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Instrumentace Spektra molekul Absorpéni spektroskopie Priklady

Odlisnost instrumentace v IR oblasti

propustnost materialti (kfemenné sklo do 2,7 um)

v monochromatoru dochazi k absorpci (vodni para, COg,...)
kiemikové detektory jsou citlivé do 1100 nm (9000 cm—1)

IR oblast je rozsahla (100 umx 1 um)

vétsina aplikaci méfi absorpéni spektra
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Propustnost latek v IR oblasti
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@ okénka z Si, Ge, CaF,, ZnSe, NaCl, KBr...
@ odolnost kyvety vii¢i vnéjsimu podtlaku

@ moznost ohfevu stén kyvety

@ vice priichodd (Whiteova, Herriotova cela)
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Detektory pro IR oblast

@ tepelné (teploméry, spise pomalé)

pneumatické: Golayova cela

odporové: bolometr (odporovy teplomér — Pt/Ni/termistor)
termoelektrické: thermopile (baterie termoclankii)

pyroelektrické: spontanni polarizace dielektrika teplotni
zménou (LiNbO3, TGS (NH2CH2COOH)3- HSO4)

e fotoelektrické (vnitfni fotoefekt)

o fotoodporové
o fotovoltaické (diodové)

Material Jum T fom 2 3 5 5
s 9 3500
Pose 1800
Photo- bS50, T
Halbleiter 7 ol 12 850
He, Cd, Te Ak
Ge : Hg 0 14 700 /N )
cd 0.06 1 500 i
Dioden- B 00104 120 % R L
Halbleiter Si :Ga 00723 17 60
As 0.5 450 .

000 0 2000 500 0

E — gap, pfip. donor-vod., ake-val Golayova cela: 0.4 — 8000 um
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Zdroje pro IR oblast

Planckovy zéafice s teplotou 1500-2000 K
@ Globar (SiC), Nernstiiv zafic (ZrOz...) - MIR
(200-4000cm 1)
@ wolframové vldkno — NIR (do 2,5 um)

e vysokotlaky Hg oblouk — FIR (35-200cm~1)
(sviti kfemenna banka)

Priklady



e dvoupaprskové mfizkové/hranolové spektrometry (spise
historie)

@ spektrometry s Fourierovou transformaci (dvoupaprskovy MI)
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Instrumentace — Michelson@iv interferometr

Stationary mirror

R N
. Unmodulated
N incident beam
Moving N
mirror N
\ Source
AN
PN~
He-Ne laser light  T—1, *+ Beamsplitter
~ Modulated exit beam
White light ’
Reference 1
interferometer = &=

Vyhody
@ soucasné méreni vinovych délek, rychlost
@ presné méreni vinové délky He-Ne laserem(’Connes
advantage') — odecitani po A/2
@ vysoka prichodnost ('Jacquinot’s/throughput advantage') —
obecné pro interferometry
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Instrumentace — Michelson@iv interferometr

idealni délic svazku: dva svazky o stejné intenzité E(V) = <&
F(V,x) =2E(V)[1+4 coskx] = 2E(V)[1+ cos(2nVx)]

@ drahovy rozdil x = 2d cos 6

@ pro kx =0 dostaneme F = 4E, kde se vezme?



pro monochromaticky zdroj

AL,

31
2

pro bilé svétlo
F(x) = / F(¥,x)dV = / 2E(V)[1 4 cos(27¥x)]dV
0 0
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Viditelnost interference

=Jjo when |z| < AR,

=0 when |z > A%,

_ |sin (3ARAZ)|
[BARA S|

B g ol —B) (AP g —(am PP,

J = Jee J=1Jee
_(Azy -(A%Y [T R
VYV ~e (2") cos(gA!/’),‘, ¥V~ e (%)"/5+4CDS(2T’?A‘¢)'
with with
B3 -
aldk 2 adk —
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Instrumentace — Michelson@iv interferometr

F(z)

F(-z) = F(=)

