IR absorption spectroscopy

» IR spectroscopy - an analytical technique which helps determine molecules
structure

» \When a molecule absorbs IR radiation, the vibrational energy of the molecule
increase!

» The amount of light absorbed by the sample depend on the incident radiation
wavelength (wavenumber).

» IR spectroscopy measures the bond vibration frequencies in a molecule and is
used to determine the functional groups from the molecule.

» The frequency of the absorbed radiation matches the vibration frequency
of the bond or group. (Molecules absorb only those frequencies that are

characteristic to their structure).

» A vibrational mode in a molecule is "IR active,” only it is associated with
changes of the dipole moment.




. Visible

Ultraviolet

The IR domain
» Just above red in the visible region (wavelength > 800 nm).
» NearIR: 0.8-25um MediumIR:2.5-25um FarIR: 25 - 300 uym

» More common units are cm- (wavenumbers): the reciprocal of the wavelength in
centimeters.

» Near IR: 12.500 - 4000 cm™ Medium IR: 4000 - 400 cm?® FarIR: 400 - 33 cm™?

» Wavenumbers are proportional to frequency and energy!

For analysis of organic compounds radiation from medium IR range is used:
Wavelemgth: 2.500 nm - 16.000 nm;
Wavenumbers: 4000 cm™ - 625 cm™;
Frequencies:  1.9-1013 Hz-1.2-10%4



IR absorption

» Only certain value for the molecule energie levels are allowed (the energy are

quantified).

Energy of vibrational levels: E, = (V+%)hcvo —xe(v+%)2hcv0

At room temperature, most molecules are in the lower vibrational level (ground
state vibrational level) characterized by a vibrational qguantum number v = O:

1, _ 1, _
E, = Ehcv0 — X, thvo

A molecule that absorbs IR radiation
chage its vibrational state, therefore a
change in the vibrational energy appeatrs.

Energy

» Only radiation with certain energies
will excite molecular vibrations (the
energy radiation must match the
difference between levels).
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» Vibrational frequencies for stretching bonds in molecules are related to the
strength of the chemical bonds and the masses of the atoms.

1 [k

Vog=—_|— u - reduce mass
27C \| 1
The interaction between molecule and electric field SHg Ve R
of IR radiation appear only then the induce R : )
vibration of molecule involve the oscillation of the \_t_____,/ r N4
dipole moment (u)! H=qr

» The amount of IR radiation absorbed is proportional to the square of the rate
of change of the dipole during the vibration.

» There must be a change in the dipole moment of the molecule as a result of a
molecular vibration.

» The symmetry of the molecule will also determine whether the IR radiation can be
absorbed.

» Symmetric vibrations (from symmetric molecules) do not absorb IR radiation since
there is no change in dipole moment.



IR absorption = change in dipol moment!

n= Zqi df M - dipole moment, qg; — electric charge, r, -coordinate
i

— — 3N— O
Taylor series: L= o+ > B

0)

Ju — total dipole moment of vibrating molecule
Mo — equilibrum dipole moment, Q, — normal coordinate

W = [iE, = O :[ oH } =0 W - interaction energy,
QR o E, - electric field of incident radiation

The interaction energy is non zero when at least for one vibration there is a
variation of the molecular dipol moment.

The molecule will absorb electromagnetic radiation with v, frequency only if
there is a change of dipole moment during vibration (with v, frequency ).



Quantum mechanic: <,ut> = IT;}na, - -, -d7z = 0 in order to have interaction!

/

Selection rule:

harmonic oscilator:

anharmonic oscilator:

LPfinaI’ W

init

AV =Vga — Vinie =1

AV=Vga = Vit =

1,2, ...

- initial and final wave functions

v - vibrational quantum number

For a real molecule there are two types of transitions:

Fundamental transitions: caused by the selection rule
of Av = 1 (strictly valid only for harmonic potentials)

Overtones transitions: caused by the selection rule
Av =2, 3, .. (because of the anharmonicity)



IR spectrum:

- p fundamental bands Av=1

» overtone bands Av=23,...

|

» combination bands: more vibrational quantum number change simultaneous
with one or more units

only for polyatomic molecules

Av,z21 k=23, ...

The intensity of the overtone bands are typically only 1 - 5 % of the fundamental!

The intensity of the combination band are usually very small (< 1%).
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Vibrational energy level of a polyatomic H—c¢=c—H 33728cm?
cC=cCc—H

molecule with k different normal modes are H—
characterized by k quantum numbers.

10000
00100

0011

00001

Qo010

00000

[

1974.3 cm?

H—<=<¢—H 235048 cm?

4 A
H—Cc=c—H
¥ ¥ } 612.9 cm-l
H—C=cC—H

PR
H—C=Cc—H
¥ ¥ } 730.3 cm!
H—Cc=c—H

Ex.: H,C, (linear) (3N-5= 7 normal modes)

Vibrational energy level of H,C, (5 different normal
modes) are characterized by 5 quantum numbers (one
for each normal mode):

Vibrational ground state (zero point vibrational energy):
(00000) (allv,=0)(i=1,2,3,4,5)

Vibrational excited levels: (10000,01000,00100, 00010, 00001) ( one v, = 1)
Vibrational overtones levels : (20000, 03000, 00020,...) (one v, > 1)
Vibrational combination levels: (00011, 10100, ...) (more than one v, # 0)

https://web.nmsu.edu/~snsm/classes/chem435/Lab9/
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Combination bands involve changes in vibrational quantum numbers of more
than one normal mode.

Theoretically these transitions are forbidden by harmonic oscillator selection rules,
but are observed in vibrational spectra of real molecules due to anharmonic couplings

of normal modes.

Combination bands typically have weak spectral intensities, but can become quite
intense in cases where the anharmonicity of the vibrational potential is large.

There are two types of combination bands, due to: difference bands and
sum bands



lecture

» Difference bands

A difference band, occurs when both initial and final states are excited vibrational
states. (two frequencies couple such that v; = v, - v,)

Example : 010 — 100  ~ (v;-V,)

In this case (one quantum transfer), the frequency of the difference band is
approximately equal to the difference between the fundamental frequencies.

The difference is not exact because there is anharmonicity in both vibrations.
The term "difference band" also applies to cases where more than one quantum

is transferred, such as 020 — 100 ~(vy-2v,)

Difference bands are seldom observed in conventional vibrational spectra,
because they are forbidden transitions according to harmonic selection rules, and
because populations of vibrationally excited states tend to be quite low.



