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ABSTRACT: 2,3,3,3-Tetrafluoro-2-(trifluoromethyl) propanenitrile (C,F;N) is being researched as an alternative to sulfur
hexafluoride (SF;) for applications in gas-insulated switchgear. We independently assessed the effectiveness of gas chromatography—
mass spectrometry (GC—MS) and a novel method of feedback-assisted multipass cavity spontaneous Raman spectroscopy (SRS) for
the trace quantification of impurities in C,F;N and its related byproducts. A total of 14 gases were identified with estimated
concentrations as low as 20 ppm (ppm) for C;F¢ using GC—MS and 7.4 ppm for CH, using SRS and as high as 500 ppm for CF,
using GC—MS and 1430 ppm for CO using SRS. While GC—MS is highly effective in selectively detecting and quantifying trace
contaminants, it necessitates separate detectors for various gases, such as CH, and H,. SRS succeeded in detecting CF, and C,Fq at
concentrations of 465 and 100 ppm, respectively, and in placing an upper bound of several hundred ppm for the other analytes.
Crucially, SRS holds potential for portability—and thus for field applications—in gas-insulated switchgear equipment diagnostics.

B INTRODUCTION

Sulfur hexafluoride (SF¢) is among the most popular insulating
gases and is employed in a variety of industries. Its most
common application is as an arc quenching gas in high-voltage
electrical switchgear systems due to its optimal dielectric
properties and very stable nature derived from its octahedral
geometry.'* However, SF is categorized as a highly potent
greenhouse gas with a global warming potential (GWP) of
23,500.°~7 SF is now reported to have an atmospheric lifespan
of 850 years, with electron attachment identified as the primary
removal process, although a lifespan of 3200 years and UV
radiation-triggered photolysis as the main removal mechanism
were previously reported by the Intergovernmental Panel on
Climate Change (IPCC).”” There is thus a need for an
appropriate replacement gas that has properties similar to
those of SF¢ but without the environmental impact.

When designing SF alternatives, many properties need to be
considered, including dielectric strength, environmental
impact, boiling point, interactions with common materials,
toxicity, and others."’”'* A current candidate is 2,3,3,3-
tetrafluoro-2-(trifluoromethyl) propanenitrile (C,F,N). Its
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low GWP of 2400 and superior dielectric strength make
C,F,N a promising alternative."”~"> However, it has to be
mixed with CO,, O,, or N, to be used industrially due to its
—4.7 °C boiling point.'® When decomposed, C,E,N can form
many potentially harmful byproducts, including CO, CF,,
C,F,, CF;CN, C,F¢, C,F,, C;Fs CsFy, C,Fq, and others.'”'®
Consequently, there is high demand for an analytical tool that
can perform chemical diagnostics for gas preparation and can
monitor trace concentrations during operation/handling/
disposal to comply with quality and safety controls.

One of the most common and versatile methods of trace gas
detection is gas chromatography (GC) coupled with mass
spectrometry (MS). In the past, GC—MS has been employed
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to investigate the decomposition byproducts of C,F,N
mixtures following discharge, and these findings were
corroborated through cross-referencing with various theoretical
models, including the reactive molecular dynamics (ReaxFF-
MD) method and density functional theory.” Li et al.
employed a GC—MS system to assess the outcomes of the
interaction between a C,F;N mixture and the widely utilized
gas-insulated equipment sealing material, ethylene propylene
diene monomer.”’ A major drawback of GC—MS systems is a
bulky footprint associated largely with the need for vacuum
operation, which impedes practical applications in the field.

Due to their compact size, nanomaterial-based metal oxide
sensors have been investigated as an alternative to GC systems
for on-site detection of C,F,N. These sensors exhibit an
impressive response in the presence of the gas and
demonstrate excellent chemical stability.”"*> Wu et al. used a
SnO, nanoparticle-based chemiresistive sensor to detect S0
ppm of C,F,N with a limit of detection (LOD) of 0.25 parts-
per-million (ppm),” and, in a later study, 10 ppm of C,F,N
with LOD of 0.213 ppm.”* While these sensors exhibit a rapid
response time (~20 s), they are influenced by temperature
variations and operate by indirectly detecting gases based on
chemically sensitized materials, therefore requiring recurrent
calibration.”

