Chwong 3: Phé hong ngoai
(Infrared Spectroscopy)
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Vung IR

Region Wavelength (\) Range, um Wavenumber (7) Range, cm ™! Frequency (») Range, Hz
Near 0.78t0 2.5 12,800 to 4000 3.8 X 10 to 1.2 X 1014
Middle 2.5t0 50 4000 to 200 1.2 X 1014 to 6.0 X 102
Far 50 to 1000 200 to 10 6.0 X 10'2 to 3.0 X 101

Most used 2.5t0 15 4000 to 670 1.2 X 10 to 2.0 X 1013
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Chi c6 dich chuyén gitra hai mirc ndng lwong cé hiéu nang lwong thap

— dich chuyén gilra cac m&rc nang lwong dao déng va quay.

Electrically-excited state

Infrared
absorption

Electronic

Potential energy (E)

Vibrational
level

orption, — tRotational
V=0 s f,s,tﬁtﬁ

Bond interval “_____—absormpli

11

Phé hdng ngoai do dwoc tan sd dao déng cla lién két trong phan ti va

dwoc str dung dé xac dinh nhém chirc.
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C6 3 dang dich chuyén cuia phan tir nam trong ving IR
a) Dich chuyén quay
AE cho cac dich chuyén nay twong tmg v < 100 cmL
b)Dich chuyén dao dong quay
Su thay doi momen ludng cuc 1a do su két hop giira dich
chuyén dao dong va quay cua phan tu
¢) Dich chuyén dao déng
e« v=13,000-675cm? (0.78 — 15 uM)
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Pé phan tir hap thu IR xay ra, can théa man 2 diéu kién sau:

1. Momen ludng cuc dién cta phan tir phai thay doi trong qué trinh phan tir dao
dong hodc quay boi vi sy thay doi ctia moment ludng cuc s& cho phép tuong
t4c vi dién truong ciia birc xa IR khi hap thy buc xa IR.

— Phan ttr cia 2 nguyén ti ciing loai khong thé hap thu birc xa IR

2. Tan sb cta btrc xa bang tan s6 dao dong von ¢6 cta phan ti. Khi photon

IR bi hap thu thi bién do ctia dao dong sé tang Ién.
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DAO PONG CHUAN CUA PHAN TU

S6 dao ddng chuan t6i da cia phan tir c6 N nguyén tir :
-3N — 5 d6i v&i phan tir thang hang

, o C6 nhiéu dinh trong phé IR
-3N — 6 d6i voi phan tir khong thang hang

Moi dao dong chuan c6 mot nang luong nhat dinh

- Tuy nhién c6 trudng hop 2, 3 dao dong chuan c6 mot mirc ning lugng .

- Cac dao dong chuan co cung mot mic ning luong goi 1a dao dong suy bién.
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Tuy nhién, cac dao ddng nhan dwoc tr phd c6 thé it hon so vai ly thuyét vi:
< Dao ddng dbi xtrng (khéng thay déi momen luwéng cuc).

< Nang lwong ctia mot s6 dao dong giong nhau (dao déng suy bién).
< Cwdng do hap thu qua thap.

< Tan s6 nam ngoai ving do cla thiét bi.
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Nguwoi ta phan biét dao ddng chuan thanh hai loai:

- Dao dong hoéa tri (ki hiéu 1a v) 14 nhitng dao dong lam thay doi chiéu dai lién két

ctia CAC nguyén tir trong phan tir nhung khong 1am thay doi goc lién két.

- Dao dong bién dang (ki hiéu ) 1a nhitng dao dong lam thay doi goc lién két nhung

khong 1am thay doi chiéu dai lién két caa cac nguyén tir trong phan tir.

MJi loai dao déng con duoc phan chia thanh dao dong d6i ximg va bat d6i xung.
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Cac mau dao dong cua nhom CH,

Dao dong hoa tri dbi xtng

Dao dong hoa tri bat d6i xting

Dao ddng bién dang

¢ P QP oo &9

Scissoring (In plane) Rocking (In plane)  Wagging (Out of plane) Twisting (Out of plane)
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1) HCl: 3(2)-5 = 1 mode @O

2) CO,: 3(3)-5 = 4 modes O8O
O—@CO
- + -

Q_‘_Q moving in-out of plane

See web site for 3D animations of vibrational modes for a variety of molecules
http: //www chem.purdue.edu/gchelp/vibs/co2.html

ongThanCong.com https://fb.com/tailieudientucntt
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Vi du: Xac dinh s6 dinh phé cua CO,:

S6 dao dong: 3(3)-5=4 = ~
ong: 3(3) CO—@—O  p=0; Rinactive

O—@—O u>0;IRactive

O—@—O i > 0; IR active

! C{_ZS% u>0; IR active

degenerate —identical energy single IR peak
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MGi lién hé giira tan so dao dong va khoi lugng
nguyén ti, nang lwong lién két

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

Frequency dependence on atomic masses
San || F— 100 (420) 3000
10| 100 (420) 2100 | 7 decreases
C—C ] 83 (350) 1200

Frequency dependence on bond energies
C—C 83 (350) | ronoc 1200
G 146 (611) ls et 1660 lz‘z increases
—% 200 (840) 2200

e Tan so giam khi khoi lwong nguyén tir tang

* Tan so tang khi nang lvong lién két tang
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DOUBLE
BONDS

L =0
c=C

=N

4000 3500 3000 2500 2000 1500 1000 500
WAYENUMBER {cm™)
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TABLE 17-3 Abbreviated Table of Group Frequencies for Organic Functional Groups

Frequency
Bond Type of Compound Range, cm ™! Intensity
C—H Alkanes 2850-2970 Strong
1340-1470 Strong
C—H Alke x-(\c=c/ H) 3010-3095 Medi
. enes| JC=C{ 3010-3093 edium
675-995 Strong
(Gt Alkynes (—C=C—H) 3300 Strong
C=H Aromatic rings 3010-3100 Medium
690-900 Strong
—_ Monomeric alcohols, phenols 3590-3650 Variable
Hydrogen-bonded alcohols, phenols 3200-3600 Variable, sometimes broad
Monomeric carboxylic acids 3500-3650 Medium
Hydrogen-bonded carboxylic acids 2500-2700 Broad
N—H Amines, amides 3300-3500 Medium
C=C Alkenes 1610-1680 Variable
c=C Aromatic rings 1500-1600 Variable
C=C Alkynes 2100-2260 Variable
C=IN Amines, amides 1180-1360 Strong
C=N Nitriles 2210-2280 Strong
(Sl ©, Alcohols, ethers, carboxylic acids, esters 1050-1300 Strong
C=0 Aldehydes, ketones, carboxylic acids, esters 1690 -1760 Strong
NO, Nitro compounds 1500-1570 Strong
1300-1370 Strong

® 2007 Thomson Higher Education
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PHO KE HONG NGOAI TAN SAC
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PHO KE HONG NGOAI BIEN POI FOURIER (FTIR)

Ittt el Interferograms Spectra
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Phé ké FTIR st dung ngudn da sac do do thu nhan toan bd phd cuing lic va

giai phd bang bién dbi Fourrier = téc d® do phd nhanh va dé phan giai cao.
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CHUAN B| MAU PO IR

Mau I6ng

Lay 1 lwong dung dich dui nho

Back
plate

-\

0 ﬂ (®
Neoprene
a;)ket Window Y) @
g Spacer 0 Q@
Neoprene /
gasket \

Rt Quick-acting
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Mau ran dang mang:

Pé truyén qua trong vung IR (Si)

g
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Mau ran dang bét:
- Ep vién nén KBr
- Hoda tan mau trong dung dich phu hop dé tao dung dich (CH,CL,)

- Nujol mulls
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Ep vién nén KBr

1-2%wt mau dwoc tron véi KBr va ép thanh vién méng trong subt.

Nguyén nhan vién ép khéng dat

Preparing a KBr Disk

yéu cau
- HAn hop KBr khdng dd min
- Mau khong kho
- Ti & gitba mau:KBr cao
- Vién ép qua day

- Lwc ép chwa du
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Nujol mulls

S dung khi mau ran khéng thé hoa tan dwoc trong dung dich trong subt IR va

khé khan trong viéc tao vién nén

"
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TABLE 17-2 Common IR Window Materials

Applicable  Water Solubility,
Window Range, ¢ /100 g H,0,
Material cm ! 20°C
Sodium chloride 40,000 -625 36.0
Potassium bromide 40,000 -385 65.2
Potassium chloride 40,000 =500 34.7
Cesium iodide 40,000 =200 160.0
Fused silica 50,000 -2,500 Insoluble
Calcium fluoride 50,000-1,100 51 1072
Barium fluoride 50,000-770 012 (25°€)
Thallium bromide- 16,600 =250 <0.0476
iodide, KRS-5
Silver bromide 20,000 -285 1. 1072
Zinc sulfide, 10,000 =715 Insoluble
[rtran-2
Zinc selenide, 10,000 =515 Insoluble
Irtran-4
Polyethylene 625-30 Insoluble