» Sum bands

A band, occurs when two or more vibrational excited states are excited
simultaneously. (two vibrational frequencies may couple to produce a new
frequency vy =v, - v,)

Example: 000 — 101 ~(v; + vy);
001 — 012  ~ (v, +vs)

The frequency of a sum band is slightly less than the sum of the
frequencies of the fundamentals, again due to anharmonic shifts in both

vibrations.

Sum bands are harmonic-forbidden, and thus typically have low intensities
relative to fundamental bands.

Sum bands are more commonly observed than difference bands in
vibrational spectra
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Difference transitions:

010 — 100 ~ (v;-,)
020 — 100 ~ (vi-2v;)

Sum transition:

000 —- 101 -~ (V1 +V3)
001 — 012 ~ (v, +Vy)



Vibrational coupling

The energy of a vibration, (the position of its absorption peak) may be
influenced by (or coupled with) other vibrators in the molecule.

A number of factors influence the extent of such coupling.

. Coupling between two stretching vibrations occurs only when there is an atom
common to the vibrating groups. (Coupling is strong!)

. Coupling between two bending vibrations requires a common bond between the
vibrating groups.

. Coupling between a stretching and a bending vibrations can occur if the stretching
bond form one side of the angle that varies in the bending vibration.

Interaction is greatest when the coupled groups have individual energies that are
approximately equal.

Little or no interaction is observed between groups separated by two or more
bonds.

. Coupling requires that the vibrations be of the species.



Rules of vibrational coupling:

Coupling of different vibrations shifts frequencies
Energy of a vibration is influenced by coupling

Coupling likely when

— common atom in stretching modes

— common bond in bending modes

— similar vibrational frequencies

— common bond in bending+stretching modes

Coupling not likely when
— atoms separated by two or more bonds
— symmetry inappropriate




EX:
The C=0=C assimetrical stretching vibration due to coupling is at v' = 2330 cm™!

The C=0 stretching vibration (no coupling occurs) is at v' = 1700 cm?

Interaction is greatest when the coupled groups have individual energies that are
approximately equal

« The position of an absorption peak corresponding to a given organic
functional group varies due to coupling:

T T T
H O—H H O—H H—cC—=cC C | H
v U N
1034 cm1 1053 cm1 1105 cm1

These variations result from a coupling of the C - O stretching with adjacent
C - C stretching or C - H vibrations.



Diatomic molecule (linear!) : N=2 — 3N -5 =1 — one normal mode (1 stretching)

Symmetric molecules are IR inactive — the dipole moment does not change
during vibration

Molecule | Wavenumber | Force constant Active
k=4-7%-C% pu-v? [cm1] [N/cm]
H, 4159.2 5.2 Raman
1 [k D, 2990.3 4.3 Raman
sz—nc " HF 3958.4 8.8 IR
HCI 2885.6 4.8 IR
HI 2230.0 2.9 IR
u= M, CO 2143.3 18.7 IR
My +M, NO 1876.0 15.5 IR
F, 892.0 4.5 Raman
Cl, 556.0 3.2 Raman
Br, 321.0 2.4 Raman
l, 213.4 1.7 Raman
O, 1556.3 11.4 Raman
N, 2330.7 22.6 Raman
Li, 246.3 1.3 Raman
Na, 157.8 1.7 Raman
NaCl 378.0 1.2 IR
KCI 278.0 0.8 IR




Each peak (fundamental band) in a vibrational spectrum corresponds to a
normal mode.

Linear molecules with N atoms:
3N-5 normal modes: N-1 stretching modes
2N-4 bending modes

Nonlinear molecules with N atoms (non-cyclic):
3N-6 normal modes:  N-1 stretching modes
2N-5 bending modes

Diatomic molecules (linear) -1 normal mode (1 stretching; no bending)
N=2—->3N-5=1

Linear tri-atomic molecules - 4 normal modes (2 stretching and 2 bending)
(CO,, COS) N=3—->3N-5=4

Nonlinear tri-atomic molecules - 3 normal modes (2 stretching and 1 bending)
(H,0) N=3—->3N-6=3



CO, molecule:
linear and symmetric: N =3 — 3N - 5 = 4 normal modes (2 stretchings)

» Symmetric stretching is not IR active (because there isn't a dipole moment
variation).

» Asymmetric stretching is IR active (determine the change of the dipol moment)
» Bending vibration is IR active (determine the change of the dipol moment)

Bending vibration is double degenerate (same energy is necessary to oscilate in
the two perpendicular planes to the molecular axis)
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v, - asymmetric v, - symmetric v,-symmetric

stretching (2349 cgnl)  Stretching (1330 cmt) bending (667,3 cm™)

ST % f \lf

3000 2500 2000 1500 1000 500
cm -1

@

Convention rule:
Vibrations are note descending, firstly symmetric vibrations, then asymmetric vibrations
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» The CO, vibrational modes, are responsible for the "greenhouse" effect in which
heat radiated from the earth is absorbed (trapped) by CO, molecules in the
atmosphere. The arrows indicate the directions of motion.

CO, vibrations

(A) — symmetric stretching
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(B) — asymmetric stretching

(C), (D) - bending modes

Intensity of Transmitted Radiation
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N =3 — 3N - 6 = 3 vibrations
(2 stretchings)

All three vibrations determine the change of the dipol moment, therefore all
are IR active.



H,O molecule: nonlinear, rotation
axis, permanent dipol moment

N=3— 3N -

Vibrations:

v, - Symmetric
V4 - asymmetri

6 = 3 vibrations
(2 stretchings)
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Hot bands

» A hot transition is a fundamental transition with Av = 1 that start from an
excited level! (Vo # 0)

(a transition between two states of a single normal mode of vibration, neither
of which is the overall ground state).

In IR or Raman spectroscopy "hot transitions" are known as hot bands,
and specifically refer to those transitions for a particular vibrational mode
which arise from a state containing thermal population of another vibrational
mode.

Example (for a molecule with 3 normal modes):

The transition 001 — 101 is a hot band (the initial state has one
quantum of vibrational excitation in the v mode)



» At room temperature mostly molecules are in the ground state.

» At high temperature (150-200°C) we can not neglect the molecule population
from lowers vibrational levels (< 800 cm™).

