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Applications of Fourier Transform Molecular B% htSpec
Rotational Resonance (FT-MRR) Spectroscopy

The simplicity of FTIR, the power of Mass Spec

Direct Analysis of Complex Mixtures

Impurities in gases, Environmental analysis, Semicon processes

Reprogrammable Sensors for Multispecies Monitoring

Residual solvent analysis, Genotoxicity testing, Environmental Monitoring

Dedicated Chemical Sensors
Water (humidity), ammonia, formaldehyde, NO
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Basics of Molecular Rotational B%hts pec
Resonance (MRR) Spectroscopy
L2

Spectrum Directly Tied to 3D Geometry: T o= Z

The Effect of Temperature The Effect of Molecular Size
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Chemical Analysis by Molecular BrightSpec
Rotational Spectroscopy

Spectroscopy and its Applications

Frequency Molecular Energy Levels Commercial Techniques
RF (<1 GHz) Nuclear Spin in Magnetic Field NMR, MRI
MW (9-90 GHz) Electron Spin in Magnetic Field EPR/ESR
MW-THz (2-2000 GHz) Overall Molecular Rotation NONE
IR (100-4000 cm™?) Molecular Vibration FTIR, NDIR
diode laser
UV-VIS (100-800 nm) Electronic Excitation Fluorimeters, Imaging,

LIBS, Raman microscopy

X-rays (< 100 nm) Inner Core Electron Excitation X-ray emission for
chemical analysis
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Requirements for Analytical Chemistry BrightSpec

The Routine
Rotational Microwave Spectrometer 1) Room-temperature operation

For the first time, it's now a simple matter to get high-quality
data using this 30-year-old technique. A new spectrometer makes the centimeter-
wavelength region of the spectrum available for routine analytical work.

By Howard W. Harrington, John R. Hearn, and Roger F. Rauskolb 2 ) CO m p a Ct i n St ru m e nt
HEWLETT-PACKARD JOURNAL @ JUNE 1971 Volume 22 - Number 10
3) Standard electrical requirements

4) Automated library analysis

5) Ability to make chemical
identification
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Molecular Rotational Resonance
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Chemical Selectivity:
(mass distribution and Inertia)

Direct Mixture Analysis

(high spectral resolution)
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Fourier Transform Molecular Rotational B%htSpec
Resonance (FT-MRR) Spectroscopy

OCS Level Diagram
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A Spectrometer Based on Solid State BrightSpec

lectronics
Low IF (720 — 1440 MHz)
10 MHz Rb = 4GS
Standard S
e Vo | Digitizer J
| x12 Multiplier
Chain
Sub-harmonic mixer
é 220 — 325 GHz
12 GS/s 8.80 GHz

S -, PDRO WR 3.4

AWG =g ’
2-3.5 GHz YR
X ultiplier
Chain —| Chamber I—

10.8-12.3 GHz 260— 295 GHz Output Power: 30-40 mW

Key Features: 1) Tailored Excitation Pulses using Arbitrary Waveform Generator

Agilent M8190A, 12-bit

2) High Peak Power, High Bandwidth Active Multiplier Chain Sources
VDI High Efficiency Multipliers

3) High Speed Digitizer with FPGA Signal Accumulation (16M averages)
Agilent Acqiris U1084A, 8-bit
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Chirped Pulse Waveform for Real-Time ~ BrightSpec
FTI-MRR Spectroscopy

Schematic Pulse Spectrogram
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Separate AWG Channels Generate Chirp Segments (Blue) and
Local Oscillator (LO) Frequency (Red) with Phase Reproducibility

Justin L. Neill, Brent J. Harris, Amanda L. Steber, Kevin O. Douglass, David F. Plusquellic, and Brooks H. Pate,

“Segmented chirped-pulse Fourier transform submillimeter spectroscopy for broadband gas analysis”, Optics Express
21, 19743-19749 (2013). [Highlighted in Spotlight on Optics]
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Chirped-Pulse Fourier Transform: BrightSpec

100 times more sensitive than absorption technicques

_ Propionitrile: 0.5mTorr, 10,000 shots (1second)
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Near 100% Averaging Duty Cycle:
Record Length: 400,000 ; 8-bit
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Basic Performance:

Chemical Niche:

1.Small (< 150 amu)

2.Polar

3.Volatile

Forecasted Detection Limits for Class 3 Residual Solvents

Molar Detection Limit

BrightSpec

10 — 100 mTorr (10 ** atm)

Spectrometer

(40 seconds)
(pmol)
Formic Acid 0.28
Dimethyl sulfoxide 0.41
Acetone 1.5
Ethanol 1.6
Acetic Acid 2.8
Methylethyl ketone 3.7
2-Propanol 4.2
Ethyl formate 4.5
1-Propanol 10
Methyl acetate 11
2-Butanol 11
Ethyl acetate 23
1-Butanol 32
Diethyl ether 62
Anisole 80
3-Methyl-1-butanol 140
tert-Butylmethyl ether 370

© BrightSpec, Inc.
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Computer Report
Solvent Composition

Pressure
Reduction

(2)

Liq_uid . Direct
Vaporization Headspace
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Solid Samples: e N o BhtSpec
PIES ey gy

4-methyl 5-methyl

4,5-Methyllmidazole ——— Measured Spectrum

0.7 —— 4-methylimidazole Fit Sample Pressure: 5 mTorr (50 nmol)
o —— 5-methylimidazole Fit
0.6 ’
|