1 F(0)

0

interferogram — po odecteni stejnosmérné slozky

I(x) =2 / E(¥) cos(277x)d7
0
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Absorpéni spektroskopie

Fourierova transformace

Zavedeme-li
E(-V) = E(¥)
I(x)=2 [ E(¥)cos(2rVx)dV = [ E(¥)cos(2n¥x)d¥
/ /
po Upravé _
I(x) = / E(7)e27%dp
FT parx, v — I(x)=Z[E(V)], EW)=ZF"1(x)]
E(¥) / I(x)e277xg

Priklady
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Rozligeni vlivem délky skenu

EL(v)
TReL
oo |12
VAV/\\HJ/\VA /\V/\v A/\/\
—’|l|‘— 0 Vo + L
L R_L
skenujeme zrcadlem tak, ze drahovy rozdil x=—L...L

EL(V) = fi(V)* E(V)
fL (V) = 2Lsinc(2mVL)
teoretické rozliseni vlivem délky skenu
FWHM = 1,207/2L

oscilace funkce sinc — apodizace
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Vliv diskretizace
skenujeme s krokem Ax:

xi, ], xi=jAx,j=—-N...N-1; [i=I(x)

r . N-1 o
E(\N/) = / /(X)e—12ﬂ:v><dx — E(f/) = Ax- Z IJ_e—127erA><7

periodicita obou "vétvi"s frekvenci 1/Ax

Priklady
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Volny spektralni rozsah

Ep*(v) Ailx > 2Vmax

e | e
[N (Nl WA/ WA/

f
“Vmex 0 v

W () * E(V) b——r]

— = %<< 2Vmax

max

pfekryvani past nenastava, pokud

1/Ax > 2V

P¥. zaznam intenzity v kazdém minimu interference He-Ne laseru:

Ax =2 =633nm— 1/Ax =15800cm~!
Vinax = 7900 cm ™!

Priklady



lens area = 4

to the
interferometer

area
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Potlaceni oscilaci funkce sinc pomoci pomalejsiho ,,ofiznuti*

AL(x)

-L

S
i

SirSi centralni maximum, utlumenéjsi vedlejsi maxima
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Spektra molekul

Brucker Vertex 80V

Absorpéni spektroskopie

Priklady




Instrumentace

Spektr:

Brucker Vertex 80V

VERTEX Sel

Performance

s

S|

al Range

a molekul

VERTEX 70v

Mid-1R, NIR, Far-IR/THz, Visible/UV
10 cm to 28,000 cm ! (360 nm}

Absorpéni

VERTEX 80

Mig-IR, NIR, Far-IR/THz, Visiole/UV.
10 cm ' 10 50,000 cm (200 nm}

spektroskopie

VERTEX 80v

Mig-IR, NIR, Far-1R/THz, Visible/UV
5cm' 050,000 cm ! (200 nm}

Better than 0.2 cm ! (apodized),

Better than 0.2 cm' (apodized),

& Electronics.

Spectral Better than 0.4 cm ' (apodized),

Resolution optional 0.16 cm optional betler than 0.06 cmr! | optional better than 0.06 cm
Optics Bench | Opiics Standard vacuum or purgeable, | Standard sealed and pugeable | Standard vacuum or purgeable,

Housing includes dry vacuum pump inclutes dry vacuum pump

input Ports Upto? Upto2 Upto2

Output Ports Up105 Up105 Upto5

Sample

Compartment Vacuum or Purgeable Purgeable Vacuum or Purgeable

A

Recoantion Standard Standard Standard

Component

Fecoaniton standara Standard Standard
Optional | Dotectors Up to two 24 bit dual-channel ADC | Up to two 24 bit dual-channel ADC | Up to two 24 bit dual-channel ADC
Components |inter igoct™ DigiTect™ DigiToct™