300 K
1
0.5F -
» The population of vibrational
levels respect the Boltzmann 9 | : :
dlStrIbutlon v=0 - v=1 y=1 - y=2 v=2 -2 v=3 V=3 -2 v=4
- 3000 K
1
E, hv hcv
N_Ne‘<T—Ne'<T—NekT osl |
] t i
v=0 - v=1 y=1 - y=2 v=2 -2 v=3 V=3 -2 v=4

Fig. 1. Vibrational Boltzmann distribution for 300 K and 3000 K.



In the harmonic approximation all vibrational quantum levels are equally spaced,
so hot bands would not be distinguishable from so-called "fundamental” transitions
arising from the overall vibrational ground state.

E,-E, - _E-E

Vo1 =

hc hc

Vibrations of real molecules always have some anharmonicity, and the energy
levels are not equally spaced, so hot bands could be observed in vibrational spectra.

_ 1 — —
E, = hcv(v+5) vy, = Vio =V

Vi <Vgp

E, = (VJr%)th0 - Xe(V-l-%)z hcv,

Transition from an excited level (termal populated) (v=1 — v =2)

Vip =V (1_4Xe) ; v=3
Transition from fundamental level (v=0 — v =1)
‘701 — ‘70 (1_ 2Xe) - v=2
Hot bands appear at lower frequencies (exhibit  Hot band
red shifts) than the corresponding fundamental overtone bands
transitions. - v=1
The magnitude of the observed shift is fundamental
correlated to the degree of anharmonicity in the pand

corresponding normal modes. v=0



» Hot band frequencies is lower than fundamental corresponding band.

Vi, = Vo — 2VX,

Hot band: a little asymmetry to lower
=cH wavenumbers of fundamental bands:

Hot band identification: when

- 0,3 , the
due to increasing of the
i thermal population of excited level (v = 1).

0,1

3340 3320 3300 cat

Both 3.313 cmtand 3.293 cm are due to the stretching vibration of =C-H group
3.313 cm! fundamental band

3.293 cm hot band (shoulder)



Fermi Resonance

» If a fundamental vibration and an overtone (or a combination of other vibrations) in

a molecule are comparable in frequency, they interact by the anharmonic part of
the Hamiltonian when allowed by symmetry.

» The results are frequency shifts and mixings of the wavefunctions with
corresponding changes in the IR and Raman activities.

» Fermi resonance can occur when the frequency of one of the fundamental
vibrations in a molecule is close to the frequency of overtone of other vibration of the
molecule (oscillations are mechanically coupled each other).

» Fermi resonance most often occurs between normal and overtone modes, which
are often nearly coincidental in energy.

» Fermi resonance determines two effects.

- the high energy mode shifts to higher energy and the low energy mode shifts to
still lower energy.

- the weaker band gains intensity (becomes more allowed) and the more intense
band decreases in intensity.



» The interaction between between a fundamental and an overtone vibrations
(Fermi Resonance) appear only if the symmetries of the involved vibrations are
the same.

» Usually Fermi Resonance interactions go unnoticed, but occasionally they
produce “unexpected” doubling of important functional group bands.

» In order for Fermi Resonance to occur it requires that the fundamental band
producing the overtone be relatively intense, and to be at a frequency
approximately half that of the fundamental with which the overtone interacts

» In interpreting IR spectra it is useful to
be aware of the possibility of Fermi
Resonance.

» If you see a band that is “unexpectedly”

two peaks you might look to see if there
IS a strong adsorption at about one half 2hv hv+x) 2h(v-x)

the frequency.



EX.:

CO,

The symmetric stretching vibration (1330 cm-?) of CO, appears as a doublet.
This splitting is caused by the first overtone of the deformation frequency (2 x 667
cm*=1334 cm?).

As a result, the spectrum has two bands at 1286 cm and 1389 cm-1L.

CI-CN

Cyanogen chloride CI-CN has a fundamental frequency of 378 cm! that
generates the first overtone at 2 x 378 cm-1 = 756 cm-L. Anharmonicity leads to a
slight drop in energy so that the true value is 756 cmL.

This value is in Fermi resonance with the C-Cl stretching frequency of 744 cmL,
As a result, this frequency is split into two bands at 784 cm™! + 714 cm.

Fermi resonance would seem to have the potential to make IR and Raman
spectra very complicated.

Fortunately, this is not the case because only frequencies of the same
symmetry can interact.

Fermi resonance is commonly observed for Aldehydes!



» The look of Fermi doublet is changing with the solvent polarity.

In the case of polar solvent one of the band could disappeared.

o
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pentane

cyclohexane

freon 113

carbon
disulfide
acetonitrile

chloroform

1700

1680

cm-1

» diphenilformamide
HCON(CgHs),

» C=0 stretching vibration

» In cyclohexane the Fermi resonance
Is almost perfect

» The position and intensity of the
Fermi bands allow the determination of_
fundamental transition wavenumber v,

Vy=——"-
v, + L,

1, I, intensities

polar solvent



The IR of benzoyl chloride is a good example: ©/LLC|
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The Fermi Resonance band at 1730 cm- arises from coupling with the band at
872 cm (this band has been variably assigned as a =C-C=, and sometimes a
=C-Cl



« Fermi Resonance does not always occur in acid chlorides; it is absent in
hexanoyl chloride: O
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Fermi Resonance is present in isobutyryl chloride:
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» Harmonic approximation: two close but different vibrational level E° and E,° with
y? and y, 0 corresponding wave functions (independent!) — can not explain Fermi
Resonance. Schrodinger equations are: Hyy°=E%y® and Hyy,°=E %y°

» Anharmonic approximation: anharmonicity involve an perturbation Hamiltonian H':

total Hamiltonians is: H=H,+ H' (H, = equilibrium Hamiltonian).

» The perturbation wavefunction depend to unperturbed wavefunctions
v=cyl+cwyl c?+c2=1 (coefficients obey the normalization condition)

» The energy difference between the two vibrational level is: A = E? - E,° . A
» \We can choose the energy origin between the two vibrational level, so: Eiv = iz
» The energies and wavefunctions of coupled levels are:
( 1 2 12 B _%
E+'_:J_r§\/A +4H?, [e-8
2E,
Ve = a\Vio + b\Vﬁ H = _[‘V?H'\I’ﬁdr - A :%
y_ =-ay; +by, b= E;;A

» Fermi Resonance is manifest when A — 0. In this case E, =tH, anda=b = Y2
» In the spectrum will appear two bands of slightly different intensity (Fermi doublet).