The optical method of infrared (IR) absorption is a well-
established spectroscopic technique for directly analyzing
C,F;N. Several variants such as Fourier transform infrared
spectroscozpy (FTIR)'”?°™** and nondispersive infrared
absorption”~ have been extensively investigated as prominent
methods for detecting C,F,N. While IR spectroscopy offers
excellent sensitivity (detection limit ~ ppm range), a
significant challenge it encounters is cross-sensitivity to
absorption lines when multiple gases are present simulta-
neously.”*** FTIR resolution can be improved by longer
relative path length which however affects portability.*
Spontaneous Raman spectroscopy (SRS) stands as an alternate
optical spectroscopic method for the detection and quantifi-
cation of trace analytes. As far as our knowledge is concerned,
there has been no prior investigation into the utilization of SRS
for the detection and measurement of C,F,N and its
breakdown components. This study aims to assess the
potential of SRS in identifying and quantifying both C,F,N
and its resultant byproducts as a complementary approach to
GC—MS, with the potential for field deployment.

B BACKGROUND

Fluoronitrile gas mixtures have the potential to strike an
optimal balance between dielectric effectiveness and the lowest
feasible operating temperature of the equipment, all while
significantly diminishing their environmental footprint.’!
Fluoronitriles are typically paired with a buffer gas like N,,
CO,, or dry air due to their elevated boiling point.”"** One
such gas is 2,3,3,3-tetrafluoro-2-(trifluoromethyl) propane-
nitrile, commercially introduced by the 3M company under the
trade name NOVEC 4710, with a chemical formula of C,F,N;
its structure is depicted in Figure 1.

The dielectric strength of C,F,N is twice as high as that of
pure SF¢, with zero ozone depletion potential. ™' Its low
GWP is due to the nitrile group reacting with hydroxyl radicals
in the air, which decreases its atmospheric lifetime."”

The formation of byproducts during the decomposition of
C,F;N can indeed influence the overall insulation performance
of the mixture. However, upon examination of the dielectric

Figure 1. Molecular structure of 2,3,3,3-tetrafluoro-2-(trifluorometh-
yl) propanenitrile (C,F,N). It has Cg symmetry and a oy, reflection as
the only nontrivial symmetry element. The graphic was generated by
the Gabedit molecular visualization software.”

strength of these individual byproducts through research, it
becomes evident that most of them exhibit a dielectric strength
either equal to or very close to that of SF4. Consequently, the
insulation capability of the mixture remains largely unaltered
after discharges. Furthermore, it is worth noting that the
boiling points of these byproducts are similar to or lower than
that of C,F,N. This implies that none of these byproducts will
undergo liquefaction when utilized in appropriate mixtures.'*
Another issue to consider is the toxicity associated with C,F,N
and its resultant byproducts. Research has indicated that
inhaling C,F,N can pose a hazard, and furthermore, certain
byproducts formed during numerous discharges are known to
possess toxic properties. The LCs, for C,F,N falls within the
range of 15,000 to 20,000 ppm, underscoring its potential
toxicity when inhaled.>** Byproducts, such as CO, C,Fq,
C,F;N, and C;FN, each exhibit an LCg, level below 4000
ppm.”> Given that these byproducts are considerably more
toxic than C,F;N itself, it is imperative to exercise caution
when extracting the gas from switchgear systems. Additionally,
it is important to acknowledge their environmental impact.
Many of them fall into the category of perfluorocarbons, which
are recognized for their detrimental effects on the environ-
ment. For instance, C,F4 possesses a GWP of 11,000, while
CF, boasts an atmospheric lifetime of 50,000 years.” The
formation of these byproducts is affected by multiple factors,
such as buffer gas composition, arc current, temperature,
circuit breaker geometry, and others.”® Chen et al. found that
C,F;N began to form when heated to 500 °C for 72 h.”” Li et
al. discovered that C,F,N/N, mixtures that use O, as an
additional buffer gas have an increased CF, concentration and
a decreased C,F, concentration when discharged.”® These
parameters also affect the insulating ability of C,F,N. For
example, as the distance between the arc contacts in a circuit
breaker increases, the insulating efficiency of the gas is
improved.”” It was also found that the breakdown voltage for
mixtures of 20% C,F,N and 80% CO, follows a nonlinear
pattern as pressure increases.*’

