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InfraRed basics
Region Wavelength range (um) Wavenumber range (cm™)
Near 0.78-2.5 12800 - 4000 _
Middle 2.5-50 4000 - 200 i
Far 50 - 1000 200-10

(wavenumber = 1 / wavelength in centimeters)
The most useful IR region is between 4000 - 670 cm™!

IR radiation interacts with vibrational and rotational states of molecules, in case the vibrations or rotations
cause a net change in the dipole moment of the molecule.

Rotational transitions are only visible for gases, in liquids or solids, the corresponding IR lines broaden
into a continuum due to molecular collisions and other interactions.

Stretching vibrations Bending vibrations
Near MNear Mear
% }f }{ }(’ }(’ Far
Symrmettic Asymmetric In-plane rocking In-plane scissaring Out-of-plane wagging  Out-ofplane twisting
Change in inter-atomic distance along bond axis Change in angle between two bonds.
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M source: http://www.shu.ac.uk/schools/sci/chem/tutorials/molspec/irspec1.htm University of Twante



InfraRed basics

In addition to the vibrations mentioned above, interaction between vibrations can occur (coupling) if the
vibrating bonds are joined to a single, central atom. Vibrational coupling is influenced by a number of
factors:

*Strong coupling of stretching vibrations occurs when there is a common atom between the two vibrating
bonds

*Coupling of bending vibrations occurs when there is a common bond between vibrating groups

*Coupling between a stretching vibration and a bending vibration occurs if the stretching bond is one side
of an angle varied by bending vibration

*Coupling is greatest when the coupled groups have approximately equal energies

*No coupling is seen between groups separated by two or more bonds

%
M source: http://www.shu.ac.uk/schools/sci/chem/tutorials/molspec/irspec1.htm University of Twente
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Fourier-Transform IR

Detector

E] Sample

Moveable
Mirror

IR Source Beam
Splitter

Infrared light is fundamentally weak.
An FT-IR insirement uses Ft._‘li!t'll 5 As the light intensity of the
advantage, or not reducing light recombined beam 1s recorded at the

intensity with a monochromator, to detector, the moveable mirror
make the most of the IR source. The travels towards the beamsplitier
result is a better spectrum in less time, Fixed

Mirror

producing an interlerogram.
From the TR source, light travels to the beam
splitter, 50% of the light is reflected 1o the fixed
mirror and 50% is transmitted to the moveable
mirrer. Light travels to each of the mirrors and
recombines at the beam splitter before passing
through the sample and o the detector.,
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Fourier-Transform IR

Interferogram & Time —;

WAWAWN AWAWAWA

VAVAVAVRY

Waveforms % Time %

As the movable mirror travels, different
frequencies are reflected in different
ways. The summation of consiructive and 0

destructive interference over time makes
an interferogram, from which a Fourier

transform is used to calculate a .
spectrum.

Press PLAY to advance the mirror and
simulated the interferogram. —
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Raman basics

Mid IR Stokes Roman  Rayleigh Anti-Stokes Raman Fluorescence

Electronic
States o,

\-rII"LdFﬂ --------------------------- ol inininaininai -1 il i
BEBDEE . g g e e e e e

Vibrational States {

Ground State k.

Rayleigh scattering: scattering without change
of frequency

Stokes Raman (fraction ca. 1x107): scattering
with lower frequency

Anti-Stokes Raman (weaker still): scattering
with higher frequency

(depends on vibrational state of molecule, i.e.
certain selection rules apply)

o
M http://www.jobinyvon.com/usadivisions/Raman/tutorial1.htm

Enhancement of Raman

Resonant Raman - laser wavelength
close to absorption wavelength

SERS or SERRS (surface enhanced
(resonance) Raman spectroscopy) -
requires a further moiety to be
present (eg. a surface or colloid). The
presence of such an agent can
provide quite dramatic enhancements
and has been used successfully in
the study of biological samples such
as DNA, peptides and proteins.

