Infracervena a Ramanova
spektrometrie



Infracervené zareni

Zareni v oblasti vino¢td 12500 — 10 cm-' které se dale déli na 3 podskupiny:

- blizka I(v:voblast: 12500 — 5000 cm-! (Near Infrared, NIR)
- stfedni IC oblast: 5000 — 500 cm-' (Mid Infrared, MIR)
- vzdalena IC oblast: 500 — 10 cm (Far Infrared, FIR)

MenSi mnozstvi energie nez UV-VIS zareni, proto nestacCi na vybuzeni
elektront do vys$Sich energetickych stavu

VySSi mnozstvi energie nez mikrovinné zareni, které postaci pouze pro
rotaCni pfechody (oblast energii 1 — 10 mm)

IC spektrometrie mé&Fi rotaéné — vibraéni prechody molekul

Podminkou absorpce IC zafeni je nenulova zména dipdl momentu pfi
prechodu do vyssiho vibracniho stavu

(Porovnej: podminka pro Ramanovu spektrometrii je nenulova zména
polarizovatelnosti pro dany prechod)

Pokud podminka neni splné&na, pak dany pfechod neni v IC aktivni
Obecné k vyskytu vibrace v IC stadi, aby se hmotnosti sousednich atomu
lisily alespon o0 100% nebo silové konstanty vazby alespon o 25%
Silové konstanty jednoduché, dvojné a trojné vazby jsou pfiblizné v poméru
1:2: 3, takze dvojna i trojna vazba se ve spektru projevi charakteristickou
vibraci



Energetické oblasti v IC oblasti

Vinova délka Energie Vinocet i
Oblast [um] [meV] [em-] Typ excitace
T Vibrace
Vzdalena IC 1000 - 50 1.2-25 10 - 200 -
mrizky
Stredni IC 50 - 2.5 25 - 496 200-4000 Molekulami
vibrace
VySsi
Blizka IC 2.5-1 496 - 1240 4000 - 10000 harmonické
(overtony)

« Podle zdroje informaci se definice jednotlivych oblasti mohou mirné lisit, viz
porovnani této tabulky a definice na predchozi strané



Model linearniho oscilatoru pro popis vibrace

Pro popis vibrace dvouatomové molekuly Ize pouzit zjednoduseny popis
pomoci modelu linearniho oscilatoru, tedy dvou hmotnych bodu
spojenych pruzinou
Cim vétsi silou na jeden bod budeme pusobit, tim vétsi sila bude plsobit b
opacnem smeru, aby se kuliCka dostala zpet do rovnovazné polohy:

F=-k.Xx,

kde k je silova konstanta a x vzdalenost oproti rovnovazné poloze
Pro linearni harmonicky oscilator plati:

X = Xq . COS(2IL.v.t + ¢),

kde v je frekvence pohybu, t je Cas, ¢ je fazovy posun urCeny

vychylkou hmotného bodu v Casu t; @ rsnnnnnn i
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Energie anharmonického oscilatoru

« E =h.v.(v+1/2),
kde v ke vibracni Cislo
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Za normalnich podminek je velka vetsina molekul kolikrat vinova funkee

ve vibracnim stavu v=v(3 nejpravc_leppdopejsw Zméni znaménko
prechodem je 0-1, vyssi harmonicke vyzaduji (protne osu x)
vetsi mnozstvi energie



Popis rotace dvouatomove molekuly

Model tuhého rotoru, kde hmotnosti atomu m, a m, jsou soustfedény ve
dvou hmotnych bodech, jejich vzdalenost o spolecného téziste jer, ar, a
vzdalenost r je konstantni; moment setrvacnosti vzhledem k ose y takove

molekuly bude:
=1, =L =m,.r,2+m,.r,?

Pri normalni teploté se molekuly nachazi v zakladni vibracnim stavu v = 0,
ale na celé rfadé ruznych rotacnich stavu s ruznymi rotacnimi kvantovymi
Cisly

Pocet moznych kvantové povolenych a ve spektru pozorovanych pfechodu
je podstatne vyssi pro rotacni prechody nez vibracni, kde silné previada
prechod zv = 0 na v =1, ostatni vyrazne méne pravdepodobne a malo
intenzivni

IC spektrum ve stfedni oblasti je rotaéné-vibraéni (kombinace prechodil)



Vibracni prechody

Zakladni (fundamentalni) — zména vibracniho Cisla o jednotku (Av = 1)
vysoka pravdepodobnost, vysoka intenzita
prechod vyzaduje nizsi energii, a tedy nizsi vinocCet

VyssSi harmonické (overtony) — zména vibracniho Cisla o vice nez jednotku
(Av > 1)

mensi pravdepodobnost, mensi intenzita

prechod vyzaduje vySSi energii, a tedy vysSsi vinoCet

Kombinacni — sou€asna zména 2 vibra€nich Cisel u polyatomové molekuly



Zakladni typy vibraci

* Vysvetleni na prikladu jednoduchych tfiatomovych molekul CO, a H,O

« Valencni vibrace (stretching) — méni se délka vazby, neméni se vazebny
uhel

- symetrickeé vs. asymetrické

 Deformacni vibrace (bending) — méni se vazebny uhel, nemeni se délka
vazby

- rovinné (in plane) vs. mimorovinné (out of plane)
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Instrumentace v IC spektrometrii

Zdroj zareni — keramickeé tyCinky vyhfivané na vysokou teplotu (ca.
1500°C), napf. z karbidu kfemiku (Globar) nebo smési oxidu vzacnych
zemin — Nernstova ty€inka (zirkon, yttrium a erbium), lasery CO, nebo PbS
- pro oblast blizkou IC — W nebo W-halogenova Zarovka
- pro oblast vzdalené IC — vysokotlaka Hg vybojka
Opticky material — musi byt propustny pro IC zafeni, napf. halogenidy
alkalickych kovu jako NaCl, KBr, Csl