© 2007 Thomson Higher Education
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Phé IR cia mét s6 hop chat
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FIGURE 2.20. Acetone, v, Methyl, 2995 em ', vy, Methylene, 2964 cm ™, v, Methyl, 918 cm ™', Norma] (=0
stretch, 1715 em ™", &, CH, 1422 em ™" &, CH; 1360 cm ', C—CO—C stretch and bend, 1213 cm ™",

A: Dao dong gian C=0: 1715 cm’!

B: Dao ddng gidn va uon C-CO-C: 1213 cm’!
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FIGURE 2.18. Bengvl alcohol. O—H streich: intermolecular hydrogen bonded, 3329 cm ™", C—H stretch: aromatic
A= 3000 ¢cm ', C—H stretch: methylene, 2940-2860 cm . Overtone or combination bands, 2000- 1667 cm ™", C==C
ring stretch, 1500, 1455 cm ', overlapped by CH, scissoring. about 1471 em ™. O—H bend. possibly augmented by
C—H in-plane bend, 120% em~". C—0 stretch, primary alcohol (see Table 2.5) 1023 em~". Crut-of-plane aromatic
C—H bend, 745 em™", Ring C=C bend, 707 ¢m ™",

A: Gidn O-H (Lién két Hydrogen ngoai phén tir), 3329 cm’!
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PHAN PQC THEM VE
CAU TAO CHI TIET CUA NGUON SANG, BQ PHAN THU
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C) Instrumentation

1.) Basic Design

- normal IR instrument similar to UV-vis

- main differences are light source & detector

Synchronous
motor
- - Chart
A
A
i Synchronous
Attenuator ' ——
Reference Y
N —"—|[ | \Va il
S Ji] |
Y 0 v
L. S i
Source ZE) 4_ N S i /% Grng
V4
// Transducer
A_—+E——| A Chopper 1_-—»-—-'——-—-—
Sample .
Monochromator
5 A 4
Filter, //L—l Preamp
modul.a.tor, Synchronous
amplifier rectifier
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i.) Light Source:
- must produce IR radiation
- can’t use glass since absorbs IR radiation
- several possible types

a) Nernst Glower

- rare earth metal oxides (Zr, Ce, Th) heated electrically

- apply current to cylinder, has resistance to current flow
generates heat (1200° —2200° C).

- causes light production similar to blackbody radiation
- range of use ~ 670 — 10,000cm™?
- need good current control or overheats and damaged

b) Globar

- similar to Nernst Glower but uses silicon carbide rod instead
of rare earth oxides

- similar usable range
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c) Incandescent Wire Source

- tightly wound nichrome or rodium wire that is electrically heated
- same principal as Nernst Glower
- lower intensity then Nernst Glower or Globar, but longer lifetime
d) €O, Laser
-_CO2 laser gas mixture consists of 70% He, 15% CO,, and 15% N,
- a voltage is placed across the gas, exciting N, to lowest vibrational levels.
- the excited N, populate the asymmetric vibrational states in the CO, through
collisions.
- infrared output of the laser is the result of transitions between rotational states of
the CO, molecule of the first asymmetric vibrational mode to rotational states of

both the first symmetric stretch mode and the second bending mode
- gives off band of ~ 100 cm™’s in range of 900-1100 cm™!
- small range but can choose which band used & many compounds have IR
absorbance in this region
- much more intense than Blackbody sources
e) Others
- mercury arc (A > 50 um) (far IR)
- tungsten lamp (4000 -12,800cm™?) (near IR)
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ii.) Detectors:
- two main types in common IR instruments

a) Thermal Detectors
1.) Thermocouple
- two pieces of dissimilar metals fused together at the ends
- when heated, metals heat at different rates

- potential difference is created between two metals that varies with their
difference in temperature

- usually made with blackened surface (to improve heat absorption)

- placed in evacuated tube with window transparent to IR (not glass or
quartz)

- IR *hits” and heats one of the two wires.
- can use several thermocouples to increase sensitivity.

IR transparent
material (NaCl)
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2.) Bolometer

- strips of metal (Pt, Ni) or semiconductor that has a large change in
resistance to current with temperature.