When it comes to general-purpose chemical trace analysis,
GC has been the default laboratory technique for separating
and analyzing mixtures. Components are separated by moving
through a chromatography column before being analyzed by a
detector. There are a variety of detectors used in GC that serve
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different purposes. For example, electron capture detectors are
designed to detect trace amounts of halogen-containing and
electronegative compounds very well.”' When GC is combined
with MS, the MS detector can provide mass spectral data,
which can be compared to databases for compound
confirmation. Here, we employ a quadrupole mass analyzer,
which is a nonselective detector commonly used in gas
analysis. An important consideration for gas analysis is the type
of GC column that is used. Porous layer open tubular (PLOT)
columns are a common choice for gas analysis. PLOT columns
use solid particles in contrast to a liquid as the stationary phase
which does not retain gases as well.**

Spontaneous (Stokes) Raman spectroscopy is based on the
measurement of the rotational—vibrational spectral fingerprint
that gases impart onto monochromatic pump light during
inelastic light-matter scattering. SRS trace gas analysis has long
been hindered by the relatively small scattering cross sections
of order 1073 cm?/steradian for gases.43 However, numerous
recent efforts into the development of enhancement
techniques by way of optical capillaries,"*™* fibers,*’ >
microcavities,”* and conventional resonator cavities® ™’ that
increase the interaction strength and/or the SRS light
collection efficiency have dramatically improved the prospects
of SRS for trace gas sensing. Among these enhancement
strategies, the utilization of a nonresonant multipass cavity
offers particular robustness.”” %" This technique has demon-
strated trace sensitivity well into the parts-per-billion
range,””° while requiring minimal power consumption and
no active optical resonance stabilization.

The GC—MS system exhibits exceptional sensitivity, capable
of detecting gases at exceedingly low concentrations, even in
the parts-per-billion (ppb) range. However, despite its
remarkable selectivity and low detection thresholds for
analytes, its unwieldy size makes it impractical for field
deployment. As an on-site leak detection system, GC—MS is
not a viable option. Additionally, factors such as instrument
cost and operational expenses further hinder the practicality of
using the GC—MS system. SRS does not suffer from such
limitations. With increasingly cost-effective laser diode sources
and array detectors that offer portability, the SRS has emerged
as a versatile alternative for gas sensing and quantification.

B MATERIALS AND METHODS

All C,F;N gas samples, as well as auxiliary calibration gases
such as SF¢4 and CF,, were provided by the DILO Company,
Inc. The nonmixed C,F,N sample was manufactured by 3M
(Novec 4710). A sample of C,F.N (10%)/CO, (85%)/0,
(5%) that was utilized in a circuit switcher, hereon termed the
“discharged sample”, was also analyzed. We were not provided
with information regarding the process for collecting and
retrieving this discharged gas, including details about the site’s
location and the specific procedures and methods employed.
We obtained other gases for analysis, including C,F¢ (with a
purity of 97%), C,F,, (with a purity of 98%), and C;HF, (with
a purity of 98%), from Synquest Laboratories Inc.

We utilized a commerciall GC—MS instrument with
characteristics listed in Table 1. Due to the inability to directly
analyze the gases from the cylinders, the samples were
extracted and placed into Restek ALTEF gas sampling bags.
Subsequently, the gases were extracted from the bags using a
gastight syringe and manually injected into the instrument. To
perform the analysis, the sample was injected into the inlet of
the GC and carried through the column by an inert carrier gas,

Table 1. Parameters of the GC—MS System

parameter information
instrument Agilent 7890B GC/5977B MSD
column Agilent GS-GasPro 60 m, 0.32 mm ID

carrier gas helium 1.2 mL/min

ionization electron impact
split ratio 20:1

oven 120 °C for 20 min
injection volume 20 uL

here, helium. The components of the sample were then
separated by interactions with the stationary phase in the
column and by the boiling points of the components. Once
they exited the column, the components were ionized and
traveled through the quadrupole, which allowed ions of certain
mass-to-charge ratios to pass through to the detector.

Figure 2 shows a schematic diagram of the SRS setup. It
consists of a multimode blue laser diode (Nichia NUBM44)

Particulate filter© Pressure guage
V

A Multipass cavity

(Gas flow valve

Dichroic

grating

Figure 2. Schematic diagram of the SRS nonresonant, feedback-
assisted, multipass cavity chamber in which the various gas samples
were analyzed. The chamber incorporates mirrors with a reflectivity
greater than 99.99%, such that a large number of passes (~50) take
place. The mirrors form a near-concentric cavity aligned in such a way
that the laser beam eventually retraces its path, thereby recycling laser
power and enhancing SRS collection. To maintain purity, argon gas
purging and backfilling was employed to suppress any residual gases
within the chamber.