1.0
00 L 1 |\

L il
4000 3000 2000 1500 1000 500 cm’

Pouzitelnost materiala: LiF do 1800 cm-', CaF, do 1100 cm-', NaCl do 650
cm’, KBr do 380 cm-', CsBr do 250 cm', Csl do 200 cm"’

Cim vétsi propustnost ma dany material (k niz8im vino&tam), tim horsi
rozliSovaci schopnost ma hranol z ngj vyrobeny

Starsi pristroje mély hranol z NaCl, pro vysSi rozliSeni kombinace hranolu,
napf. KBr — NaCl - LiF
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Instrumentace v IC spektrometrii

- Detektory IC zareni — vétSinou na bazi vyuziti

 Bolometr — odporovy teplomeér
zalozeny na mefeni zmény

milivoltmetr

studeny konec®

e " | termoélanku

termostat

kompenzacni
vedeni

svorkovnice

N

meérici (horky) konec termoclanku

We

Resistive ™
Thermometer ¥

Thermal Mass

elektrického odporu s teplotou it o g

Thermal
Conductance G

Thermal Reservoir

Termoclanek — v elektrickém
obvodu vznika napéti, jestlize 2
rizné vodice jsou spojeny na 2
mistech o rizné teploté; 1 vodi¢
bude udrzovan pfi konst. T, na
druhy dopadéa detegované IC
zareni

gas-filled cavity
IR window membrane housing

IR absorber optical read-out
system

compensation leak

Golayuv detektor —
pneumaticky zasobnik
plynu s membranou, ktera
je vyrobena z materialu
absorbujiciho IC zafeni



IC spektrometr s Fourierovou transformaci (FTIR)

« Zalozen na pouziti Michelsenova interferometru

 Nemaji monochromator, vétsinou jednopaprskové usporadani

- IC paprsek se na polopropustném zrcadle rozdéli na 2 svazky

« Svazky paprsku bud mohou byt ve fazi (vysledna vina se zesili) nebo mimo
fazi (vysledna vina se zeslabi nebo pfri stejné hodnoté se vyrusi, napf. pro
monochromatické zareni)

« Zavislost signalu detektoru na Case se nazyva interferogram, jeho FT
ziskame IC spektrum

 Vyhody FTIR:

- soucasny zaznam celého spektra

- vyssi citlivost a stabilita

- VySSi rozliSovaci schopnost

- Ize pouzit pro véechny oblasti IC
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Techniky snimani IC spekter

Méreni v plynné fazi — obvykle delSi kyvety, 10 cm a vice

Meéreni v kapalné fazi — nejCastéji se méri vzorky kapalin ¢i pevnych latek
rozpusténeé ve vhodném roztoku, ktery nenarusuje material kyvet
vyrobenych obvykle z NaCl ¢i KBr

jako obvyklé rozpoustédla se pouziva CCl,, CHCI,;, CS, Ci jiné rozpoustedlio,
ve kterém je analyzovana latka dobre rozpustna, nenarusuje material kyvet
a také neposkytuje nezadouci signal v méfené oblasti IC spekter

v zadném pripade nepouzivat vodu Ci vodné roztoky, doslo by ke zniCeni
kyvety!

Méreni v pevné fazi — bud méreni lisovanych tablet nebo suspenzi
lisovani tablet - provadi se s jemnym praskem velmi Cistého a vysuseného
KBr, ktery se v nadbytku smisi s pevnym vzorkem a vylisuji se tablety, které
se nasledné meri s pouzitim specialniho drzaku

suspenzni technika - vzorek se smisi s nujolem (tj. parafinovy olej) a méfri
se vznikla suspenze umistnéna mezi 2 destiCkami z NaCl; pripadné vibrace
alifatické Casti molekuly nelze méfit, protoze budou prekryty signalem pro C-
H vazby z parafinového oleje

techniky méfeni v pevné fazi nejsou kvantitativni

reflexni techniky — vyuZiti vicenasobného odrazu IC zaFeni od povrchu
materialu



IC spektrometrie v blizké oblasti (NIR, Near Infrared)

« Oblasti vinoctul asi 4000 — 12500 cm-!, vétSinou pozorujeme vysSi
harmonicke vibrace pro vibracni prechody, jejichz zakladni vibracni
frekvence byly v oblasti stfedni IC

. V/yrazné nizsi citlivost oproti IC ve stfedni oblasti, protoZe vibraéni pfechod
0 vice nez jednu energetickou hladinu je méné pravdépodobny a tudiz
pripadny pfechod bude mit vyrazné nizsi relativni intenzitu, proto se
pouzivaji delsi kyvety oproti klasické IC (mm aZ cm)

* NejvySsi intenzitu maji valencni vibrace vazeb C-H, N-H, O-H

« Prevladajici pasy pro jednotlivé oblasti: kombinacni pfechody (ca. 4000 —
5300 cm), 1. overtony (4600 — 7300 cm-'), 2. overtony (ca. 6000 — 10000
cm-1), 3. overtony (ca. 8800 — 14500 cm-)

« Jako material pro kyvety a optické prvky Ize pouzit kfemen, protoze je v NIR
zcela propustny, a nasledné Ize pouzit i vodu jako rozpoustedla

« Absorpéni pasy v NIR jsou vyrazné $irsi oproti stfedni IC, jsou h(ife
spektralné rozlisené, Casté vyuziti chemometrickych metod
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Aplikace — kvantitativni analyza ve farmacii, potravinarském prumysiu,
ropném pramyslu , zivotnim prostredi (napf. stanoveni obsahu tuku,
bilkovin, etanolu, sacharidu, apod.)