- as light is absorbed by blackened surface, resistance increases and

current decreases :
- very sensitive

hv
AANNU ——

ol

b) Photoconducting Detectors

- thin film of semiconductor (ex. PbS) on a nonconducting glass surface
and sealed in a vacuum.

- absorption of light by semiconductor moves from non-conducting to
conducting state hy

- decrease in resistance = increase in current vacuum
- range: 10,000 -333 cm™ at room temperature

semiconductor

glass
Transparent

to IR
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c) Pyroelectric Detectors

- pyroelectric (ceramic, lithium tantalate) material get polarized
(separation of (+) and (-) charges) in presence of electric field.

- temperature dependent polarization
- measure degree of polarization related to temperature of crystal
- fast response, good for FTIR
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iii.) Other Components
a.) Sample Cell

- must be made of IR transparent material (KBr pellets or NaCl)

Inlet tubes

Quick-acting
nuts (4)

Front plate

Liquid Sample Holder

b.) monochromator
- reflective grating is common

Grating Normal
- Car :

Facet Normal Incident Light

Diffracted
Light

CuuDuongThanCong.com httpsbrcomtaiti entucntt
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iv.) Overall Instrument Design

Synchronous

motor
- Chart
| I
. Synchronous
Attenuator Mo
Reference Y
V\ I
Y § ‘
Source@ A _,______7% Grating
| v
// / Transducer
4____,_5__' Chopper ,__,__'____
Sample . |
Monochromator
Filter, b | o
modulator, J Synchronous
amplifier rectifier

CuuDuongThanCong.com

-Need chopper to discriminate source light
from background IR radiation
-Monochromator after sample cell
-Not done in UV-Vis since letting in all
hv to sample may cause
photdegradation (too much energy)
-IR lower energy
-Advantage that allows
monochromator to be used to screen
out more background IR light
-Problems:
-Source weak , need long scans
-Detector response slow — rounded
peaks

https://fb.com/tailieudientucntt
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v.) Fourier Transfer IR (FTIR) — alternative to Normal IR

- Based on Michelson Interferometer

Principal:
1) light from source is split by central mirror into 2 beams of equal intensity

2) beams go to two other mirrors, reflected by central mirror, recombine and pass
through sample to detector

3) two side mirrors. One fixed and other movable

a) move second mirror, light in two-paths travel different distances
before recombined

b) constructive & destructive interference

CuuDuongThanCong.com https://fb.com/tailieudientucntt
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- observe a plot of Intensity vs. Distance (interferograms)
- convert to plot of Intensity vs. Frequency by doing a Fourier Transform

f{x)= _[;DB(V}(I + cos2mx)dve

- resolution Av = 1/Ad (interval of distance traveled by mirror)

Interferograms Spectra
= =
) MWWN\ )
1 — —
- 0 -+ v, cm”™!
&, em
B
)
& =
a
L
= 0 - +  em™’

5, cm

Fourier transform pairs for (A) a monochromatic source and
(B) a broadband source.
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Advantages of FTIR compared to Normal IR:
1) much faster, seconds vs. minutes
2) use signal averaging to increase signal-to-noise (S/N)

Increase S/ N o \/number scans

3) higher inherent S/N — no slits, less optical equipment, higher light intensity

4) high resolution (<0.1 cm™)

/ 256

Disadvantages of FTIR compared to Normal IR: V/\/k—ﬁ-—
. . 64

/W/M

1) single-beam, requires collecting blank
2) can’t use thermal detectors — too slow

Absorbance

In normal IR, scan through frequency range. In ;

FTIR collect all frequencies at once.
 Signal = 14 units
1
b Noise =
,\J 9 units

Wavelength

CuuDuongThanCong.com https://fb.com/tailieudientucntt
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D) Application of IR

1.) Qualitative Analysis (Compound Identification)
- main application
- Use of IR, with NMR and MS, in late 1950’s revolutionized organic
chemistry
» decreased the time to confirm compound identification 10-
1000 fold

i.) General Scheme
1) examine what functional groups are present by looking at group
frequency region
- 3600 cm™ to 1200 cm™?

