMR spectra, and particularly spin-spin coupling constants, are
sensitive functions of molecular geometry.

* We start with the computed NMR spectrum of a single molecule
of ethanol.

* B3LYP/6-31+G(d,p) geometry optimization using a reasonable

initial guess geometry:
B ) - G Gl e -

“re _;;C-IM
v 1 opt frog B /631 w9l p) geom-cormectivly
Cwpe™Ma 00
Mo Ty | Metod | Toe | LRG| Genew | Guem | 380 [T | sovmen | At re
Mo CAION Naxow

Moot  Oound Qe (o] OFF lw] Oolmat Son lw] EXYP -l

fasa e 629 ol» [Sltd [§1. 0 [l

noum Seect Kom 1 l—

3 wame X secoore. resd wnget

http://personal.tcu.edu/bjanesko/NMR.htm



Worked Example

* We run the geometry optimization.

* Once complete, we use the computed optimized geometry and
set up a calculation with "Job Type" equal to "NMR". (default
GIAO method, calculate spin-spin couplings between all atoms).

§7) GAMLV] - Gaussian Calosetion Setup
T Tthe Cand Haguand
Soyworde W e <fgpao sperapen) b Byp/E 31 ogld p) goom-conrectinty
 OwpeMa 00

z e | Metwd | Toe | Uk | Gorew | Guess [ 280 [T soveen | Assre

Nk

=)
G0 Merond vl

7 Compute o a0w coupiegs Mo oF e
' NMF et

Qacm Lnarcn Carcnd = ot Il mis
9 xoma. X secora e gt o Seec om 1 E

K

http://personal.tcu.edu/bjanesko/NMR.htm




Worked Example

* The predicted spectrum is indexed by the "number" of each
atom, which comes from their order in the original input file. Use

"View"=>"Labels" to see these numbers. (For example: the OH
hydrogen is atom number 9).

U016 che B M ) GSM1V1 - NMR Spectra

SCF GIAO Magnetic shielding

7H

Pevert: H [+ Befererce TMS BRYP/5-31146245) GUAO

http://personal.tcu.edu/bjanesko/NMR.htm




Worked Example

a b ¢ a SCF GIAO Magnetic shielding
CH,CH,0 ™S 7 A0
H 20~

a - triplet

b - quartet

¢ - singlet

$H

”“\ L Jl

Degeneracy
b
1
b o
-~
e
X

00-
‘{ (l) fV"VY"WTV“VV"ﬂ ’Y"’WV'VV'T"r'V‘V‘"""T’V'V"Y'T‘Y‘V’HWVVVTVIVW'V‘ VVTTVV"WV"

40 s 30 25 20 15 10 05 00
upfield | Shift (ppm)

5

downfield

-

T
3

B

ppm (3)

NMR spectrum of ethanol dissolved in
chloroform at 89.56 MHz, taken from the SDBS.

* Experimental peaks have a certain width.

—The calculation does not take into account temperature or
solvent effects.
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Worked Example

a b ¢ a
CH,CH,0 ™S
H
a - triplet
t
b
| \n‘ ‘L
| |
T T T T T T T T = T M T
5 4 %) 2 1 0
downfield upfield
ppm (8)

NMR spectrum of ethanol dissolved in
chloroform at 89.56 MHz, taken from the SDBS.

Degeneracy

20

—
o
1

35

00-

SCF GIAO Magnetic shielding

7N

rV"VY'VVTTWVm'ﬂ wrvvvvvwrr'vvrrvr"'rvmvvywnmvmvvw" VVT‘V‘V" 7’1"‘

40

s

30 25 20 15 10 05 00
Shift (ppm)

* OH hydrogen is more shielded than in the experiment.

* This is because our gas phase calculation does not account
for hydrogen bonding to solvent seen in this experiment.
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Worked Example

a b ¢
CH,CH,0
H
a - triplet
b - quartet
¢ - singlet

—
o
1

Degeneracy
b o
-~

i . |

00-

5

downfield

T (AR AAAAS AASASARAAS ARRAAAARAAS SARANAASANAAASAAAA AN AARCALAARS RARAARAALS AARA LAY

T
1 0 40 35 30 25 20 15 10 05 00
upfield | Shift (ppm)

-

T
3

B

ppm (3)

NMR spectrum of ethanol dissolved in
chloroform at 89.56 MHz, taken from the SDBS.

* The CH; group seen experimentally at 6=1.226 is split into peaks
at 1.35 and 0.98.

* The experiment can only measure the rotational average of the
three symmetry-nonunique CH; hydrogens.



Worked Example

a b ¢ a SCF GIAO Magnetic shielding
CH,CH,0 s e =
H 20+
a - triplet
b - quartet
¢ - singlet
2
b e
g 2H i &H 9H
& 10+
o
& o
Rt
J h
00-
T T T | T T AR AR MRS AR aais Sa i st st aA s na i e sl A a st Ainal AR iR st o s ndnablsashassstss]
S 4 3 2 1 0 40 15 30 25 20 15 10 05 00
downfield upfield Shift (ppm)

ppm (3)

NMR spectrum of ethanol dissolved in
chloroform at 89.56 MHz, taken from the SDBS.

* No signal splitting.
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Spin-Spin Coupling

Example: 1,1,2-trichloroethane

Hb Ha HEI
| |
Cl—C—C—H,
| |
Cl ClI
MJL b — JUL
L v ¥ 1
. ' 4105 400 385 3.90 3.85
8 5.80 65
L
| | | [ | ! | | | | | |
10 9 8 7 ] 5 4 3 2 1 0




Spin-Spin Coupling

H, H
H, signal ol Cb éa H.
CI CI
— H,, spin aligned with B; deshields H,
By | > — - =— Hj, spin opposed to By; shields H,
|
3.96 ppm

000



Spin-Spin Coupling

Hy, signal

| |
By > - Cl Cl
| _—
5.76 ppm
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Worked Example

a b ¢ a SCF GIAO Magnetic shielding
CH3CH20 TMS 3 TH
H 20+
a - triplet
b - quartet
¢ - singlet
Z
b o
g H H EH GH
8, 10+
[
c o
Rt
J b
00~

T (AR AAAAS AASASARAAS ARRAAAARAAS SARANAASANAAASAAAA AN AARCALAARS RARAARAALS AARA LAY

T
5 3 40 35 30 25 20 15 10 05 00

downfield upfield Shift (ppm)
ppm (3)

-
-
— o
o=

NMR spectrum of ethanol dissolved in
chloroform at 89.56 MHz, taken from the SDBS.

* Gaussian's "SpinSpin" option will calculate spin-spin couplings between
all atoms.

* While GaussView won't display the results directly, one can simply use
"Results"=>"Stream Output File" and search for "Total nuclear spin-spin

coupling J (Hz)
000



Calculation vs. Experiment

Since the calculation is done on a static molecule, no bond
rotations are possible.

The location of the signals is given relative to a reference
material calculated separately, at the same calculation level.

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

Splitting is not shown be default.
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