Techniky méreni - po prachodu zareni vzorkem (transmisni méreni) nebo
po odrazu zareni (reflexni techniky)



IC spektrometrie ve vzalené oblasti (Far Infrared)

« Oblasti vinoctli asi 500 — 10 cm-', absorp¢&ni pasy vibraci molekul s
tezkymi atomy nebo malou silovou konstantou

« V oblasti 500 — 100 cm-! — valen¢ni a deformacéni vibrace anorganickych a
organokovovych sloucenin

« V oblasti pod 40 cm-! — rotacni spektra malych polarnich molekul v plynné
fazi

« Technické problémy pri méreni — mala zarivost zdroje, mala citlivost
detektoru, malé absorpcCni koeficienty

« Aplikace — astronomie, medicina (pozitivni vliv FIR na revma Ci jiné nemoci)

‘ l _ o Before After 11 minutes After 28 minutes After 42 minutes
e -M“"G"'G" Zména teploty cirkulujici krve po masazi
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AV

Glutathione
¥ 298K

Absorption (OD)

! ; ] , 1
B 15 ::’
THz

Far-infrared spectra for selected tripeptides
in the solid state showing unique spectral
differences arising from molecular and
crystalline structures.

Before After 35 minutes



Priklad aplikace FIR v astronomii

Far-Infrared /
Submillimeter
Astronomy from Space

Zobrazeni IR teleskopu
(modra = 3.4 um, zelena
4.6 um, Cervena 12 um)

Tracking an Evolving Universe
and the Emergence of Life



Zaklady interpretace IC spekter

Zakladni charakteristické vibrace lze pouzit pro rychlou identifikaci funkCni
skupiny (je vhodné je znat zpaméti), dale je cela fada dalSich vibraci
umoznujicich detailngjsi charakterizaci (ty I1ze najit v tabulkach, napf. tabulka
[1.1, str. 257 — 263 ve skriptech vydanych 1999)

Mezi charakteristické vibrace, které umoznuji pomérne dobre priradit
odpovidajici funkCni skupina patfi zejména nasleduijici:

alkoholy

karbonylové slouceniny (vSechny funkéni skupiny obsahujici karbonyl)
kyseliny,

aromaticke slouceniny,

primarni a sekundarni aminy,

nitrily



Rozdéleni stiedni IC oblasti podle typu vibraci
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Obr 43: Rozdéleni stfedni infracervené oblasti podle typu
absorbujicich vibraci
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Zaklady interpretace IC spekter

* Alkoholy ROH + Kyseliny RCOOH « Alkeny R-CH=CH-R’
100 100 100
50 4 50 - 50 4
0 i - 0 SRR O PR Liquid film w
4000 3000 4000 3000 (1) S ——
4000 3000
100 100
* Primarni aminy « Sekundarni )ﬁ
RNH, St aminy R,R,NH 50+
0 -Liquid film 0 S

400 3( 4000 3



Zaklady interpretace IC spekter
Karbonyl RCOX

«  Nitrily RCN
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IC — oblasti absorbce uhlovodikii
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Obr. 45: Oblasti absorpce uhlovodiki

Plati samoziejmeé i pro alkyl/aryl substituce v molekule



IC — oblasti absorbce kyslikatych latek
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Obr. 54: Oblasti abscrpce kyslikatych latek



IC — uréeni typu substituce derivatti benzent

V cm
1000 4859 1000 4050 2000 ‘IGSO 200 4“0 1000 46‘0 2000 4“0
1% 43 14 423 12,4

“\,\(VW Vvl

135- 1234~ 1235-  4245- 42,46- 12345-

2000 4550 2000 4650 moo 450 2000 4650 2000 4650 2000 1650
V cm | €

Obr. 53: Tvar pasi rizné substituovanych derivatll benzenu v oblasti 1650 -
2000 cm’

* Pro tento ucel je vyrazne lepsi pouziti NMR, uvedené postup pouzijte pouze
jako podpurny ¢i komplementarni, nikoliv jako hlavni dukaz



Vibraéni pasy pro jednotlivé oblasti IC spektra

4000 3000 2000 1500 1000 500
Wavenumber (cm™)

4000 - 3700 cm™
No significant bands are observed in this region...

1

4000 3000 2000 1500 1000 500
Wavenumber (cm™)

3700 - 3600 cm™’
Stretching, O-H free (3600-3645 cm™).
A sharp peak is observed in this region for very dilute alcohol samples.

Stretching, O-H intra-molecular (3600-3450 cm"),
characteristically symmetric (gaussian) shape.
Stretching, O-H phenols (3125-3700 cm™),
strong broad band due to hydrogen bonding,

Sharp band (3640-3650 cm"‘) for free OH in dilute solutions, or
where large substituents (ortho to the OH) inhibit hydrogen bonding.



Vibraéni pasy pro jednotlivé oblasti IC spektra

|

4000 3000 2000 1500 1000 500
Wavenumber (cm™)

3600 - 3500 cm™”
Stretching, O-H intra-molecular (3450-3600 cm™),
characteristic symmetric (gaussian) shape.
Stretching, O-H (3125-3700 cm'1) observed for phenols.
Strong broad band due to hydrogen bonding, but a sharp peak (near 3645 cm'1)
if large substituents (ortho to the OH) inhibit hydrogen bonding.
Stretching, O-H free (3600-3645 cm™).
A sharp peak is observed in this region for very dilute alcohol samples.