Active substrates -a substrate with a
special coating that concentrates the
sample

)
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Typical IR spectrum

Infrared

Spectrum

of
Silicone

2953.04

(polydimethylsiloxane)

{}CH stretching of CHs
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CHs symmetric deformation of 3i-CHs 1
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Counts

JESA*

Typical Raman spectrum

l Vitamin E
6000 4 Rin g
deformation f
‘ CH2.CH3
T i CH, ring ‘ region
H vibration I‘
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Raman shiftcm™

Raman spectrum of vitamin E in solution (97%). The spectrum contains several
vibrational frequencies each corresponding to certain molecular bonds.
Aquisition time: 30 sec; laser power: 15 mW; confocal Raman microscope

Source: Y. Aksenov, PhD thesis, University of Twente
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Bands
in
IR
and
Raman
spectra
of
organic
molecules

Source: HORIBA Jobin Yvon
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Instrumentation

A few examples
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Raman -how it began

Above: Raman’s spectrograph with photographic plate
Right: First spectra published in Indian Journal of
Physics

1922-1927: molecular light scattering predictions by Raman,
Smekal, Kramers and Heisenberg, Cabannes and Daure,
Rocard, and Schroedinger and Dirac

1928: C.V. Raman reports the effect; first he used filtered
sunlight, a prism spectroscope, and visual observation, later
filtered Hg light and a photographic plate

)
&
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Spectrometers in the 1940's and 1950's

e GRANDS SPECTROGRAPHES & Prismes
i . .
T =3 o SPECTROGRAPHES pour I'Effel Romon Huet prism (35 cm)spectrometer -1940's
BII el I Asteophysique

ARL

' L FER
IIIHIH(II 10T {8 R TR 1 T
ol

l I' SPLLTAC “RAMAN

|” ART s MERTURC

LTINS T TR 11|

mah

3-4 cm prisms in Steinheil Raman
Spectrometer-1957
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50 years down the line

Horiba Raman Spectrograph with multiplexing
capability for on-line industrial process
monitoring-2005

Steinheil Raman Spectrometer-1957

Horiba inverted microscope with Raman 5,

. e
M Source: www.jobinyvon.com Spectrometer-2005 University of Twente
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IR and Raman generated by a chip



InfraRed lasers/LEDs and photodiodes

Photodiode (9 mm size)
(1000-3600 nm) IR LEDs (850 - 940nm)

Sizes 3 -8mm

IR laser diode
(735 nm - 3.8 um)

©]

M ES B o= University of Twente
Tor Netherfands

Silicon Raman Lasers

¥ bams Ti=rEs i

A " R,
Si0, passivation Furnp beam S0 b
Laser output l 1‘
ks -~
Al contact Si rib waveguide Al contact Dichesio == ton Ervactend
- coating reflective
- coating
0
Pump
] | -6 wirsalangth
"~ p-region n-region [— seanm|
-2 — 1,550 nm
Buried oxide g 30 — 1,552 m
E — 1,554 nm
=i — 1,556 nm
Si substrate E |— 1,556 nm |

1,680 1,685 1,680 1.4685 1,700

Lazar wavelangth {nm] -
+ &
M— Rong e.a. Nature 433, 725-728 (2005) & 433, 292-294 (2005) Illiuuli;‘" n:.‘l'ﬂnll
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More Raman laser microdevices
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Silica microsphere Raman laser
University of Twente

o
M Spillane e.a Nature 415, 621-623 (2002) The Wetherfamds
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IR and Raman measured by a chip



InfraRed detectors

B> el

4" substrate with four 512x512  Ceramic vacuum package
microemitter pixel arrays

Top: microemitter pixel
Bottom: microbolometer (IR-sensor) pixel
Both are on 50 um pitch

Cole e.a. Proc. IEEE 86, 1679-1686 (1998)

M ES g o IR image with 240x336 microbolometer camera P —— ‘r-:nu
Fer Wetkerfands

Illiurlli;annl Twente

Wetberiands

IR and Raman measured on a
microfluidic chip



On-line FT-IR detection on CE chips

b

a titanium layer

SU 8 photoresist CaF, disc 2
layer 2 ’

LI P
e s Z e
UV curing = - = ,/

epoxy adhesive / ==
CaF; disc 1
SU 8 photoresist 2

layer 1

flow

(a) Schematic view of the CE-FT-IR cell

(b) SEM micrograph of capillary O-ring

(c) Microscopic view of the CE-FT-IR cell, with
connected capillaries, housed in supporting block

r"j
+ I
M Kélhed e.a. Anal.Chem. 74, 3843-4848 (2002) University of Twante
[ ]
CaF, CE chips
(a)
e in chip
() 0.30+
() 0.20+
(d) 010+ \ﬂ U
[:1]
= —M
E 0.00 . T T . .
5 L T
© @ in standard CF, cell
< 5
4=
e
etching in saturated
aqueous Fe(NH,)(SO,), 2=
solution at 18 pm/day;
bonding with photoresist Ly
(also serves as optical = g :
filter), in oven at 135 -C 3000 2500 2000 1500 1000
for 30 min Frequency {cm-1)
%
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M Pan e.a. J.Chrom.A 1027, 231-235 (2004) sy’ by A