SINGLE
BOND STRETCH

DOUBLE
BONDS

BEND '

T ROCK

RSN

O-H, N-H
STRETCH

C-H '373' -
STRETCH o -
L i L L L L i L L

4000 3500 3000 2500 2000 1500 1000 500
WAYENUMBER {cm ™)
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ii.) Group Frequency Region
- approximate frequency of many functional groups (C=0,C=C,C-H,0-H) can be
calculated from atomic masses & force constants

- positions changes a little with neighboring atoms, but often in same general
region

- serves as a good initial guide to compound identity, but not positive proof.

wavelength(microns)]—— =

2.5 3 4 5 & 7 a = 10 11 1z 13 14 15 16u
CT”/M
O—H, N—H C—=cC 2 £
| *—e — g
C—H } *=H C=0 > g
[ ] ] =4
n =
C,N, O <> o_s (C—C,C—0, C—N)
=% I —
| ——o—o
""""""""""""""""""""""""""""""""""""""""""" ee @ ]
‘e ot & )
N N o 2
L L LB
—1Ej 4@‘
o 5
o=

E0O0

4000 1600 3400 3200 3000 ZE00 2600 2400 2200 2000 1900 100 1700 1600 1500 1400 1300 1200 1150 1100 1060 1000 950 900 S50 =00 TS0 FOO BSO O

= frequency ($)
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Abbreviated Table of Group Frequencies for Organic Groups

Bond Type of Compound Frequency Range, cm™ Intensity
C-H Alkanes 2850-2970 Strong
C-H Alkenes \ = /. 3010-3095 Medium

/C_C\ 675-995 strong
C-H Alkynes ——c=c—H 3300 Strong
C-H Aromatic rings 3010-3100 Medium
690-900 strong
0-H Monomeric alcohols, phenols 3590-3650 Variable
Hydrogen-bonded alchohols, phenols 3200-3600 Variable, sometimes broad
Monomeric carboxylic acids 3500-3650 Medium
Hydrogen-bonded carboxylic acids 2500-2700 broad
N-H Amines, amides 3300-3500 medium
Cc=C Alkenes 1610-1680 Variable
C=C Aromatic rings 1500-1600 Variable
c=—c Alkynes 2100-2260 Variable
C-N Amines, amides 1180-1360 Strong
C=—N Nitriles 2210-2280 Strong
C-O Alcohols, ethers,carboxylic acids, esters 1050-1300 Strong
C=0 Aldehydes, ketones, carboxylic acids, esters 1690-1760 Strong
NO, Nitro compounds 1500-1570 Strong
1300-1370
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iii.) Fingerprint Region (1200-700 cm™?)
- region of most single bond signals

- many have similar frequencies, so affect each other & give pattern characteristics
of overall skeletal structure of a compound

- exact interpretation of this region of spectra seldom possible because of
. Fingerprint Region
CompIeXIty Ahsorhance § %a g p g

- complexity = unigueness

Il
ol CHLCCH,

/

C=0

100+ ; . . :
4000 3000 1500 000
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iv.) Computer Searches

- many modern instruments have reference IR spectra on file (~100,000
compounds)

- matches based on location of strongest band, then 2" strongest band, etc
overall skeletal structure of a compound

- exact interpretation of this region of spectra seldom possible because of
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Bio-Rad SearchlT database of
~200,000 IR spectra
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2.)

Quantitative Analysis

- not as good as UV/Vis in terms of accuracy and precision

» more complex spectra

» narrower bands (Beer’s Law deviation)

» limitations of IR instruments (lower light throughput, weaker

detectors)

- potential advantage is good selectivity, since so many compounds have different

IR
spectra

» high background IR

» difficult to match reference and sample cells

» changes in € (A=egbc) common

Contaminants Concn, ppm Found, ppm Relative error, %
kRN Hfon|applicatfon is dgtermirtion of alir contarlinants.
Methylethyl ketone 100 98.3 1.7
Methyl alcohol 100 99.0 1.0
Ethylene oxide 50 49.9 0.2
chloroform 100 99.5 0.5
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Transmittance., %

Example 9: The spectrum is for a substance with an empirical formula of C;H:N. What is

the compound?

Wavelength, um
2.5 3 4 5 6 7 8 9 10 11 12 13 14 15
100
\
40 . ! u : A :\JW:
® A' V
20 07 + I + + *.
Lolold | 1 1 | |
4000 3500 3000 2500 2000 1900 1800 1700 1600f 1500 1< 1300 1200 1100 1000 900 800 700 650
Wa\fenuH\ber. cm™!

Aliphatic
hydrogens

Nitrile or alkyne
group

No aromatics

H,C——C==N

/

H3C
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One or more
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