1

4000 3000 2000 1500 1000 500
Wavenumber (cm™)

3500 - 3400 cm™

Stretching O-H inter-molecular (3200-3400 cm™).

A band characterized by its symmetric (gaussian) shape, quite different from that of
the acid OH band, decreasing in relative intensity on dilution.

Stretching, O-H (3125-3700 cm™") observed for phenols.

Strong broad band due to hydrogen bonding, but a sharp peak (near 3645 cm")
if large substituents (ortho to the OH) inhibit hydrogen bonding.

Stretching, O-H intra-molecular (3450-3600 cm™'), of symmetric (gaussian) shape.

Near 3250-3450 cm™', there are TWO N-H stretching bands for the -NH2 of primary amines,
and ONE N-H stretching band for the >NH of secondary amines.
These bands are good indicators for the presence of N-H.
1

Similar bands are found for amides, but towards 3150-3450 cm™".



Vibraéni pasy pro jednotlivé oblasti IC spektra
I |

4000 3000 2000 1500 1000 500
Wavenumber (cm™)

3400 - 3200 cm™!

Stretching, = C-H (3250-3300 cm’") characteristic of monosubstituted alkynes,
of course, no =C- H band is seen for disubstituted alkynes.
This peak is very distinctive,and indicative of monosubstituted alkynes.
Stretching O-H inter-molecular (3200-3400 cm").

A band characterized by its symmetric (gaussian) shape, quite different from that
of the acid OH band, decreasing in relative intensity on dilution.

Stretching, O-H (3125-3700 cm™') observed for phenols.
Strong broad band due to hydrogen bonding, but a sharp peak (near 3645 cm'1)
if large substituents (ortho to the OH) inhibit hydrogen bonding.
Near 3250-3450 cm™', there are TWO N-H stretching bands for the -NH2 of primary amines,

and ONE N-H stretching band for the >NH of secondary amines.
These bands are good indicators for the presence of N-H.

Similar bands are found for amides. but towards 3150-3450 cm™'.

1

4000 3000 2000 1500 1000 500
Wavenumber (cm-)

3200 - 3100 cm™’
Stretching, =C-H (3250-3300 cm') characteristic of monosubstituted alkynes.
As expected, no =C-H band is seen for disubstituted alkynes.
This peak is very distinctive, and indicative of monosubstituted alkynes.
Stretching O-H inter-molecular (3200-3400 cm'').
A band characterized by its symmetric (gaussian) shape, quite different from that
of the acid OH band, decreasing in relative intensity on dilution.
Stretching, O-H (3125-3700 cm™) observed for phenols.
Strong broad band due to hydrogen bonding, but a sharp peak (near 3645 cm™')
if large substituents (ortho to the OH) inhibit hydrogen bonding.
Stretching, alkene and aromatic C-H 3000-3100 cm™',
sometimes submerged in aliphatic C-H stretching bands.
Stretching, O-H of carboxylic acids, extremely broad band due to
extensive hydrogen bonding, between 2500 and 3340 cm"'.
One could not confuse this with the OH stretch of an alcohol.
Near 3100 cm™', harmonic of the bending band of N-H (1530-1550 cm') characteristic
of secondary amides of which the >C=0 is in a trans position with respect to an N-H,
peak not to be confused with >N-H stretching!
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4000 3000 2000 1500 1000 500
Wavenumber (cm™)

3100 - 3000 cm™!

Stretching, alkene and aromatic C-H, 3000-3100 cm™,
sometimes submerged in aliphatic C-H stretching bands.
Stretching, O-H of carboxylic acids, (2500 - 3340 cm™") extremely broad band
due to extensive hydrogen bonding.
This could not be confused with the OH stretch of an alcohol.
Near 3100 cm™!, harmonic of the bending band of N-H (1530-1550 cm!) characteristic

of secondary amides in which the >C=0 is in a trans position with respect to an N-H,
not to be confused with >N-H stretching!

I

4000 3000 2000 1500 1000 500
Wavenumber (cm™)

3000 - 2900 cm™*
Stretching symmetric and asymmetric of aliphatic C-H 2850-2980 cm-1
most often indiscernible within the envelope of peaks.
Stretching, =C-H (2800-2900 cm-1) of aldehydes,
frequently hidden in the C-H stretching band, but sometimes distinct,
as in the case of aromatic aldehydes with little alkyl substitution.
Stretching, O-H of carboxylic acids, very broad band due to hydrogen bonding,
between 2500 and 3340 cm-1.
One could not confuse this with the OH stretch of an alcohol.

1

4000 3000 2000 1500 1000
Wavenumber (cm™)

2900 - 2800 cm™’

Stretching symmetric and asymmetric of aliphatic C-H 2850-2980 cm’’
most often indiscernible within a single envelope.
Stretching, =C-H (2800-2900 cm™') of aldehydes,

frequently hidden in the C-H stretching band, but sometimes distinct,
as in the case of aromatic aldehydes with little alkyl substitution.

Stretching, =C-H (2700-2800 cm'1) of aldehydes, always visible.
This peak constitutes a marker of the aldehyde functional group.
A peak due to the CH3-O- group (near 2820-2850 cm™),
is characteristic of aromatic CH3-O- groups.

Stretching, O-H of carboxylic acids, extremely broad band due to
extensive hydrogen bonding, between 2500 and 3340 cm,
One could not confuse this with the OH stretch of an alcohol.
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4000 3000 2000 1500 1000 500
Wavenumber (cm™)

2800 - 2600 cm™!

Stretching, =C-H (2700-2800 cm'1) of aldehydes, always visible.
This peak constitutes a marker of the aldehyde function.
Stretching, O-H of carboxylic acids, extremely broad band due to

extensive hydrogen bonding, between 2500 and 3340 em™.
One could not confuse this with the OH stretch of an alcohol.