Diffusional IR mixer

300
a W ooy hﬂm
B alicnm ot l 200 §
=
100
B um intensity
b 0
side view | — t.gms
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. ]
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£
L _ I gs
v B O ® BN T B T = .
7.
%0 15 20 25 30 35 40 45 50 55 60
%TFE
Study of the lifetimes of intermediates in the B-sheet to a-helix transition of B-lactoglobulin;
time resolution is achieved by scanning along the observation channel with the focused beam
of an FTIR microscope (see next slide)
ﬂ"
+ Umi I Ti 24
M Kauffmann e.a. PNAS 98, 6646-6649 (2001) wiversity of Twante

1 - ——before mixi E
FTIR microscope g | b :
- S 004 3
fixed mirror g E ]

— Interferometer % aaz b

IR-source movable mirror :“.--"-
stability: +0.5 nm
® 7 05
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4 IR-microscope

]
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sample mounted
on an x-y stage

laser trigger '_ i

ITI MCT detector

2" darivative (x10%)
=
T
1

-0.5

-0 = [i-shest stalo ; .
-1.5 :- — intarmadiate .\_ Il ‘
Rammelsberg e.a. Vibr.Spectr. 19, 143-149 (1999) Sop T ohefcalsiae | T WL €]
1700 1680 1660 1640 1620
wavenumber / cm’”’
T O S, S S——
Time-resolved FTIR spectra and kinetic analysis £ I\ _— ]
a) spectra taken along the observation channel, at = o5l - ]
1.1,3.4,5.7,10.2, 21.6, and 103 ms; black line: £ ]
before mixing, green line: final state = i d ]
b) 2nd derivative spectra of a) with three-state exp. T ——— .
fits (dots); basic spectra are shown in c). o 20 40

tfms
Kauffmann e.a. PNAS 98, 6646-6649 (2001) ﬁj

M ES g L o University of Twente
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d) Time course of the 3 states as deduced from the fit



Photoacoustic detection on a chip

Principle of photoacoustic spectroscopy:

incident light is modulated at an acoustic frequency. If the
optical wavelength couples to an energy transition in the gas,
the gas absorbs the light resulting in a periodic gas expansion

that can be detected by a microphone

e

.
/ r
wania - -
: | [t eeee| | cap wafer
{SOl}
'WII’:"‘"'" b Jr——
L i canity
+
[ ow ehanas | cavity
—_ | wafer
— Ighl port
.
L

MESA?

25 mm
S

membrane viewport
Si membrane

wrn
,flow channel .
\ + PA cavity
optical port

fiber stop ™

Igas inlet

Firebaugh e.a. J.Appl.Phys. 92, 1555-1563 (2002)

i + ¥ sensor
mount
_displacement sensor

. gPA cell
base plate

7uPA chuck

vent connection

600
® signal
500 || = model w/ membrane compliance
401 Hz -
E
=
® 200 |
e r propane gas in N,
4]
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r‘
-
University of Twente
Fer Wetkerfands

Attenuated Total (Internal) Reflection

Evanescent wave amplitude:

E=E exp ;—Z

P

I
|
I
|
I
I
I
I
=

Principle:

IR beam is directed into high refractive index medium
which is transparent for IR radiation. Above critical
angle #c the light beam is completely reflected at the
surface. Multiple internal total reflections occur

Effective penetration depth for absorbance:

o

-10

L

0 10

20

T |
T 0

More details in: Vigano e.a. Talanta 65, 1132-1142 (2005)

2

J < mkEsd,
=—2z
n, cos @
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Optical and physical properties of materials

Materials G (*Jimwater  Hordness (kgnuw®) Wovelength range Conuments A% dy (umd o ()
Ge 4.0 22 TR0 ADD=-530 Stable m water, i acids and alkalis a0 1.92 0.73
anacked by hat H2 50,
45 0.74 0,40
a0 0.39 0.31
@ 34 i} 1150 Stable m water, in acids and alkalis ki 4.32 117
attacked by HF and HNO;
45 1.17 0.51
Gl 0.5% 0.38
Lnse 2.4 39 120 4000650 Stable in water pH 5-9 45 5.29 1.1
a0 180G 067
KRE.5 24 i 40 EnTC ] Mot very stable in water 45 5.0 1.22
Gl 1.86 0.67
Dammionad 238 40 Very lard ADD=4 0K Stable i water pH 1-14 45 617 1.35
Gl 2.03 1.69
Zns 2.2 43 388 000950 Stable in water, not at acidic pH 45 12.65 2.34
a0 .75 082

Orther materials such as CdTe (ny = 2.65, hardness =45) are close to those described in the table. The values of the efficient penetration depth of the evanescent
wave have been ealenlated at a wavelength of 1650 e~ fora vandomly polarized hight. The entieal angle i+ caleulated in water (p=1.5). KRS-5 3¢ a thallian

Dremnde thallinm 1odis

MESA?

le eutectic.