the emission from which is feedback-coupled via a volume
Bragg grating to a retro-reflective multipass cavity. The novel
optical characteristics of the setup, in particular a superlinear
scaling of the SRS intensity with the number of cavity passes,
are explained in prior work.”> The cavity is located within a
sealed chamber into which gases were introduced. Initially, the
chamber was depressurized to 0.03 MPa to minimize any
remaining background gas. Subsequently, the chamber under-
went a series of pumping and purging cycles with argon gas to
enhance sample purity within the chamber. Once the chamber
was primarily filled with argon and concentrations of any other
analytes were sufficiently suppressed, 0.07 MPa of the gas
sample was introduced into the chamber from a base pressure
of 0.1 MPa. Thus, the chamber, at a total pressure of 1.07 MPa,
was filled with the sample at a partial pressure of 0.07 MPa and
Ar at a partial pressure of 1 MPa. Spontaneous Raman Stokes
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light was collected in a colinear geometry using a dichroic filter
and spectrally analyzed with an overall spectral resolution and
range of <4 and 500—4200 cm™’, respectively. Excitation and
detection polarizations were identical.

B RESULTS AND DISCUSSION

Figure 3 shows the outcome of a chromatographic measure-
ment of nominally pure C,F,N. The latter compound evidently

100 C,FN ~
1.0
80 B
= C4F 1o
3 60 0.51 ! ]
>
2 0 C,HF, CFN
*2 100 Isomer |
= 5 6 7 8 |
20 ! :
O =
2 3 4 5 6 7 8 9 10 M1

Retention Time (min)

Figure 3. Chromatogram of nominal C,F,N. The impurity gases
C,F)y and C;HF, could be unambiguously quantified. The gas
associated with the unlabeled peak could not be identified.

gives rise to the dominant feature at a retention time of 8.3
min, but close inspection reveals several trace contaminants.
This includes an isomer of C,F,N, heptafluorobutanenitrile, at
a retention time of 9.15 min, an assignment confirmed by a 3M
representative. According to 3M, the process used to
synthesize C,F,N, electrochemical fluorination (ECF), has
the potential to introduce small amounts of impurities,
including C,F;, and C;HF,, both of which were found in
our sample. The impurity C;HF, is known to be the most
common byproduct during synthesis.

At the retention time of 5.52 min, a peak was present that is
associated with a compound that we were not able to identify,
as the mass spectrum did not have any good matches in the
NIST database. To quantify the impurities in the samples using
GC—MS, we created a calibration curve using nominally pure
C;F¢, C,F)o, and C;HF, gases, aided by Agilent MassHunter
software. For the nominally pure C,F,N sample, we found that
the concentration of C,F, was 50 ppm, and the concentration
of C;HF,; was 40 ppm. There was no C;F¢ found in this
sample.

The SRS spectrum of nominally pure C,F,N gas was
acquired at a partial pressure of 0.07 MPa (Figure 4). The
primary, dominant SRS peaks were identified at 772 and 2272
cm™), as seen in the blue trace recorded in 60 accumulated
(summed), 1 ms-long measurement (10 ms X 60 exposures).
A quantum chemistry simulation using the ORCA software
package reveals that these peaks are associated with the
symmetric breathing and C—N stretching modes, respectively
(red trace in Figure 4).°” A longer measurement duration
consisting of 60, 1 s-long exposures shows numerous other
spectral features (green trace of Figure 4).

Given these many C,F,N peaks, the detection of trace
amounts of impurity gases, such as C,F,; and C;HF, that have
SRS peaks in the same range necessitates a minimum
concentration to be detectable, that is, a concentration high
enough for a characteristic peak to emerge from the
background.

To estimate this minimum concentration, we separately
acquired SRS spectra of these gases in their pure form under
identical pressures and measurement duration. For each gas, a
“synthetic” spectrum was then constructed as a sum of the
nominal C,F;N spectrum and the spectrum of the pure
impurity gas scaled down by a known factor. This synthetic
spectrum represents the spectrum that would be observed if
the impurity were present at the concentration set by the scale
factor. Comparing it to the spectrum of C,F,N allows us to
estimate the minimum impurity concentration as that at which
a characteristic peak exceeds the noise levels. For instance, in

772 cm™!