] ‘ | Measurement Time: 2 minutes
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Direct Analysis

Gas Mixtures: No chromatography

BrightSpec

Gas Mixture Analysis
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Analysis of multicomponent mixtures with > 10,000 dynamic range in minutes
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Quantitative Analysis s htspec
Complex Mixtures: No chromatography

%5 ;‘J 1|.1 PN R |L | N |.I4Jl
T _ || Automated Library Matching
::;*H U‘ M t Data acquisition and analysis in 2 minutes
fi" °°5 ; !L%me Expected Observed
oo VT [ Partial Pressure  Partial Pressure
~%is00 254600 76A700 - qzms:?w] 764500 Chemlcal (mTOIT)l (mTOIT)Z % Error
Chloroethane 0.079 (£21%) 0.098 20.95%
Carbonyl Sulfide 0.211 (£ 11%) 0.210 2.55%
Propyne 0.211 (£ 11%) 0.238 10.39%
Trifluoroiodomethane  0.132 (= 15%) 0.099 26.41%
|-Butyne 0.026 (+ 45%) 0.016 38.30%
Total 1.13 1.154
1) Expected partial pressure uncertainty was propagated from the accuracy of the pressure gauge (0.5 psi) used to
prepare the mixture at a total pressure of 43 psi.
2) Observed partial pressure as returned by the matching algorithm.

Analysis of multicomponent mixtures with > 10,000 dynamic range in minutes

© BrightSpec, Inc. 16



Headspace Analysis Brightspec

Complex Mixtures: No chromatography

48799-U SUPELCO

- . — Mix 100 ug/ml
10 EPA VOC Mix 6_ ) ——— Dichlorodifluoromethane
2000 pg/mL each componet in methanol, analytical standard Trichlorofluoromethane
I RSIGMA-ALDRICH Bromomethane
5 — Vinyl chloride
6 — —— Chloroethane
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Headspace Analysis

Detection limits

log(partial pressure, Torr)
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-39 Chloroethane
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VOC mix #6 Detection Limits in Water
Broadband Targeted
(5min) (40sec)
Chloromethane 0.005 ug/mL 0.1 ug/L
Bromomethane 0.022 ug/mL 0.8 ug/L
Chloroethane 0.026 ug/mL 0.5 ug/L
Vinyl Chloride 0.042 ug/mL 0.5 ug/L
Dichlorodifluoromethane 100 ug/mL 100 ug/L
Trifluorochloromethane 100 ug/mL 1000 ug/L
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Analysis Tools

BrightSpec
Site-specific Isotope Analysis
N15 I = MR?
6 -
E J JL
£
> 04 = 1 T T
:E 260000 265000 270000 275000 280000 = 285000 ZQbQOO 295000
£0.06 - == 3
0.00 h
-0.06 : T T T T T :
287200 287400 287600
Frequency (MHz)
Sample Pressure: 5 mTorr (50 nmol) Site-Specific Isotopic Spectra are
Time: 2 minutes Predicted using an ab initio structure
S/N Ratio: 15,000:1

Quantitation Limit: 10 pmol
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The intensity scale uses natural
abundance of 3C and >N
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.AnaJ.YS].S TOO]Sl BrightSpec

Mass Estimation: Unknown Identification
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Analysis Tools

Enantiomeric Identification

m06-2x/6-311++g(d,p)

Filtered FID @ 4604 MHz Filtered FID of chiral signal @ 4604 MHz
0.08 0.006 —
—— Direct excitation/detection —+— (R)-Solketal|
0.06 s Ch?ral s'fgnal of (R)-Solketal ] —+—(S)-Solketal
—— Chiral signal of (S)-Solketal 0.004
A = |‘." .-_I k thl. ',-.II ” .z‘l ﬁ b .H. I..-.I A "‘I
0.04 ATANARARANARANANATINE f\ AAAAA \
|1 il [ ||1| I |l|| |'L| IR |‘|| |
oo02[ |{ 4] 1 RIAN R, TRIRIRY |f [ ] f
0.02 ] | TS RIRIRIAT
> > L | Ho
> 2 I | bl { ) {3 ' - | |
i B t U U | [ { I ¥ U] & U |
- - | f | | ' - '
€ 000 g [ | |
& 0 5 0.000 | |
@ ® | ! | | | t |
[a] o L # f W ndg |l | 1
L 002 o | || 1l |1 | I| 0 L O |I | tl | |{
0002t [ [1 11 ] IBINIEARINER I INiNIN 1]
t UEESUARAE. |||+ NERAN 1|1}l|'
0.04 TRYRIRYRIRVRY. YRTRY lilj! YRTRY;
\ \ A \ \ 4 9 \ Y,
-0.004 — ' Y » W i - s ']
0.06
-0.08 — T T T T T T T 1 -0.006 T T T T T T 1
0 10 ) 20 30 40 5.2530 5.2535 5.2540 5.2545 5.2550
Time / us Time / us

* Cristobal Pérez, Simon Lobsiger, Nathan A. Seifert, Daniel P. Zaleski, Berhane Temelso, George C. Shields, Zbigniew Kisiel, and Brooks H. Pate, “Broadband Fourier
Transform Rotational Spectroscopy for Structure Determination: The Water Heptamer (Frontiers Article)”, Chem. Phys. Lett. 571, 1-15 (2013).
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How
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