Vigano e.a. Talanta 65 1132-1142 (2005)

©]
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Characterization of Protein Adsorption and

ATR on microchannels

Immunosorption Kinetics in Photoablated Polymer

Microchannels

Inker
\.-\pm'um

Chatle

-

Peotective lamanae

10 PET subsirme 2

Microchannel

Sealimg lamanale

Profectve lamanale

i1 PET substrate 5o

odein salution

Sealing laminate

c)

Protective laminate

PET subsinie ;5

Sealing Lamirate

O

PET substraie 00 | L
e 7 :
¢ WY ¢y

Seuling Luminate

35 jn
O
0
LLET Y

Rossier e.a. Langmuir 16, 8489-8494 (2000)

| o . .
4000
[
3000 —
p-]
5
g 2000 -
=
100 —
o-le
T T T T T T
0 10 20 30 4y 50 60
Time/min

Adsorption kinetics of SEB in a photoablated
microchannel. The channel was incubated with 3.12nMof
anti-SEB for 1 hr whereas the solution of SEB was
incubated at 36 nM between 1 and 60 min and revealed
by the secondary radiolabeled anti-SEB at 200 nM.

©]
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Extension of IR bandwidth in Si ATR

standard MIR

i cutoff
Fl'llll:’l'll[ll!lilllll|III'I|IIII
liquid out '
A 2
c
] Si(100) sample =
7" - 2
- s _
hv —F hi P
A IR - graphite i) \
T AN NN\ e liquid in 5  3(HOH)
Y E :
bF" ............ e - o §
B - v(HOH)
teflon TS FETY NUEYE FURTE PN FUET
1000 1500 2000 2500 3000 3500 4000
Frequency (cm™)
The use of Si(100) allows shorter samples,
thus less absorbance in the Si
(bandwidth is limited by multiphonon bands NB MIR (Multiple Internal Reflection) = ATR
that effectively absorb all the incident IR
radiation below 1500 cm™)
. &
M University of Twente
Queeney e.a. J.Phys.Chem.B 105, 3903-3907 (2001) The Wetherlands

1 oot oot ligrment Infrared spectroscopy for chemically

marks in nitride Lald o o og e _

pelRe e specific sen.smg in silicon-based
microreactors

etch Si in KOH

(sse (c) for top view) Alignment to <110> directions

(needed for ATR inlet aperture)

align mask to marks

best aligned to crystal b) C)
planes (see below);

etch nitride

pyramidal pits
etched into Si

etch Siin KOH; \
remove nitride

circular openings ,..u"\
created in nitride (| \\

=

oo best alignment

bond anodically to
etched glass wafer

IR light

\Si ATR crystal
M
&

+ o
M Herzig-Marx e.a. Anal.Chem. 76, 6476-6483 (2004) i i



Infrared spectroscopy for chemically specific sensing in

silicon-based microreactors

v(C=0)

Acetic acid,
8,(CH,0)

Absorbance

Ethyl acetate Ethan

1000 1200 1400 1600 1800
Wavenumbers (cm™)

T T T T T T T T
@ |- (b) fra
E |
&
g | |
= o
¥+
sr 'n:'.fH 0 ]
> i &(H,0)
& o viCH) of |
L PDMS .
£l .’[ v(SIO) of v(H0)
® I | glass,PDMS

1 1 1 1 1 1 1
800 1600 2400 3200 4000

Frequency (cm-1)

Infrared spectra (100 scans) of
reactants and products of ethyl
acetate hydrolysis, acquired in
aqueous solution (5 ml/100 ml
H,O) in a microreactor