Detectors,
external

Four, multiplexed up to 16

Four, multiplexed up to 16

Four, multiplexed up to 16

Interferometer

RockSolid™

UttraScan'™

UltraScan

Internal air cooled MIR, optional

Internal MIR, optional Tungsten

Sources Internal MIR, optional Tungsten

NIR and external water cooled | Tungsten NIR and external water | NIR and external water cooled
MIR, Tungsten and Hg-Arc | cooled MIR, Tungsten, Hg-Arcand | MIR, Tungsten, Hg-Arc and air
air cooled Deuterium cooled Deuterium

Dual Channel

Electronics Standard Standard Standard

Interface. Ethernet Ethernet Ethernet

Bolometer 2 optional 1 optional 2 optional

Internal Valida-

tion Unit and Standard Standard Standard

Aperture Wheel

Dedicated
Techniques

Rapid Scan

>70 spoctra/sec at 16 cm
spectral resolution

>110 spoctra/soec at 16 om
speciral resolution

>110 spectra/sec at 16 cm’
spectral resolution

Slow Scan
& Step Scan

100 Hz (0.0063 cr/sec), Phase.
modulation and internal demodula-
tion, Temporal resolution

6 1sec/2.5 nsoc

10 Hz (0.00063 cm/sec], Phas
modulation and internal demodula-
tion, Temporal resolution

6 500/2.5 nsec

10 Hz (0.00063 cm/sec), Phase

modulation and internal demodula-

tion, Temporal resolution
611500/2.5 nsoc

External
Accessories

HYPERION Series FTIR Microscopy and Imaging System, RAM Il FT-Raman and PL Il Photo-Luminescence Modules,
PMA 50 Polarization Modulation Compartment, HTS-XT High Throughput Module and TGA-IR Coupling

Software

Integrated OPUS operation and evalution software, fully validated, |0/0Q/PQ test standards, 21 CFR Part 11 compliant

pyroelektricky detektor DLaTGS

Priklady
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Instrumentace

FTIR spectra

DETECTOR SIGNAL

INTENSITY

TRANSMITTANCE

Spektra molekul

Interferogram withaut sample

Absorpéni spektroskopie

Interferogram with sample

2
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DATA POINT DATA POINT
Single beam speetrum Single beam spectrum
without sample with sample
5
&
z
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WAVENUMBER (crm—1)

Rotio—speetrum (transmittonce)

ABSORBANCE

WAVENUMBER (crm—1)

Rotin—speetrum (obsarbonce)

WAVENUMBERS (om—1)

WAVENUMBERS (om—1)

Priklady



ES -Ef'

ES'(R)

ES'(R)

Rotational
levels E'(J')

Rotational
levels E"(J")

Vibrational
states E"(v")

Vibrational
states E'(v')
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Rotaé¢ni spektra

0.00000 -

0.00035 4
——C0.10-4m
5 T I 0.00030 4
2 I
c
- — 0.00025 4
1
c
2 0.00020
=3
: 5
:Frequency: > F-—.
| I’ C
c ‘ 0.00010 o
2
3 0.00005 4
£
@
=
o
=

R e e e
0 10 20 30 40 50 60 70 8 90 100 110 120
Wavenumber (cm™)

F(J) = BJUJ+1)-D,SP(J+1)2+HPBUI+1)3...
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Molekula jako klasicky harmonicky linearni oscilator

@ pruzna vazba nenulové rovnovazné délky R.

e sila pruznosti (k tuhost vazby, x = R — R. vychylka z r. p.)
1
Fyr=—kx, V(x)= §kX

o celkem
d?x n k 0
AR TRARV.
dt2  u

@ feSenim je Casova zavislost vychylky x(t)

x(t) = Asin(ot+ ¢),

@ redukovana hmotnost o W= \/5 Uhlova frekvence

my m2

soustavy U = paE——

Priklady
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Molekula jako kvantovy linearni oscilator

Potential
| energy, V )
i 1
g8
Dyt —
o \ f
- R
el A
| S— A i3
g ho
o /2
< oo /1
ESR 0

Displacement, x

E(v) = ho(v+1/2), G(v)=w(v+1/2)
v = G(V)-G(V") =0
G(v) = 0(v+1/2)— @exe(v+1/2)2+ meye(v+1/2)3...

