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Terahertz Radiation Properties

What is Terahertz Radiation?
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Terahertz Radiation Properties

What is Terahertz Radiation?

Microwave, Terahertz
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Terahertz Radiation Properties

Inter- vs. intramolecular vibrations

Terahertz

Mid Infrared

Intramolecular modes
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Terahertz Radiation Properties

THz Radiation

Characteristics

@ 2t0 133 cm~' /60 GHz to 4 THz, xW output power — intrinsically
safe

@ Probes vibrational modes that extend across large domains of the
lattice in organic molecular crystals

@ Most polymeric materials are (semi-)transparent in this frequency
range

@ Ultrashort pulsed radiation readily available

@ Coherent detection scheme using detectors operating at room
temperature

@ Measurement of the electric field rather than just its amplitude
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Terahertz Radiation

Terahertz pulse
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Terahertz Spectroscopy of Pharmaceuticals

Traditional Far-Infrared Spectroscopy

Limitations
@ Very low intensity
below 500 cm~1
@ Difficulties to
distinguish thermal
background from signal

@ Cryogens needed to
cool the detectors
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Terahertz Radiation Terahertz Time-Domain Spectrscopy

Generation of Terahertz Pulses

Pulsed coherent radiation from femtosecond switched photoconductive antennas

GaAs
= substrate
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Terahertz Radiation Terahertz Time-Domain Spectrscopy

THz-TDS setup in our lab
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Terahertz Radiation Terahertz Time-Domain Spectrscopy

THz-TDS setup in our lab
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Terahertz Radiation Terahertz Time-Domain Spectrscopy
Terahertz pulse

averaged time-domain waveform
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I I I I I
0 1 2 3 4 5
time/s X107

UNIVERSITY OF

Time-domain signal of the terahertz pulse from a LT-GaAs device surfac&s
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emission detected by electro-optical sampling ( 0.5 mm ZnTe crystal)
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Terahertz Radiation Terahertz Time-Domain Spectrscopy

Photoconductive Antenna Bandwidth

wet air — power spectrum, time-domain cut after 49 ps
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Terahertz Radiation Terahertz Time-Domain Spectrscopy

Commercial THz-TDS setup

Commercial turn-key alternative (TeraView Ltd)
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PAT Applications for Terahertz Spectroscopy

Outline

@ PAT Applications for Terahertz Spectroscopy
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PAT Applications for Terahertz Spectroscopy Identification of Solid State Modifications

Polymorphism — Crystal Structure

Carbamazepine form |
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PAT Applications for Terahertz Spectroscopy

Polymorphs
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C. J. Strachan et al., Chem. Phys. Lett. 390, 20 (2004); J. A. Zeitler et al., J. Pharm. Sci. 95, 2486 (2006).

J Axel Zeitler (University of Cambridge)

10 20 30 40 50 60 70

Wavenumber [cm™]
Enalapril maleate

Identification of Solid State Modifications

Decadic absorbance / a.u.

0.54

0.0

Terahertz Spectroscopy of Pharmaceuticals

Form |

Form Il

Form Il

Form IV,

Form V.

T T T T T T T T T

10 20 30 40 50 60 70 80 90
wavenumber / cm™
Sulfathizole

Heidelberg PAT 2007

UNIVERSITY OF
CAMBRIDGE

16 /42



PAT Applications for Terahertz Spectroscopy Identification of Solid State Modifications

Hydrates
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PAT Applications for Terahertz Spectroscopy Identification of Solid State Modifications

Cocrystals
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The cocrystal constituents phenazine (blue), mesaconic acid (green) and the cocrystal
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K. L. Nguyen et al., Nat Mater 6, 206 (2007).
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PAT Applications for Terahertz Spectroscopy Solid Dosage Forms

Commercial Tablets
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J. A. Zeitler, T. Rades, and P. F. Taday, in THz Spectroscopy:
principles and applications, edited by S. L. Dexheimer (Taylor &
Francis, New York, 2007 in press), pp. 299.
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PAT Applications for Terahertz Spectroscopy

Polymorphic Mixtures
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PAT Applications for Terahertz Spectroscopy Quantitative Terahertz Spectroscopy

Detection of Crystalline Materials
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PAT Applications for Terahertz Spectroscopy Mechanism and Kinetics of Phase Transitions

Polymorph Conversion - in situ Spectra
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Mechanism and Kinetics of Phase Transitions

PAT Applications for Terahertz Spectroscopy

Polymorph Conversion - Kinetics
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Mechanism was found to occur via the gas phase
& CAMBRIDGE

J. A. Zeitler et al., ChemPhysChem 8, 1924 (2007)
Heidelberg PAT 2007 23/42

Terahertz Spectroscopy of Pharmaceuticals

J Axel Zeitler (University of Cambridge)



PAT Applications for Terahertz Spectroscopy

Relaxation and Crystallisation of Amorphous Materials

Relaxation and Crystallisation of Amorphous Materials
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PAT Applications for Terahertz Spectroscopy Relaxation and Crystallisation of Amorphous Materials

Change in Absorbance
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PAT Applications for Terahertz Spectroscopy Phase Transitions in Solid Dosage Forms