» An important contribution to one vibration from the other one could appear (because
the perturbated wavefunctions vy, and y. depend on initially wavefunctions y.° and v, °)




The IR Spectrum

Each stretching and bending vibration occurs with a

characteristic frequency as the atoms and charges involved are
different for different bonds

o
o

The y-axis on an IR spectrum is in units of % transmittance

In regions where no osc. bond is interacting with IR light,
transmittance nears 100%

In regions where the EM field of an oscilating bond interacts

with IR light of the same v — transmittance is low (light is S —

absorbed) 0
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The x-axis of the IR
spectrum is in units of

: wavenumbers, v, which is
the number of waves per

centimeter in units of cm-?
e (E =hcv or E = hc/)).
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In general:
Lighter atoms will allow the oscillation to be faster — higher energy
VeH = VN-H = VoH
Stronger bonds will have higher energy oscillations
Triple bonds > double bonds > single bonds in energy

=TT e 2 =t T w‘“‘\\
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WAVENUMBERS
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The intensity of an IR band is affected by two primary factors:
Vibration type (stretching or bending)
Electronegativity difference of the atoms involved in the bond
For both effects, the greater the change in dipole moment in a given vibration,
the larger the peak.
The greater the difference in electronegativity between the atoms involved in
bonding, the larger the dipole moment
Typically, stretching will change dipole moment more than bending



It is important to make note of peak intensities to show the effect of these factors:
« Strong (s) — peak is tall, transmittance is low (0-35 %)

« Medium (m) — peak is mid-height (75-35%)

« Weak (w) — peak is short, transmittance is high (90-75%)

Exact transmittance values are rarely recorded

All organic functional groups are made of multiple bonds and therefore show up
as multiple IR bands (peaks)

Since most “types” of bonds in covalent molecules have roughly the same
energy, i.e., C=C and C=0 bonds, C-H and N-H bonds they show up in similar
regions of the IR spectrum

The primary use of the IR is to detect functional groups



Interpretation of IR spectra

» Because the IR spectrum of each molecule is unique, it can serve as a
signature or fingerprint to identify the molecule.

Areas in which IR spectroscopy is used extensively include pharmaceutical analysis,
quality control in industrial processes, environmental chemistry, geology and astronomy.

One difficulty is that the infrared (IR) spectra of molecules with more than a
few atoms can be very complicated.

» How do we know to assign the vibrations to the absorption bands from the
IR spectrum? There are really three possible answers.

1. Itis possible to perform elaborate chemical calculations that allow us to
develop pictures of each vibrational mode. How accurate these calculations are
depends on the method used.

As with all modeling, these calculations are subject to a variety of errors,
and so the quality of the results varies widely with the method and the complexity of
the molecule being studied.



2. In many cases, it is not important to know the exact nature of each
vibration. Rather, we might just want to find if certain functional groups (e.g. -COOH,
-NH,, etc.) are present in the molecule.

It turns out that the some molecular vibrations can be approximately
described just in terms of the motions of a few of the atoms, while the other atoms
move only slightly or not at all.

This approximation is called "functional group analysis".

It is particularly useful as a tool for qualitative analysis of organic molecules,

and for monitoring the progress of organic reactions.

3. In other cases, we may not even care what the modes are! We may just
want to obtain a spectrum of our sample, and compare it to a library of spectra of
known compounds, in order to identify our sample.

This procedure is common in environmental and forensic analyses.



Infrared Functional Group Analysis

Looking for presence/absence of different functional groups

» Simple stretching: 1600 - 3500 cm-! functional groups region

» Complex vibrations: 400 - 1400 cmt, “fingerprint region”
» A polar bond is usually IR-active!
» A nonpolar bond in a symmetrical molecule will absorb weakly or not at all!

» The stronger the bond, the more energy will be required to excite the stretching
vibration:

Ve=c © Ve=c ~ Vec

VeeN = Vean = Ve

» The heavier an atom, the lower the wavenumbers for vibrations that involve that
atom.



The four primary regions of the IR spectrum

Bonds to H Triple bonds Double bonds Single Bonds

2.8 2.8 27 28 28 3 3.8 & 4.5 5 8.5 a8 7 =] g 10 11 12 12
NEE g 23 3 : . : . . s s . 2 1
] [ [
] f-.-—-"-- haten |
o vl N ATV TN 7T /

a0 f U
Ej—é , Fingerprint
oL Region
K 0-H A C=C c=a ¢-C
: N-H C=N C=N G-N
i -H C= -0

] uU

4000 3200 3800 400 3200 3000 2800 2800 2400 2200 2000 1800 1800 1400 1200 1000 a0
WAVENUMEERS

4000 cm? 2700 cm 2000 cm 1600 cm? 600 cm-1



IR functional group analysis

» IR is absorbed when frequency of IR radiation is equal with frequency

of molecule vibrations _ 1 |k
Vo=—"—.—
° 2xc Y7

» Covalent bonds vibrate at only certain allowable frequencies
(associated with the nature of the bonds and the mass of vibrating atoms)

Stretching vibrations appear at higher wavenumbers than bending vibrations!

Asymmetric vibrations are strongest vibration from the IR spectrum.

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

wavelength (pm)

I()(‘)’Z.S } 35 4 4.5 5 515 ? 7 § ? 10 lJl 12 1|3 l‘4 1|5 1|6
Baseline I AT N AN AT TN TSN
Ik | | ./\/V L ! | ‘ N VYT W V\/
80 [
% i \ T L E LT l I(ERARESRNRAERANENE! L V
soll il | |
Y
4011 I [ ——+ C—H bending
LN |
Absorbance/ R _|CH,(CH,),CH. |
20 i fj 2 C—H stretch L | o3 2747773
Peak LN ‘ ' | ' HENE TET (a) n-hexane
4000 3500 3000 2500 2000 1800 1600 1400 1200 1000 800 600

wavenumber (cm_I )



wavelength (pm)
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Comblnatlon Of C-C and C-H bondS 4000 3500 3000 ‘25(00‘ | 2000 1803 ( 16(3(])) 1400 1200 1000 8(‘)() 600
C-C stretches and bends 1360-1470 cm-! Octane
*CH,-CH, bond 1450-1470 cm-L -
*CH,-CH, bond 1360-1390 cm! H=Gh o~
*sp3 C-H between 2800-3000 cm! -
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wadveicngul (i)