@ pfi absorpce/emisi fotonu plati Av ==+1 (£n pro gjf,f #0)
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Absorpéni spektroskopie Priklady

Fundamentalni absorpce dvouatomovych molekul

molekula | ¥ (cm™1) | A (um)
2CIH 2732,46 3,7
12¢2p 2031,66 4,9
12C160 | 214323 4,7

12C 14N 2042 42 49
16014 3568,00 2,8
4N16Q | 1875,89 53

14N 14N 2329,92 43 X

homonuklearni molekuly IR zafeni neabsorbuji (N2, O2, Ha,...)
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Vibrac¢né-rotacéni spektra

7
6
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Stupné volnosti a pohyb molekuly

stupnd volnosti molekuly s N atomy 3N

na translaci 3
na rotaci 3(2)
zbyva na vibraci 3N -6 (3N —5)

velké rozdily ve frekvencich vazeb — charakteristické vibrace vazeb
skeletarni vibrace
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Normalni vibraéni médy viceatomovych molekul

@ valenéni (stretching) — zména
vzdalenosti jader

e symetricka
e asymetricka

o deformaéni (bending) — zména thla
mezi spojnicemi jader

ndizkové (scissoring)

kroutivé (twisting)

kyvavé (wagging)

kolébavé (rocking)



var ocgs=host.getOCGs(host.pageNum);for(var i=0;i<ocgs.length;i++){if(ocgs[i].name=='MediaPlayButton0'){ocgs[i].state=false;}}



var ocgs=host.getOCGs(host.pageNum);for(var i=0;i<ocgs.length;i++){if(ocgs[i].name=='MediaPlayButton1'){ocgs[i].state=false;}}



Carbon dioxide

. INFRARED SPECTRUM v, (1388 cm ')
v, (2349 cm™)
08t
o
e
g
=
£
8 06F g
3 v, (667 cm)
e
2
5 o4l
3 o
02t
. . .
3000 2000 1000
Wavenumber (cm-1)
NIST Chemistry (https:, nist. istry)

kombinaéni a vy3si harmonické frekvence
2,7 um (3737 ecm 1) — vy +v3
2,0 um — vy +2vo 4 v3
1.5 um—=2vi+2vo+v3

782,8 nm (12774 cm™1) — v 453
789,1 nm (12672 cm™1)

869,9 nm (11496 cm™1)

('"Venus bands’)
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Stupné volnosti a pohyb molekuly

c=c ‘2
C—N c—cC
4000 N H O H 3200 2800 2300 2100 1800 1500  Finger print
IX’H Attached to hetema. C-H . [Triples — Singles——
ST
(- | 1 [ I B | | [ 1 |
' | l | 2,380 Lasn 1380 i cm™!
4000 3000 GOy 2000 nujol 1000
Warenumbers

4000 3000 2000 1500 1200 1000 900 800 L 625
T 1 T T T LE—

- - e—
OH &NH c-0
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CH N N
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- . —
C=X C=X=YC<C

cC
Sirelching  Strcching Sirciching

- —
NH CH
Bending Rocking
— ——
CH
Bending Rocking
—
OH
Bending
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Z 3 4 5 6 7 & 9 10 11 12 18 14 15

Microns
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Veli¢iny popisujici absorpci

@ intenzita proslého zareni pres homogenni sloupec délky x
1(V) = lo(V)e KT = fo(§)e k(T

@ propustnost T(V)

@ absorbance

Priklady



Parameter

Meaning

Field length of the
(100/160) character records

Comments or units

Molecule number

Isotopologue number

Vacuum wavenumber

Intensity

‘Weighted square of the transition moment
Einstein A-coefficient

Air-broadened half-width

Self-broadened half-width

Lower-state energy
Temperature-dependence exponent for 7,
Air pressure-induced line shift
Upper-state “global™ quanta