O,

SRS count rate (arb. units)

2272 cm’

jJ

® Nominal C4F7N in argon (10ms X 60)
® Nominal C4F7N in argon (1s X 60)

® Computed C4F;N spectrum

1000 2000

I
3000 4000

Raman shift (cm’1)

Figure 4. [Two-column] SRS spectrum of nominal C,F,N in 10 ms X 60 accumulations (blue) and 1 s X 60 accumulations (green) at a partial

pressure of 0.07 MPa. We also plotted the ORCA-generated theoretical Raman spectrum of C,F,N (red

).*” Molecular model plots using the

Gabedit software show the normal mode displacements associated with the two dominant spectral features.*®
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Figure 5a, upon comparison of the nominal C,F,N spectrum
with the synthetic spectrum of C,F,, in C,F;N, we find that

lsynthetic combined
C3HF7/30000+ C4F7N

a) b)

synthetic combine
C4F10/2000
+C4F7N

C3HF7/3040 -

C4F10/200

SRS count rate (arb. units)
SRS count rate (arb. units)

. C4F10/2000

660 680 700 720 740 2950 3000 3050

Raman shift (cm™) Raman shift (cm™)
Figure 5. (a) A “synthetic” SRS spectrum (black trace) was
constructed as a sum of the nominal C,F,N spectrum (green trace)
and the spectrum of pure C,F,, gas scaled down by a factor of 2000
(dashed red trace), corresponding to a 490 ppm concentration. For
comparison, the spectrum of pure C,F;, gas scaled down by a factor
of 200 is also shown (solid red trace). (b) Same as in (a) but for
C;HF,. All readings were taken at 1 s X 60 accumulations.

when the scale factor is no greater than 2000, which
corresponds to a C,F), impurity concentration of 490 ppm,
a characteristic peak at 688 cm™' is visible. Thus, we can
conservatively state that the sample contained less than 490
ppm of C,Fy,. Similarly, for the case of C;HF; as an impurity,
as depicted in Figure Sb, we estimate that a scale factor of no
greater than 30,000 reveals a discernible peak at 2984 cm™,
implying the presence of at most 33 ppm of C;HF, in the
C,F,N sample.

We now turn to the analysis of the discharged C,F,N(10%)/
CO,(85%)/0,(5%) mixture. Using GC—MS and the NIST
library, a number of impurities were identified (Figure 6),
including CF,, C,F,, SF4, C,F,, C;F,, C,FsN, C3Fy, C,F), and
C;HF,. We did not have access to a reference spectrum of
C;FsN; however, our mass spectrum of the impurity at 5.6 min
matches well with the mass spectrum of C;F;N obtained by
Zhao et al."*'°"'® In Figure 3, it appears that the unknown
peak has the same retention time as C;F;N in Figure 6, but
when overlapping the spectra, it was found that they indeed
have slightly varying retention times. Additionally, the mass
spectra of the two peaks do not match. For many of these
byproducts, the most abundant fragment is the 69 m/z CF;*
fragment, so comparing mass spectra is vital for accurate
unambiguous identification. The presence of SF4 could be due
to contaminated tubing being used to fill/empty the circuit
switcher, or the C,F,N sampling container might have held
residual SF,. In Figure 6a, the N, and CO, peaks are seen to
obstruct the CF, and C,F/SF peaks, respectively. In order to
distinguish these impurities, we used an extracted ion
chromatogram to view only m/z values from 45 to 400 m/z.
Since CO, and N, have m/z values of 44 and 28, respectively,
this will allow us to only view values of interest. Using
reference standards, we were able to quantify a few of the
impurities found in the discharged C,F,N (10%)/CO, (85%)/
0, (5%) mixture by creating calibration curves. We found that
the concentration of C,F;, was 40 ppm, the concentration of
C;HF, was 30 ppm, and the concentration of C;F4 was 20
ppm. The remaining impurities were estimated by comparing

| c,F co, ' ' ' ' ' a)|
SF,

C,FN

Intensity (a.u.)

C,F;N
Isomer

Retention Time (min)

100 A
10 CF

80{ T 8 z8
— 3 6 CF, SFg
3
8601 24
> C
g 40 0
= 34, 35 36 37 38 39 40

20+ Retention Time (min)

0__/LNL
3 4 5 6 7 8 9 10

Retention Time (min)

Figure 6. (a) Chromatogram of the discharged C,F,N(10%)/
CO,(85%)/0,(5%) mixture. (b) Chromatogram of the discharged
(10%)/C0,(85%)/0,(5%) mixture with the contributions of N, and
CO, subtracted.