Direct Compressed Tablet — Constituents
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PAT Applications for Terahertz Spectroscopy Phase Transitions in Solid Dosage Forms

Direct Compressed Tablet — Phase Transition
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acquired during heating of a 200 mg carbamazepine tablet
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Future Challanges and Outlook

Outline

e Future Challanges and Outlook
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Future Challanges and Outlook Assignment of Vibrational Modes

Intermolecular Interactions
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Future Challanges and Outlook Assignment of Vibrational Modes

Tentative Assignments in CBZ
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Calculations were performed using a computationally cheap force-field approach
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Future Challanges and Outlook Assignment of Vibrational Modes

Tentative Assignments in Cocrystals

Distortion of the hydrogen-bonded chain leading to an absorption peak at 1.2 THz. The feature is
a combination of wagging motions of the components in each chain (the chains propagate
parallel to the crystallographic 110 direction)

K. L. Nguyen et al., Nat Mater 6, 206 (2007).
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Future Challanges and Outlook Assignment of Vibrational Modes

Alternative Approaches

@ CRYSTAL

@ CASTEP

@ VASP

e CHARMM

@ ... and many more
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Future Challanges and Outlook

Intersubband Transitions

AlGaAs AlGaAs
GaAs ese9es
Conduction Kk
Band .

Valence

Growth direction

_—

Interband Laser:
= hwset by bandgap

= Bipolar: electron-hole
recombination

Quantum Cascade Lasers

AlGaAs AlGaAs
GaAs

—asse]|—s
—

Conduction) K
Band

Valence

Growth direction

Intersubband Laser:
= hwchosen by design

= Unipolar: electrons make
intraband transitions

In contrast to a normal semiconductor laser the photons are emitted

from transitions within the conduction band
Schematic courtesy of B.S. Williams, 2005
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Future Challanges and Outlook Quantum Cascade Lasers

Quantum Cascade Laser (QCL) Device

Experimental setup

QCL mounted on copper block

UNIVERSITY OF
CAMBRIDGE

J Axel Zeitler (University of Cambridge)  Terahertz Spectroscopy of Pharmaceuticals Heidelberg PAT 2007 34/42



Future Challanges and Outlook Quantum Cascade Lasers

Polystyrene Phantom

Hole

2) B o

Polystyrene phantom in the shape a clown’s head

K. L. Nguyen et al., Opt. Express 14, 2123 (2006).
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Future Challanges and Outlook Quantum Cascade Lasers

Polystyrene Phantom

-1
mim

a) b) <)

Some views of the reconstructed 3D image

K. L. Nguyen et al., Opt. Express 14, 2123 (2006).
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Future Challanges and Outlook Quantum Cascade Lasers

THz QCL imaging

Advantages
@ High power source (up to 50 mW)
@ Microbolometer arrays are possible
@ Uncomplicated optics setup
@ Array detectors possible

Current Limitations
@ Optimum operation temperature at 4-10 K (max. 150 K)
@ Lack of readily available optics at THz frequencies (lenses, filter)
@ Very immature waveguide technology
@ Limited range of operating frequencies
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% CAMBRIDGE
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Summary

Advantages of Terahertz Spectroscopy

Highlights

@ Spectral signature represents unique fingerprint that directly
originates from the molecular interaction in the crystal lattice
(hydrogen bonding, phonon modes)

@ No artefacts due to preferred orientation

@ Very fast technique, time resolved measurements are possible

@ Many experiments can be performed in transmission (large
sampling volume)

@ Detection of the signal with room temperature detectors

@ FT-IR and Raman sampling accessories such as ATR can be
readily used

BH UNIVERSITY OF
4% CAMBRIDGE

J Axel Zeitler (University of Cambridge)  Terahertz Spectroscopy of Pharmaceuticals Heidelberg PAT 2007 38/42



Summary

Current Limitations

Major challanges
@ No diffuse reflectance sampling possible to date
@ Limited bandwidth and power
@ Cost and maintenance of fs lasers

@ Signal processing can be tricky due to echo pulses and multiple
reflections

@ Limited understanding of the vibrational modes at THz frequencies
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For Further Reading

New literature in the field from 2007 - |
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For Further Reading

New literature in the field from 2007 — lI

Other groups:

@ H.B Liu et al., Characterization of anhydrous and hydrated pharmaceutical materials with
THz time-domain spectroscopy, J. Pharm. Sci., 2007, 96, 927-934 (X.C. Zhang’s group,
us)

@ J.A. Spencer et al., Delayed release tablet dissolution related to coating thickness by
terahertz pulsed image mapping, J. Pharm. Sci., 2007, in press, doi:10.1002/jps.21051
(FDA and TeraView)

@ H. Wu et al., Process analytical technology (PAT): Effects of instrumental and
compositional variables on terahertz spectral data quality to characterize pharmaceutical
materials and tablets, 2007, Int. J. Pharm., 343, 148-158 (FDA and NIST)

@ H. Wu et al., Process analytical technology (PAT): quantification approaches in terahertz
spectroscopy for pharmaceutical application, 2007, J. Pharm. Sci., in press,
doi:10.1002/jps.21004 (FDA and NIST)
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