)
+ &
M Herzig-Marx e.a. Anal.Chem. 76, 6476-6483 (2004) i i
[ ] ] [ ] [ ] (] ]
Silicon micromixers with IR detection
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coaling cooling fluid IR shwtier
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[ ) % ] IR monitoring
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4 50 pm
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temperature- p '
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[ ™
LY |
R | !
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shutter \ -[ I"-. ! SENs0r
\ 'l," Alls
LY “, reaction mixture
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wafer 2 wafer 1 device
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e
M Floyd e.a. Ind.Eng.Chem.Res. 44, 2351-2358 (2005) Tie Wetherfands
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Micromixer simulation and testing

o
S

100- 4

¢ Experimental data
= Model prediction

w0
o

w
h

Extent of mixing (EOM) (%)
[{s]
[

0 10 20 30 40 50 60

Residence time (ms)
4.0 mm

channel top view — from inlet to probe location
o

&=
Lo
3
3

. &
M Floyd e.a. Ind.Eng.Chem Res. 44, 2351-2358 (2005) bl oA i
[ ] ] [ ] [ ] (] ]
Silicon micromixers w1th IR detection
gasket
/" / top plate
0.6 i ’ (_
o L& syringe pump
0.5 - mlcroohlp S <+— to reactor — I or
® 1738 Al i J pressurized tank
c 04- 5 \ e
2 /N < ’ =
S 031 . s
& ; —
/ \
Al Nicolet
0.1 - Q FTIR 800 bench
0 T T T 1 ‘\.\'\
1820 1795 1770 1745 1720 &
Wavelength (cm)
FTIR data of the progress of hydrolysis of propionyl
chloride: (1) 2.4 s, (2)4.9s, (3)48.6 s, (4) 81 s, and
(5) 243 s, 0.4 M propionyl chloride at 23 °C.
%

+ - .
M Floyd e.a. Ind.Eng.Chem.Res. 44, 2351-2358 (2005) sy’ by A



Microreactors with Raman microspectrometry

pm _!
& "
¥ acetic acid ethanol
\ F‘ 205
1 | speciometer
b 30

40 -

6
*
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!

. . . q 50
Monitoring of chemical reactions

within microreactors using an inverted @

a82 Raman microscopic spectrometer
¥
l ethanol
— _— -""‘-n. — ey —
B33
¥
620
-;. acetic acid
By Uny, SN | e—-
aTe :' s
ethyl acetate
10 60 110 160 210
-
+ &
MQA Fletcher e.a. Electrophoresis 24, 3239-3245 (2003) Unmiversity of Twenie
Foe Metkerfands

Surface enhanced Raman on a chip

Cyanide solution

Hamuan detection point L. ) .
Ultra-sensitive trace analysis of cyanide

— ., » = A water pollutant in a PDMS microfluidic
Ny A Ay e :
channel using confoccal surface-
Silver callaids \ enhanced Raman spectroscopy

._‘+ ¥ H

: ’ ... ; i v ’ *a f'}nnirlrn_.ninm.
+_.I_ r! ."! : ‘ . :::::d::::;imm

+

O o 0 Megatively charged
! sillver nana pariicles
) 9 @

"Alligator teeth-shaped" microfluidic mixer

Relative Intensity

\ L
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Peak Area
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j NGRS L)1
!Il!
2400 2200 2000 1800 0 S0 100 150 200 250 300
Raman Shift (em™') Cyanide Concentration (ppb) 4}
ke

MESA+ Yea e.a. Analyst 130, 1009-1011 (2005) & Lab Chip 5, 437-442 (2005) University of Twente
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Raman microspectroscopy on cells

b

Lamgth fm)
8 |

&

3 WM 33 M M »u a8

gt X {jam]

DFA - OF | ws. DF2; normal = raming data, bold = 1esting data

ol A B
0.3
a
02 als
Top left: Typical Raman spectrum acquired from a ol
single cell of size 1-2 ym £
g 0
Top right: Raman mapped image of four bacteria cells ‘gm
E_ 1
Bottom right: Multivariate analysis of spectra from three E :
bacterial species showing good discrimination between 503
species 04
A5

+ .
M From Bioforum Europe 9(4), 56-57 (2005) ; details: Huang e.a. Anal.Chem. 76, 4452-4458, 2004 University of Twente
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Raman microspectroscopy on cells in a chip

Maonitering of exygenation cycle in single optically rapped RBCa

Raman spectromaeter o
i

“~¢——|Laser 514 5nm If

<= eSO

| RBCs in LOC exposed to I'Inwi

MNIR laser

| Optical tweerers

Right: Oxygenation cycle of single optically trapped red blood cell
exposed to constant Hepes buffer flow.

After 40 s sodium dithionite is added to chamber A and
transported to the RBC through EOF. Next, fresh Hepes buffer
was flushed through the reservoir and after ~750 s the RBC turns
into a mixed oxy—deoxyHb state again before finally reaching the
inactive metHb state after 790 s

M Ramser e.a. Lab Chip 5, 431-436 (2005)
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o ATIR Infrared image of a single red blood cell Wit .
M Sommer e.a. Appl.Spectr. 55, 252-256 (2001) n “"*!;_', bkt

Rorschach
inkblot

test

or

InfraRed
image?
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