4000 3000 2000 1500 1000 500
Wavenumber (cm™)

2600 - 2400 cm™
Stretching, O-H of carboxylic acids, extremely broad band due to

extensive hydrogen bonding, between 2500 and 3340 cm™.
One could not confuse this with the OH stretch of an alcohol.

4000 3000 2000 1500 1000 500
Wavenumber (cm™)

2400 - 2100 cm™!

Stretching, -C=C- (2050-2250 cm™"), absent in the case of symmetrically disubstituted alkynes.
The peak is very sensitive to the dipole moment, being very weak in disubstituted
alkynes. Take care not to confuse it with —C=N stretching, which is more intense
than a disubstituted alkyne, and does not have the =C-H band (3300 cm“)
of the monosubstiyuted alkyne.

Stretching, -C=N of nitriles (2200-2300 cm") with an intensity stronger than the
-C=C- stretching, which appears in the same region.
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4000 3000 2000 1500 1000 500
Wavenumber (cm™)

2100 - 2000 cm™'

Stretching, -C=C- (2050-2250 cm"), absent in the case of symmetrically disubstituted alkynes.
The peak is very sensitive to the dipole moment, being very weak in disubstituted
alkynes. Take care not to confuse it with —-C=N stretching, which is more intense

than a disubstituted alkyne, and does not have the =C-H band (3300 cm")
of the monosubstiyuted alkyne.

| |

4000 3000 2000 1500 1000 500
Wavenumber (cm™)

2000 - 1900 cm™!

Possible presence of weak overtone combination bands,
(fingerprints) for aromatic compounds

4000 3000 2000 1500 1000 500
Wavenumber (cm™)

1900 - 1800 cm™’

Stretching, >C=0 between 1725 and 1850 em™.

If there are TWO intense bands in this region, they may be due to an anhydride.
In cyclic anhydrides the higher frequency band is less intense than the other,
whereas the opposite is true for non-cyclic anhydrides.

Stretching, >C=0 (4-member ring lactones) near 1830 cm™!
Stretching, >C=0 (acid halides) near 1760-1830 em™,

Possible presence of weak overtone combination bands,
(fingerprint) for aromatic compounds
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4000 3000 2000 1500 1000 500
Wavenumber (cm™)

1800 - 1700 cm™"

Stretching, >C=0 between 1725 and 1850 cm™'.
If there are TWO intense bands in this region, they may be due to an anhydride.

In cyclic anhydrides the higher frequency band is less intense than the other,
whereas the opposite is true for non-cyclic anhydrides.

Stretching, >C=0 of ketones (near 1710 cm‘1).

This frequency decreases on conjugation, however the frequency increases for
cyclic ketones of a ring size less than six members.

Stretching, >C=0 (acid halides) near 1760-1830 em™,
Stretching, >C=0 (carboxylic acids) 1700-1760 cm™', very intense.
Stretching, >C=0 (esters) near 1740 cm™, lower frequency if conjugation.

Stretching, >C=0 (aldehydes) near 1725 cm™, lower if conjugated.
Possible presence of weak overtone combination bands,
(fingerprint) for aromatic compounds

4000 3000 2000 1500 1000 500
Wavenumber (cm)

1700 - 1600 cm™

Stretching, >C=0 (carboxylic acids) 1700-1760 cm™, very intense.
Stretching, >C=0 (amides) near 1640-1690 cm™!, intense band.

The carbonyl frequency is lowered by the resonance donor effect of nitrogen.
Stretching, >C=C< aromatic (1600-1640 cm'1), frequency lowered by conjugation.

Stretching, >C=C< 1580-1660 cm'1, sometimes absent or very weak if the alkene
is symmetric or is a trans, (E) alkene.

Deformation in the -NH2 group, "scissoring band,” around 1580-1650 cm™



Vibracni pasy pro jednotlivé oblasti
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1600 - 1500 cm™’

Stretching, >C=C< 1580-1660 cm‘1, sometimes absent or very weak if the alkene
is symmetric or is a trans, (E) alkene.

Stretching, >C=C< aromatic (1600-1640 cm"), frequency lowered by conjugation.

Stretching, >C=C< aromatic (1520-1480 cm"), of variable intensity.

Deformation in the -NH2 group, “scissoring band", around 1580-1650 cm.

4000 3000 2000 1500 1000 500
Wavenumber (cm™)

1500 - 1400 cm™!

Stretching, >C=C< aromatic (1520-1480 cm™"), of variable intensity.

Deformation N-H (1530-1550 cm™?) characteristic of secondary amides of which the >C=0
is in a trans position with respect to the N-H.
Its harmonic is observed around 3100 cm™.
Take care to not confuse this harmonic with >N-H stretching!

Deformation (scissoring) around 1450 cm™ of -CH2-, not a particulary useful band

IC spektra

as the carbon skeleton bands are found in this region.
Stretching, C-N< (amines) 1000-1400 cm™, frequency dependant on the number of

substituents on the alpha carbon; the more the carbon is substituted, 000 2000

1500 1000

the more the frequency is increased. Wavenumber (cm™)

1400 - 1300 cm™’

Stretching, C-N< (amines) 1000-1400 cm™, frequency dependant on the number of
substituents on the alpha carbon; the more the carbon is substituted,

the more the frequency is increased.