02.5 % 335 4 4.5 5 5‘.5 (? ? i} 9 l‘O 1‘1 1‘2 1‘3 14 l§ 1L6
Alkenes R R S RS R AR
Addition of the C=C and vinylC-H "/, | B ﬂ;‘l-(,“m,*m“______\_‘ \ /\ / R \ /
bonds 60:§‘: :%(()ﬁH ’ {! } (:h) 1-hexene ‘ ‘ H' ‘ =’/ \ [ -
«  C=C stretch at 1620-1680 cmt «}{— i e T
weaker as substitution increases == fP2 e TRL L
vinyl C-H stretch (sp,) occurs LT TP WIFPIIT iy PR pppp B

4000 3500 3000 2500 2000 1800 1600 1400 1200 1000 800 600

at 3000-3100 cm wavenumber (e )

The difference between alkane, alkene or alkyne C-H is important!
If the band is slightly above 3000 it is vinyl sp? C-H or alkynyl sp C-H

: . 3~
If the band is below 3000 it is alkyl sp° C-H a 1-Octene
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wavelength (um)

Alkynes Additionofthe CEC it % 1 s ¢ 1t oom nonnsnn

. b gl et ATV }/f*’“" v /\\WV AP

and vinyl C-H bonds “ VAN R AR 1 | \ ;
2 l=c—n il I | | ‘ I v{L | ’ \v( T

60*5 stretch ‘\' f’ J \/ i \\ {

» C=C stretch 2100-2260 cm™; i i i | =
strength depends on asymmetry b ey iRERE R
of bond, strongest for terminal g i ”" ; Y
alkyneS, Weakest fOI’ Symmetrical 4000 3500‘“‘ . 3(;()0 2500 2000 1800 1600 1400 1200 1000 800 600

wavenumber (cm ™ ')

internal alkynes

« C-H for terminal alkynes occurs at 3200-3300 cm?
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Internal alkynes ( R-C=C-R ) would not have C = C band!

wavelength (um)

1002.5 3 39 + 4.5 ) 55 6 7 8 9 10 11 1213 14 1516
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(b) 4-octyne
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Aromatics Ethyl benzene

o . . H
* Due to the delocalization of e in the ring, C-C bond order
Is 1.5, the stretching frequency for these bonds is slightly (j/\
lower in energy than normal C=C
» These show up as a pair of sharp bands, 1500 & 1600
cm, (lower frequency band is stronger)
* C-H bonds off the ring show up similar to vinyl C-H at
3000-3100 cm-L / overtone of bending region
WWHPWMM’"M"W il NNNWWWW\\ (NPT L, " AL AN m /\/\ /N\r

Z / JANRAN A TNE f
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Aromatics

* |If the region between 1667-2000 cm* (w) is free of interference (C=0 stretching
frequency is in this region) a weak grouping of peaks is observed for aromatic systems

« Analysis of this region, called the overtone of bending region, can lead to a
determination of the substitution pattern on the aromatic ring

2000 1667 cm—1

\W\f o
LS

é
fj
G
i @\ 1,2 disubstituted (meta or m-)
Gi
G

[T/J )

Monosubstituted

1,2 disubstituted (ortho or o-)

1,4 disubstituted (para or p-)




Unsaturated Systems — substitution patterns

» The substitution of aromatics and alkenes can also be discerned through the out-
of-plane bending vibration region

« However, other peaks often are apparent in this region. These peaks should only
be used for reinforcement of what is known or for hypothesizing as to the functional
pattern.

-1

cm Cm-l
R 985-997 730-770
[T 905915 QR 690-710
R H
c=C 960-980 R 735-770
H R
R
R R
C=C 665-730 860-900
H H R 750-810
680-725
R R
C=CHj 885-895
R
R@R 800-860
R R
c=C 790-840



Ethers - addition of the C-O-C asymmetric band and vinyl C-H bonds

« Show a strong band for the antisymmetric C-O-C stretch at 1050-1150 cm-?

« Otherwise, dominated by the hydrocarbon component of the rest of the molecule

Diisopropyl ether

PN

Na
V

R
I

(s)

1200



wavelength (um)

Alcohols L ‘ 3 - 3;5‘ 4 ]4;5 5 55 6 | 7 ’25 9 10 11 12 13 14 1516
et b i A
80| | /”’/‘ ! ! /m/\ T
« Strong, broad with rounded tip , ' \\ A il \\ Wi JA\I”\I/ V JanE=ca
O-H stretch from 3200-3400 cm™t ] & | 1 B! L LS R
40 wi ! “ / | / i il | V ‘ C—0O stretch
. A B L H (unreliable)
The shape is due to the 2O‘g*3m£ 0 SO | |
presence of hydrogen bonding b Vici_‘f*““‘;‘““, | e |
i | | |
4%00 3500 3000 2500 2000 1800 1600 1400 1200 1000 800 600

wavenumber (cm l)

« C-O stretch from 1050-1260 cm- (like ethers)

Band position changes depending on the alcohols substitution: H - /\/\
1° 1075-1000; 2° 1075-1150; 3° 1100-1200; phenol 1180-1260) O

MICRONS NICOLET 208X FT-IR.
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Primary amine (R-NH,):
« The —N-H stretching band for NH, occur between 3200-3500 cm-?

» Broad band with two sharp spikes (dublet: symmetric and anti-symmetric
modes)

NH, deformation band: 1590-1650 cm-2 2-aminopentane
H., H
)l\/\
=g AT T ™~ 1] N /,wa
N LY WO T o
Wy A A I R




wavelength (um)

105.5 } 315 4 45 5 5‘,5 § 7 8 9 10 I‘l 12 1‘3 14 15 IJ6
. B e e it S it \ =
Secondary amine (R,-NH): | "~ N R 7
80 I\\gretcll;l | / \} r/ dipropylamine A ‘ 'V\ J \ /VV\ /
-E = T I T7](CH3CH,CH,),NH \ H/J ‘ / 1 , / ‘
. 601 N SPI\'L‘;
* The — N-H stretching band | T e R
occurs at 3200-3500 cm™  "li A I \VJ o
as a single sharp peak 8 ,,“'C—wwrﬁ e Enan
Weaker than _O-H band 4%00 3500 3000 2500 2000 1800 1600 1400 1200 1000 800 600

wavenumber (cm™ ')

» Both O-H and N-H stretching bands occur around 3300 cm-, but they look different!