Lower-state “global” quanta

Upper-state “local” quanta

Lower-state “local” quanta

Uncertainty indices

Reference indices
Flag

Statistical weight of the upper state
Statistical weight of the lower state

22
171
12/12
10/10
10/0
0/10

Hollerith
Hollerith
Hollerith
Hollerith
Integer

Integer
Character

Real
Real

HITRAN chronological assignment
Ordering within a molecule by terrestrial abundance
om!

em! /(molecule cm™?) at standard 296 K
Debye* (for an electric dipole transition)
o

HWHM at 296K (in em~* atm")
HWHM at 296K (in em ' atm ™)

em-!

unitless, with 7,,,(7) = 7,,(To) x (To/T)""
em™'atm™' at 296K

see Table 3

see Table 3

see Table 4

see Table 4

Accuracy for 3/6 critical parameters

(0,8, Vaie/ Vs S Vaies Vacirs Naies Sz ), see Table 5
References for 3/6 critical parameters
(0,8, 7.ic/ 03 S, Vi Vit Maies O

Availability of program and data for the case of line mixing
See details in Ref. [3]

See details in Ref. [3]

https://hitran.org/

DA
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Databaze HITRAN — Gcinny priifez absorpce

'Spectral line intensity’ — absorpéni t€inny priifez integrovany pres

profil ary
S Al_/ g/ —cE’ /T( e—C2V,'j/T)
7T M8mev? Q(T)
o E
QT) = Lawe (-27)-
4
A = 63: 3g Ry x 1073

Q(Tref) e(—@E"/T) [L—-e(=cv;/T)]
Q(T) e(—c2E"/Teer) [1 —e(—caVij/ Trer)]

CGS: g = (4m)7L, wo=4m/c?

Si(T) = Si(Ter)
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Databaze HITRAN — absorpéni koeficient

'monochromatic absorption coefficient [1/(molecule cm=2)]" —
absorpéni G&inny priifez

k,'j(\/, T,p) = S,'j(T)f(V;V,j, T,p)

absorpéni koeficient dostaneme po vynasobeni koncentraci N v
[molecule cm—3]

k,'j(V, T,p) = NSU(T)f(V, V,'j, T,p)
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Koronovy vyboj ve smésich No—CHgy

MKS mass flow
controllers '_
IR gas cell

FTIR spectrometer

@ atmosféricky tlak
@ analyza stabilnich produkta
@ Casové nerozlisené méreni
Mazankova V, Torokova L, Moravsky L, Matejcik S, Trunec D, Navratil Z and Mason N J (2018).

Analysis of the products of a negative corona discharge in a N2-CH4 mixture with added CO2 used
as a laboratory mimic of a prebiotic atmosphere. Contrib. Plasma Phys. 58 995
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Spektra molekul

Absorpéni

Koronovy vyboj ve smésich No—CHgy

absorbance

spektroskopie

HCN

Cco

bt

L
3500

3000

L
2500

wavenumber(cm™)

2000

Priklady
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absorbance
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absorbance
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Koronovy vyboj ve smésich No—CHgy

(a) ————————————— 270 (b) ——
. .
goxto"f ™ 2%CH, A e 20k10F | = 2%CH, . = Je0
- = 3%CH, 20 E o~ = 3%CH, .5
£ = 4%CH, . - & 3 = 4%CH, %
§ 7sx10” A - 5 . . g
g . u g T 15x107 - £ 460
21| . i i 3 = =
§ 6.0x10 . 150 § § .. §H
3 - 3 §" 1.0x10%' | . Z Jaw
T 4sx10"| " 110 .
.
.,
ioxio! e 5.0x10° o 4 7 a s p g ¥ g b
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FIGURE 6 Dependence of (a) HCN, (b) NHs, (¢) CO, and (d) C,H, concentrations on specific input encrgy for different initial concentrations of CH, and
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Piiklady

Dilezité aspekty simulace spekter
@ saturace car
@ rozliseni nutné pro vypocet x pro méfeni (nizky tlak)
@ jednoduchost vypoctu pro malou / silnou absorpci (Gaussiv
profil x konvoluce pfistr. funkci)

Ptiklady
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