Deformation corresponding to -CH3 group around 1380 cm™.
It is important to examine this region of the spectrum carefully :

- a doublet of equal intensity indicates a gem-dimethyl, -CH(CH3)2 or >C(CH3)2
- a doublet of different intensities, indicates a tert-butyl -C(CH3)3.
Deformation O-H (phenols) 1315-1390 cm™, of little use for interpretation.
Stretching, =C-O- (phenols and ethers aromatics) 1000-1300 em™,

500
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4000 3000 2000 1500 1000 500
Wavenumber (cm™)

1300 - 1200 cm™’

Stretching, C-N< (amines) 1000-1400 em™, frequency dependant on the number of
substituents on the alpha carbon; the more the carbon is substituted,

the more the frequency is increased.

Stretching, =C-O of carboxylic acids around 1250 cm™.

Stretching, =C-O characteristic of acetates around 1250 em™.

Stretching, =C-O- (phenols and ethers aromatics) 1000-1300 cm™.

Stretching, C-O- intense (1000-1260 cm“1) the position of which indicates the class of alcohol.
The more frequency is increased, the more the OH bearing carbon is substituted.

Stretching, C-O-C symmetric, from epoxide ring stretching, near 1250 cm™!, "the 8 pm band".

Stretching, =C-O0-C= and =C-0-C : intense band (1000-1250 cm'1).

Stretching, C-F of alkyl fluorides (1100-1250 cm"[).

C-0-(1100-1210 cm'1) typical tertiary alcohols R1R2R3COH.

4000 3000 2000

Wavenumber (cm™)

1200 - 1100 cm™’

1000 500

Stretching, C-N< (amines) 1000-1400 em™, frequency dependant on the number of
substituents on the alpha carbon; the more the carbon is substituted,

the more the frequency is increased.

Stretching, =C-O- (phenols and aromatic ethers ) 1000-1300 cm-".

Stretching, C-O- intense (1000-1260 cm") the position of which indicates the class of alcohol.
The more frequency is increased, the more the OH bearing carbon is substituted.

Stretching, =C-0-C= and =C-0-C : intense band (1000-1250 cm'1).

Stretching, C-F of alkyl fluorides (1100-1250 cm‘1).

C-0-(1100-1210 cm'1) typical of tertiary alcohols R1R2R3COH.
C-0-(1090-1130 cm"‘) typical of secondary alcohols >CH-OH.

Stretching, C-O of ethers C-O-C (1000-1150 cm™).

Stretching, =C-O characteristic of formates around 1180 em.

Stretching, C-N< (amides) between 1050-1175 em™.
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4000 3000 2000 1500 1000 500
Wavenumber (cm™)

1100 - 1000 cm™!

Stretching, C-N< (amines) 1000-1400 cm, frequency dependant on the number of
substituents on the alpha carbon; the more the carbon is substituted,
the more the frequency is increased.

Stretching, =C-O- (phenols and aromatic ethers) 1000-1300 em™.

Stretching, C-O- intense (1000-1260 cm'1) the position of which indicates the class of alcohol.
The more frequency is increased, the more the OH bearing carbon is substituted.

Stretching, =C-0-C= and =C-O-C : intense band (1000-1250 cm'1).
Stretching, C-F of alkyl luorides (1100-1250 cm'1).
C-0-(1100-1210 cm") typical of tertiary alcohols R{R2R3COH.

C-O- (1090-1130 cm™") typical of secondary alcohols >CH-OH | 1 B I
C-0-(1000-1075 cm'1) typical of primary alcohols -CH20H. | e -_ I
Stretching, C-O of ethers, C-O-C (1000-1150 cm™). 4000 3000 2000 1500 1000 500

-1
Stretching, C-N< (amides) between 1050-1175 cm™. Wavanumser (e}

g y . s ¥ -4
Stretching, C-Cl of acid chlorides (860-1050 cm™). 1000 - 900 cm-!

Stretching, C-N< (amines) 1000-1400 cm™, frequency dependant on the number of
substituents on the alpha carbon; the more the carbon is substituted,
the more the frequency is increased.

Stretching, =C-O- (phenols and ethers aromatics) 1000-1300 em™.

Stretching, C-O- intense (1000-1260 cm'1) the position of which indicates the class of alcohol.
The more frequency is increased, the more the OH bearing carbon is substituted.

C-0-(1000-1075 cm-1) typical of primary alcohols -CH20H.
Stretching, =C-0O-C= and =C-0-C : intense band (1000-1250 cm'1).
Stretching, C-O of ethers C-O-C (1000-1150 cm‘1).

Stretching, C-Cl of acid chlorides (860-1050 cm'1).

Deformation (2 bands) around 910 and 990 cm™! for monosubstituted alkenes R-CH=CH.
Deformation (1 band) around 970 cm! for trans disubstituted alkenes: R-CH=CH-R" (E).

Stretching, asymmetric C-O-C of epoxides near 810-950 cm'1, "the 11 um band".
Deformation >N-H, (760-920 cm’1) very broad, characteristic of amines | and Il.
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4000 3000 2000 1500 1000 500
Wavenumber (cm™)

900 - 800 cm™’

Stretching, C-Cl of acid chlorides (860-1050 cm™").

Deformation OH (carboxylic acids) around 850-960 cm™, not very useful for identification.
The very distinctive broad OH stretching band is more useful.

Stretching, asymmetric C-O-C of epoxides around 810-950 cm™, "the 11 pm band".

Deformation >N-H, (760-920 cm") very broad, characteristic of amines | and Il, at a frequency
distinctly lower frequency for amides (frequency below 700 cm'1).

Deformation (1 band) about 890 cm™! for alkenes RR'C=CHj.

Deformation (1 band) about 790-840 cm™' for alkenes RR'C=CH-R".

Deformation (800-855 cm’! characteristic of aromatic rings having
2 adjacent hydrogens on the ring.