“ W,_M\ /‘m_“f i Ww\ T T T T N

@ N 7 p pyrrolidine
e M / NIFA A SN
TR VAT 1 /TN N-H
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Tertiary amines (R3;N) have no N-H bond and will not have a band in this region



H region review
* Inspect the bonds to H region (2700 — 4000 cm)
« Peaks from 2850-3000 are simply sp® C-H in most organic molecules

« Above 3000 cm- Learn shapes, not wavenumbers!:

V-shape peak
-N—H bond for 2° amine (R,N—H)
Broad U-shape peak

-O—H bond
W-shape peak
-N—H bond for 1° amine (RNH,)
Sharp spike (5000 o }—
-C=C—H bond a
Small peak shouldered
U just above 3000 cm?

C=C—H or Ph—H




Carbon-Carbon Bond Stretching

» Stronger bonds absorb at higher frequencies (v ~ k!):
C-C 1200cm

C=C 1660 cm
C=C 2200 cm? (weak or absent if internal)

» Conjugation lowers the frequency:

isolated C=C 1640-1680 cm-1
conjugated C=C 1620-1640 cm™
aromatic C=C approx. 1600 cm-?

Carbon-Hydrogen Stretching

» Bonds with more s character absorb at a higher frequency:

sp3 C-H, just below 3000 cmt (CH,)
sp? C-H, just above 3000 cm (CH,)
sp C-H, at 3300 cmt (CH)



Carbonyl Stretching (C=0)

» The C=0 bond of simple ketones, aldehydes, and carboxylic acids absorb
around 1710 cm!
» Usually, it's the strongest IR signal.

» Aldehydes have two C-H signals around 2700 and 2800 cm™

> will have also.
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wavelength (um)
5 6 v 8 9 10 11 12 13 14 1516
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Aldehydes

» C=0 stretch from 1720-1740 cm!
« Band is sensitive to conjugation, as

(O P T CH;CH,CH,—C—H
. . [ c— b) butyraldehyde
are all carbonyls (upcoming slide) \f o0 T O oualdeny
| [T+ 1720 |
4%00 3500 3000 2500 2000 1800 1600 1400 1200 1000 800 600

wavenumber (cm ')

A highly unique sp? C-H stretch appears as a doublet, 2720 & 2820 cm called a
“Fermi doublet”

Cyclohexyl carboxaldehyde
o)
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Ketones

waveleng (um)
IO(%S 3 3“5 4 4‘.5 5 5I5 6 7 $ 9 10 11 1213 1‘4 15 1‘6
I e e e A I
i o i A it AR o NN
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AR}t e et e stretch T (BERTHNG |18 1A GURRAS| (i I 155 i
T iif saturated | 0
40[m T T C—H - stretel U I ol
,,,,,, ‘ CH;— C—(CH;,)4CH3y |- L
20 E [ 11 ; R (a) 2-heptanone
| |
3 ! 1l 1718 =+ L | !
| | | [
4000 3500 3000 2500 2000 1800 1600 1400 1200 1000 800 600

e C=0 stretch occurs at 1705-1725 cm!

wavenumber (cm l)

« Simplest of the carbonyl compounds as far as IR spectrum — carbonyl only
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Esters
e C=0 stretch at 1735-1750 cm-

» Strong band for C-O at a higher frequency than ethers or alcohols at 1150-1250
cm-t

Ethyl pivalate
O

%O/\

/f—‘“""‘""‘“\
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Carboxylic Acids:

» Gives the messiest of IR spectra

» C=0 band occurs between 1700-1725 cm™
« The highly dissociated O-H bond has a broad band from 2400-3500 cm covering

up to half the IR spectrum in some cases e
/ \ : :
_ R—C C—R 4-phenylbutyric acid

This O-H absorbs broadly due to - Yo, .\ phenylbuty

strong hydrogen bonding | 1710em™ @\/\/(H)

F - P _ le'nzu]:‘uhoul 3000 cm ™! n P ) R C\O/H
G:IHA w\

\ A \/\\ rr’\ oy
il |

.__.—-—"?

r Il |
L 1t
| \ ” ”
3 i\ |
W) 5| | (5)
a¥
3 L
4000 3800 3600 3400 3200 3000 2800 2800 2400 2200 2000 1800 1800 1400 1200 1000 ano @t
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Acid anhydrides

« Coupling of the anhydride though the ether oxygen splits the
carbonyl band into two with a separation of 70 cm!

 Bands are at 1740-1770 cm-1 and 1810-1840 cm™?

Propionic anhydride
* Mixed mode C-O stretch at 1000-1100 cm-1 P y

O] O

e

o 5 827 2 ] .;‘. .:\i 5 4 -1.IE 5 5 ; 7 8 d ) 2 1|3 IA- 1|5 1I5
w-—-.__,_.—._,_‘_‘_.‘_ .. |
» M TN A A\




Acid halides
* Clefted band at 1770-1820 cm for C=0
» Bonds to halogens, due to their size (see Hooke's Law

derivation) occur at low frequencies, only Cl is light
enough to have a band on IR, C-Cl is at 600-800 cm-

Propionyl chloride
@)

i) 1800
EEEEEEEEEEE



B9 10 11 12 13 14 1314

Am|des |||-.TJ._. T i .Jz__,_:,._, _ﬁ_ﬁ

- Display features of amines and "R e |
Carbonyl Compounds ) : . IF; I'-:':. ".Ill-ll.-u.;. ~.||.\i ;}'1! |

Le30-1a50 ¢ L) glnzlch

« C=0 stretch at 1640-1680 cm! NN

'.'|'.|'.I'I'|I,|II'||'H.'| fem 'y

- If the amide is primary (-NH,) the N-H stretch occurs from 3200-3500 cm as a
doublet

* |f the amide is secondary (-NHR) the N-H stretch occurs at 3200-3500 cm as a
sharp singlet

oI5 %8 27 2g 28 3 35 4 48 5 55 g 7 H @ A 2 A S plvalamlde
. L AT TN L\ AN 0

EJ AN N A ALY
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Il ]

LT i)
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Nitro group (-NO,)

* Proper Lewis structure gives a bond order of 1.5 from nitrogen to each oxygen

« Two bands are seen (symmetric and asymmetric) at 1300-1380 cmt and 1500-

1570 cmt

 This group is a strong resonance withdrawing group and is itself vulnerable to
resonance effects

2-nitropropane

4 1.5 1.5
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wavelength (um)
3 35 4 45 5 55 6 3 8§ 9 10 11 12 13 14 1516

. _ * FERRE R R e e e T e
Nitriles (the cyano- or =C=N group) o | (//\”M itk 5,\\ AN A »\‘w.j{'
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1+ stretch 2249

. : : B O a1 e |
* Principle group is the carbon nitrogen | B :W i
triple bond at 2100-2280 cm-? e —

0 ‘
4000 3500 3000 2500 2000 1800 1600 1400 1200 1000 800 60!
wavenumber (cm = )

« This peak is usually much more intense than that of the alkyne due to the
electronegativity difference between carbon and nitrogen

bt L e I W n/"f\r\u 4"\ f 7
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Variations in C=0 Absorption
» Conjugation of C=0 with C=C lowers the stretching frequency to ~1680 cm?
» The C=0 group of an amide absorbs at an even lower frequency, 1640-1680 cm-
» The C=0 of an ester absorbs at a higher frequency, ~1730-1740 cm!