Deformation (765-800 cm'1) characteristic of aromatic rings

3 adjacent hydrogens on the ring.
Stretching, asymmetric C-O-C of epoxides near 750-840 cm4000 3000 2000 1500
Stretching, C-Cl of alkyl chlorides (600-800 cm'1).

800 - 700 cm™!

Wavenumber (cm)

1000 500

Deformation (1 band) around 730 cm for cis disubstituted alkenes R-CH=CH-R' (Z).
Deformation (1 band) between 790-840 cm™! for trisubstituted alkenes RR'C=CH-R".
Deformation >N-H, (760-920 cm") very broad, characteristic of amines | and Il, at a frequency

distinctly lower for amides (frequency below 700 cm™).
Deformation (800-855 cm™! characteristic of aromatic rings having

2 adjacent hydrogens on the ring.

Deformation (765-800 cm'1) characteristic of aromatic rings having

3 adjacent hydrogens on the ring.

Deformation (740-770 for 4 H and 700-690 cm™ for 5 H) characteristic of aromatic rings
with 4 or 5 adjacent hydrogens (aromatics mono-substitued or ortho disubstituted).

Stretching, asymmetric C-O-C of epoxides near 750-840 cm™, "the 12 pm band".

Stretching, C-Cl of alkyl chlorides (600-800 cm™).

Rocking, about 720 em™ for -CH2-, a medium intensity band when there are

more than 4 methylenes -CHz2- together.
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4000 3000 2000 1500 1000 500
Wavenumber (cm™)

700 - 600 cm™
Stretching, C-Cl of alkyl chlorides (600-800 cm‘1).

Deformation (700-690 cm™ for 5 H) characteristic of aromatics rings
with 5 hydrogens (monosubstituted aromatic rings).
Bending band of monosubstituted alkynes, =C-H.

4000 3000 2000 1500 1000 500
Wavenumber (cm-)

600 - 500 cm™
Stretching, C-Cl of alkyl chlorides (600-800 cm'1).

4000 3000 2000 1500 1000 500
Wavenumber (cm-)

500 - 400 cm™
No significant bands are observed in this region...



Typy vibraci pro jednotlivé oblasti IC spektra
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Priklady interpretace jednoduchych IC spekter

100

4 26

Long-chain
;, 1383 Methyl rock
£ %0 C-H methyl rock
f i
- 1470
C-H scissoring
863
. 2871 C-H stretch
wo wo o006 s i 3%
BAVENUNEERT 41
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Priklady interpretace jednoduchych IC spekter
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Priklady interpretace jednoduchych IC spekter
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Priklady interpretace jednoduchych IC spekter
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Priklady interpretace jednoduchych IC spekter
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Ramanova spektrometrie

Pfi prachodu zareni roztokem muze dochazet kromé absorpce
téz k rozptylu

K rozptylu miuze dochazet bud na ¢asteCkach (Tyndaluv efekt)
nebo na molekulach v roztoku:

vetsina rozptyleného zareni ma stejnou energii a

tedy i vinovou délku zareni stejnou jako puvodni

zareni pred rozptylem (dokonale pruzné srazky)

mala ¢ast (ca. 1%) ma A posunuty obéma smeéry ~
oproti pivodni A — tzn. Raman(v kombinaéni T
rozptyl poprvé popsan indickym fyzikem Ramanem hvg
(1930 Nobelova cena za fyziku) e

A

hvyip hvyip hvyip N

Ramanuv rozptyl — neelasticky rozptyl
monochromatického zareni vznikajici pfi interakci
mezi dopadajicim zarenim a molekulami vzorku
V molekule ucastnici se interakce je indukovan b Stbes

dipélovy moment Band

Vyhody Ramanovy spektrometrie — neni Anti-Stokes
destruktivni, analyzy in-situ a in-vitro vhodné pro g
biologické aplikace

Rayleigh
Band

va Vo + Vwb



Ramanova spektrometrie
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Aktivni prechody v IC vs. Ramanova spektra
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Porovnani aktivity v Ramanovych vs. IC spektrech

Podminka aktivity v Ramanové spektru — musi dojit ke zméné
polarizovatelnosti a neboli ke zméné rozlozeni elektronove hustoty (intenzita
pasu je umeéerna druhé mocniné polarizovatelnosti)

Podminka aktivity v IC — musi dojit ke zmé&né dipélmomentu p (intenzita
pasu je umerna druné mocniné zmény dipolového momenty

Polarni vazba - obvykle aktivni v IC
Nepolarni vazba v symetrické molekule -
absorbuje malo v IC, ale vyrazné v
Ramanove spektru

Molekuly s nizkou symetrii — vibracni pasy
pozorovatelné v obou typech spekter, ale s e —
ruznou intenzitou CHs
Molekuly s vysokou symetrii —
komplementarni informace z obou typu
spekter . toloene
PIné symetrické vibrace — aktivni v l |
Ramanové spektru, inaktivni v IC j L—_J kil A
600 600 1000 1200 1400 1600
Raman shift/wavenumber (cm-‘)
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Porovnani aktivity v Ramanovych vs. IC spektrech

 Podminka aktivity v Ramanové spektru — musi dojit ke zméné
polarizovatelnosti a neboli ke zméné rozlozeni elektronove hustoty (intenzita
pasu je umeéerna druhé mocniné polarizovatelnosti)

 Podminka aktivity v IC — musi dojit ke zmé&né dipdimomentu p (intenzita
pasu je umerna druné mocniné zmény dipolového momenty

: dws R| dw IC
—> €« ¥ - ————
Vs O—e O Y (\::;---@—0—-—0— --’“:‘; $0 +| 0 -
s C—@—0 Y,  (O—580r< o -l+0
0 6 ? 6 V3=‘V4 0 -1#0 +
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i O ® QO V4=V,

Obr. 86: Vibrace molekuly CO, a jejich aktivita v Ramanové a IC spektru



Ramanova spektrometrie

Jakou informaci poskytuji Ramanova spektra?

identifikace na zakladé porovnani otisku prstu (,fingerprint®) s knihovnou
trojrozmérna struktura, informace o mezimolekularnich interakcich,
dynamika systemu

Ramanovo spektrum je jednodussi nez IC, nema vibrace vy33iho Fadu

na rozdil od IC muZe studovat nékteré anorganické materialy (uhlik, kiemin,
tézké kovy) a symetrické disulfidické vazby u proteinu

Co branilo vétsimu rozsireni Ramanovy spektrometrie?

pouze 1 z 108 fotond je rozptylen Ramanovym efektem (velmi neefektivni)
typické srazkové praméry jsou 10-3° cm?, coz je o 15 fadll méné oproti
fluorescencCni excitaci

A V&b ol

A D el

povrchem dochazi k zesileni Ramanova signalu 103 — 10° nasobné —
zakladni princip povrchem zesilené Ramanovy spektrometrie (Surface
Enhanced Raman Spectrometry, SERS)



Povrchem zesilena Ramanova spektrometrie (SERS)

Na zesileni se pouzivaiji zlato, stfibro, méd nebo platina, obvykle ve formé
nanocastic

Vyzaduje drsny povrch radové v nanometrech, zalezi na A

Pro nékteré molekuly (vétSinou obsahujici dvojné vazby s uhlikem) obrovska
citlivost, popsana az analyza jednotlivych molekul

Pro analyzu povrchu, vhodna napf. pro biomolekuly

Prostorové rozliseni <500 nm lateralné, <1 um vertikalné

SERS signal Laser Signal
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7 R st
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SERS substrate

Biological Target

Antibodies
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Aktualni trendy v SERS

« V souCasné dobé se intenzivné zkoumaji rizné typy povrchu s nejlepSimi
vlastnostmi SERS, zejména ruzné typy nanocastic zlata

Rough silver
film on glass
s [

% o
2w
=l

e |

Silver coating on
top of PS beads

Nanosphere
lithography

Silver columns produced
by e-beam lithography

« Kombinace SERS a skenujici mikroskopie — analyza in-situ



Ramanova opticka aktivita (ROA)

« Technika vibracni diferenCni spektrometrie, ktera pomoci Ramanova jevu
méfi rozdil v odezvé chiralni molekuly vugéi pravo- a levotocivé kruhové
polarizovanému zareni

« Vysledkem méreni 2 spektra - vlastni (diferencni) ROA spektrum a zdrojove
(sumarni) Ramanovo spektrum

— L-Ala-L-Ala
— D-Ala-D-Ala

“/

L-alanyl-L-alanin D-alanyl-D-alanin

2000 400 600 800 1000 1200 1400 1600 18C

vinoéet (cm™)

« UrcCeni chirality a smeru stacivosti pro tu cast molekuly, ktera se dané
vibrace ucastni



Ramanova spektrometrie - instrumentace

Instrumentace podobna IC spektrometrii
Zdroj monochromatického zareni je obvykle laser (He-Ne, Ar, Kr, Nd:YAG,

laditelné lasery)
Vyhodou excitace v UV-VIS oblasti je vySSi intenzita rozptylu, protoze

intenzita rozptylu klesa se Ctvrtou mocninou vinové délky excitujiciho zareni

FT-IR spektrometr Nicolet 6700 v

R.amanuv spektrometr kombinaci s Ramanovym FT modulem
FirstDefender



Mikrovinna spektrometrie

Microwave spectrometer « RotacCni spektrometrie — méreni energii
to pump prechodl mezi 2 kvantovanymi
rotacnimi stavy molekuly v plynné fazi
« Spektra polarnich molekul Ize méfit
mikrovinnou nebo vzdalenou IC
spektrometrii, rotacni spektra nepolarnich
molekul |ze také mérit pomoci Ramanovy

source detector

spektrometrie
frequency wavemeter ' Studied gas SO,
scanner and p { A
detector | Modulation Signal (T EL—Q
180 Hz
veyr " : BWO RAD Gas Cells
* Vyuziti zejména ve fyzice | | WO Pover |- (el
. ] ) upply - . o \
a astrofyzice, v analytické ; 7] (
chemii okrajova technika —f rockin
4 Thermostat
apaculance Sensors
Fabry-Perot (—]
Resonator Michelson

@n.-‘%ﬁ GO\ i —

SMM Radiation
hetaotor Computer
ADC ¢ I

Digital Lock-in
Amplifier Board

Mirror Moving Stage




Mikrovinna spektrometrie

Wavelenth

10 cm 1cm 1mm 0.1 mm

centimetre-wave -
(llmicrowaven) ml"lmEtl'e-wave

300 GHz

_— 0

Frequency

Zdroj: klystron s laditelnou frekvenci ca. 10 — 50 GHz
Kyveta: podle rozsahu frekvenci, obvykle 3 metry

Detektor: krystalove diody (méni mikrovinné zareni na stejnosmerny proud),
bolometr

Vysoka rozliSovaci schopnost umoznuje ve spektru rozlisit az nékolik milionu
pasu
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Mikrovinna spektra merena za
laboratorni teploty (16 hodin
akumulace spekter): A, B — propen,
C, D — propanol

Mikrovinna spektra - priklady
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Cast rota¢niho spektra CF,l —
kvantové Cislo J oznacuje finalni a
puvodni stav (prfechody jsou
vyrazné rozstépeny kvuli jaderného
kvadrupolovému Stépeni 127