» Carbonyl groups in small rings (5 C’s or less) absorb at an even higher frequency

Carbon - Nitrogen Stretching

» C - N absorbs around 1200 cm

» C = N absorbs around 1660 cm™ and is much stronger than the C = C
absorption in the same region

> absorbs just

The alkyne C = C signal is much weaker and is just below 2200 cm-1



Effects on IR bands

1. Conjugation — by resonance, conjugation lowers the energy of a double or triple
bond. The effect of this is readily observed in the IR spectrum:

O

O QL

1684 cm™ 1715¢cm™
Cc=0 C=0

«  Conjugation will lower the observed IR band for a carbonyl from 20-40 cm!
provided conjugation gives a strong resonance contributor

Q

\\

/COX X= NH, CHy Cl  NO,
HyC

1677 1687 1692 1700 cmt

©
oX NG P
@ o N C
HZNOC—CH3 VS. / CH
C ’

Poor resonance contributor

rongresonan ntri r ,
Strong resonance contributo (cannot resonate with C=0)

* Inductive effects are usually small, unless coupled with a resonance contributor
(note —CH,; and —ClI above)



Effects on IR bands

2. Steric effects — usually not important in IR spectroscopy, unless they reduce the
strength of a bond (usually p) by interfering with proper orbital overlap:

o) o)
C=0:1686 cm™ C=0:1693 cm™

 Here the methyl group in the structure at the right causes the carbonyl group to
be slightly out of plane, interfering with resonance

3. Strain effects — changes in bond angle forced by the constraints of a ring will
cause a slight change in hybridization, and therefore, bond strength

[ S e

1815 cm™ 1775 cm™ 1750 cm™t 1715 cm™t 1705 cm™*

« As bond angle decreases, carbon becomes more electronegative, as well as less
sp? hybridized (bond angle < 120°)



Effects on IR bands

4. Hydrogen bonding

Hydrogen bonding causes a broadening in the band due to the creation of a

continuum of bond energies associated with it
* In the solution phase these effects are readily apparent; in the gas phase where

these effects disappear or in lieu of steric effects, the band appears as sharp as all

other IR bands:

Gas phase spectrum of 1-butanol

Steric hindrance to H-bonding in a

di-tert-butylphenol

H

1-Butanol i

w2 23 24 25 28272029 3 ¢ s W ey
———— e ———— — SRR
» Yo \ / IR " N
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ELLLL JRBE S S
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4200 4000 300 300 MO0 1200 2000 2000 2600 2400 2200 2000 1800 1800 100 1200 1000

 H-bonding can interact with other functional groups to lower frequencies

-H
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Summary of IR Absorptions
wavelength ([um)

2.5 3 35 4 45 5 55 6 65 7 8 9 10 1112 14 16
100 T T T T T T T T T T T T Tl T T
0 80 i
g - i
= i 0—H C=nN C=0 Ca—d |
g T C=N C1-N
e 40 C—H A
3
S = -
=¥
20 | i
- fingerprint region q
0 !

4000 3500 3000 2500 2000 1800 1600 1400 1200 1000 800 600

wavenumber (cm™!)
Strengths and Limitations

» IR alone cannot determine a structure

» Some signals may be ambiguous

» The presence of a functional group is usually indicated by a signal in IR spectrum
» 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

http://www.chem.ualberta.ca/~orglabs/Interactive%20Tutorials/ir/IR%200Quiz.swf



http://www.chem.ualberta.ca/~orglabs/Interactive Tutorials/ir/IR Quiz.swf

Procedure:
START
1. are there absorptions above 2700 cm-?
--YES: very broad and intense?
--YES: probably -OH
--NO: go to #2
--NO: go to #5
2.is there a weak absorption from 3000-3100 cm-1?
--YES: could be aromatic ring hydrogen or alkene hydrogen stretch
--NO: go to #3
3. is there a sharp absorption from 2700-3000 cm-1?
--YES: could be simple alkane hydrogen stretch
--NO: goto #4
4. is there a medium, sharp absorption from 3300-3500 cm-1?
--YES: NH (if singlet) or NH2 (if doublet) stretch
--NO: go to #5
5. are there absorptions between 2000 and 1500 cm-1?
--YES: intense, from 1660-1770 cm-17?
--YES: probably C=0
--NO: go to #6
--NO: C=0, aromatic and secondary amine probably absent; go to #8
6. is there a sharp, medium absorption close to 1500 or 1600 cm-1?
--YES: could be aromatic or secondary amine
--NO: go to #7



7.is there a sharp, medium absorption from 1640-1840 cm-1?
--YES: probably an alkene

--NO: go to #8

8. are there absorptions between 1500-1100 cm-1?
--YES: intense between 1050-1300 cm-17?

--YES: could be C-C, C-O, or C-N stretches

--NO: go to #11

--NO: C-0O, C-N, CH,, CH; probably absent; go to #11

9. is there a medium, sharp absorption at 1375 cm-1?
--YES: could be -CH,

--NO: go to #10

10. is there a medium, sharp absorption at 1450 cm-1?
--YES: could be -CH,- or -CHj,

--NO: go to #11

11. are there strong absorptions below 900 cm-1?
--YES: sharp at 720 cm-1 could be -CH.-

--OTHERS: aromatic*, alkene or monochloro C-CI possible

END
* aromatic substitution patterns (may not show): mono 710-690 cm-1
770-730 cm-1
1,2-di 770-735 cm-1
1,3-di 735-680 cm-1
810-750 cm-1
1,4-di 860-800 cm-1



Exercises:

AN Alkene - Pentene

Frequency in cm  |Assignment

3035, 3060, 3090 [C-H (sp?, aromatic)

1479 C=C (stretch)

1036 =C-H (bending in ring
lane)

673 =C-H (oop bending)
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OH Frequency in cm1 Assignment
3600-3100 O-H (stretch)
Alcohols - Cyclohexanol 2930, 2850 CH,, (sp?, stretch)
1067 C-O (stretch)
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Carboxylic Acid - Hexanoic Acid

Frequency in cm!  |Assignment

3500-2400

O-H (stretch, O-H bridges)

2932

C-H (sp?, stretch)

1711

C=0 (stretch)
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Frequency in cm

Assignment

3367, 3280

N-H (stretch, two peaks !)

C-H (sp?, stretch)

Primary Amine - Propylamine {2958
1607

N-H (broad, scissoring)

_N -H (broad, oop bending)
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Secondary Amine - Diethylamine

Frequency in cm™ [Assignment

3280

N-H (stretch, one peak only)

2964

C-H (sp?, stretch)

1452

CH., (bend)

1378

CH,, CH, (bend)
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N-H (oop bending)
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Frequency in cm1

Assignment

3560

overtone from C=0 peak

2963

C-H (sp?, stretch)

1801

C=0 (stretch)

753

C-ClI (stretch)
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Frequency in ¢

m-1 |Assignment

2987

C-H (sp?, stretch)

1819

C=0 (asym. stretch)

1751

C=0 (sym. stretch)

1094

C-O (stretch)
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Frequency in cm

Assignment

2962

C-H (sp3, stretch)

1743

C=0 (stretch)

1243, 1031

C-O-C (stretch)
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1-Nitropropane

Frequency in cm

Assignment

2978

C-H (sp?, stretch)

1554

NO, (asym. stretch)

1387

NO, (sym. stretch)
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Frequency in cm-t

Assignment

3362, 3200

N-H (stretch, two peaks for a primary amide)

2920

C-H (sp83, stretch)

1661

C=0 (stretch)
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Which of the following substances correspond to given IR spectra?
Indicate at least two IR bands related to functional groups from chosen substance:
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The three next infrared spectra are from compounds whose elemental composition is
given at the upper left hand corner of each plot (C;H;Br, C,H,0;, C;H;0,Cl). From
the spectra and the summary tables of characteristic vibrational frequencies, deduce
the structure of each compound, explaining your reasoning throughout.

CyH;Br
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Carbonyl
De rmv ative

Acy] Halldes
(RO
X=F
x=0

X =Hr

Achl Anhydride,
(RO, 0

acyclic
b-membered ring
Smembemed ring

Esfers & Laciones

(ROOAR")

&0 H

Carbonyl

Absorption

=0 streich
1850 + M cm™
15 + 15

18 + 15

C=i stmeich (2
bands]

1750 & 1820 cm’!

1750 & 1830
ITES & 1BGS

C=0¥ sirelch
1740 cm £ I cm

Comme nts

Coajugation low ers the =00 frequencios noported bere, as with aldehydes & beinnes.
In acy] chlorides a lower infensity shoulder or peak near 1740 om ! is due to an overtose interaction.

Cosjugation bow ers the =00 freqguencies noported bere, as with aldehydes & beinnes.

The two streiching bands are separaied by 60 £ 3 cm !, and for acyclic anhydrides the higher froquency
[asymmetric streiching) band ix stromper than the lower fosqoency (symmetric) ahsorplioa.

Cyclic anbydrides also display two carboay] stretching absorptioss, but the lower freque scy bamd is the
strompest.

Ore or two -00-0-00- stretching basds are observed in the 1000 to 1300 cm ™ egion.

Coajugation lowers the U= frequencies neported bere, & with aldehydes & beipnes
Stromg C000) sineiching absorptioms (one of two) am found from 1150 bo 1250 cm :



Stretching Vibrations Bending Vibrations

Functional Class Range (nm) Intensity Assignme nt Range (nm) Inte nsity A ssignment
Alkanes 2R50- 3000 sir {H., CH; & CH 1350-1470 meed CH; & CHy deformation
2 or 3 bands I3 1390 med ZH, deformatian
THI-T15 wk CH, rocking
AlkEnEs HNEA-Z100 med =-H & =H; (u=aally sharp] BE-955 sir =C-H & =CHz
1630 1580 AT = (symmetry mduces inbensity ) 7E0-B50 meed [ oai-of-plame bending )
675-730 mied cis-RCH=CHE
TN M0 sir = asymmetric streich
Alkynes 3300 sir C-H {usaally sharp) LU LIBA L sir Z-H deformatian
21250 war =0 (symmetry nodoces inlensity )
A T 5 S0 VET C-H (may be several hands) Lt T L sir-mad C-H bending &
PEND & 1500 med-whk iC=C (in ring] (2 bamds) Ting puckering
(3 if conjagabed)
Alcohals & Phendls A580-3650 var {0-H (foee i, usually sharp 13301430 meed 3-H bending (in-plans )
J2M-3550 sir O-H (H-bomded), asnmlly broad 650-770 var-wk -H boed (| oaxt-of -plane |
Tr0-1250 sir C-0
Arnlmes AN 3500 (dil. sodn) wk M-H (1"-amimex), I hands 1550 1650 mied.- sir NH, scimsaring (17 -aminsx)
3300 3800 (dil. sodn.) wk M-H (X -amimx) B0 var MH, & N-H wagging
1K= 1250 med C-MN [shifts on H-bosding|
Allehydes & Kelones 20902840 (2 hands) med IC-H (alde bopdes C-H)
17X 1740 sir C=00 (=atarated albde boede ) 13501360 sir - Hy bendizg
17 10-1720 sir =00 {satarated kertome | 1 4060 1450 sir i-CH;, bending
L 10D e C-C-C bemding
1690 sir ary] keiooes
1675 sir it fi-unsaturation
1745 sir cyclope nlanooe
17RO sir cyclobutanone
arboxylle Aclds & Derivaiives 250003300 (acids) overlap C-H sir 0-H (very broad) 1395-1440 meed C-0-H bhending
1705- 1720 (=mcads) sir =0 (H-bondsd)
12101320 (acids) med-sir O (sometimes 2-poaks)
ITR5-1E15 { acy] halides] sir =00
1750 & 1820 (anhydrides] =str iC=00 [2-bamds)