their different peak areas. These estimated impurities include
500 ppm for CF,, <120 ppm for C,F 50 ppm for C;Fg, S0
ppm for C,F;N, 60 ppm for C;F;N, and <100 ppm for SF.
The SRS spectrum of the discharged C,F,N (10%)/
CO,(85%)/0,(5%) mixture, depicted in Figure 7, was
acquired similarly to that of the nominal C,F;N sample. The
most conspicuous feature, occurring at 2141 cm™}, s
associated with carbon monoxide (CO) at a concentration of
1430 ppm. Furthermore, the presence of tetrafluoromethane
(CF,) and hexafluoroethane (C,F¢) can be attested, with the
main peaks at 910 and 810 cm ™, respectively. Their estimated
concentrations were 465 and 100 ppm, respectively. The peak
at 820 cm™! is assigned to trifluoroacetonitrile (C,F;N).%®
However, a pure sample of C,F;N was not available for
verification and quantification. Those pure gases that were
available to us were utilized to estimate concentration upper
bounds, as explained above. The comparison of the synthetic
spectrum for C;F4 in nominal C,F,N with the discharged
mixture revealed an estimated upper bound of 400 ppm.
Similarly, for the other gases, namely, C,F,; and C;HF,, which
were also originally present in the nominal C,F;N, we
estimated their concentration upper bounds in the discharged
C,EN. Due to the elevated CO, concentration in the
discharged C,F,N mixture, a higher upper bound of
approximately 100 ppm was extracted. Conversely, the upper
bound concentration of C,F,, decreased to 200 ppm due to
the reduced concentration of C,F;N in the mixture. Other
gases identified comprise SF¢ at under 1300 ppm, C,F;N at 34
ppm, methane (CH,) at 7.4 ppm, and hydrogen (H,) at 11.6
ppm. Pure forms of other gases such as C;Fg and C3F;N, which
were detected in GC—MS analysis, were not available to us.
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Figure 7. [Two-column] SRS spectrum of the discharged C,F;N (10%)/CO, (85%)/0, (5%) mixture, under 1 s X 60 accumulations at a partial
pressure of 0.07 MPa (black trace). In order to facilitate comparison, also represented are the spectrum of the nominal C,F,N sample with the same
acquisition parameters (green trace), but normalized by the C,F,N concentration. Spectral signatures identified, highlighted in red, include those of
carbon monoxide (CO) at 2141 cm™, tetrafluoromethane (CF,) at 910 cm™, hexafluoroethane (C,F) at 810 cm™’, trifluoroacetonitrile (C,F;N)
at 820 cm™', methane (CH,) at 2917 cm™, and hydrogen (H,) at 4155 cm™".

Consequently, we did not estimate the detection upper bounds
for these gases by SRS.

A summary of the GC—MS and SRS measurements is
presented in Table 2. The SRS estimate relies on the Raman
differential scattering cross section, do/d€, tabulated for the
specific bands indicated by their respective Raman shifts. For
some species, such as C,F, this quantity was not available in

Table 2. Estimated Concentration of Various Gases Using
GC—MS and SRS”

Raman

common i
m/z  GC-MS  shift o ™10
gas values (ppm) (em™) Ny’ SRS (ppm)
Gases in Nominal C,F;N
C,Fy 69,119  50+5 688 <490
C,HF, 69,151 40 +5 2984 <33
Gases in Discharged C,F;N(10%)/CO,(85%)/0,(5%) Mixture
CF, 69,50 500 + 10  910% 167 465 + 100
C,F 69,119 <120 8107° 2.4° 100 + 10
C,Fq 69,131 20+ 5 17947" <388
C,Fy 69,169 50 + 10
CFio 69,119 40+ 5 638 <200
C;HE, 69,151 30+5 2984 <100
C,F;N 69,76 50 + 10 820 1.8° 34+ 10
C,FN 69,76 60 + 10
SF4 89,127 <100 1884 <1300
Cco 21417 097 1430 + 30
CH, 2918 7.67 T4 +2
H, 41557 267 116 3
C,F.N 772 22°/2.7°
2272 3.0°/4.4°

“The bottom entry reports experimental and theoretical Raman cross
sections of C,FN. bPump wavelength 443 nm. “Calculated using
ORCA quantum chemistry software package.”® dAverage of cross
sections reported in the literature.”” “Experimentally extracted from
the C,F,N(10%)/C0O,(85%)/0,(5%) SRS spectrum.

20355

the literature. As a substitute, the cross section was calculated
using the ORCA quantum chemistry software package. We
note that the argon purge gas is not included in the
determination of the SRS concentrations reported. At the
bottom of Table 2 we also report experimental and computed
scattering cross sections for two vibrational bands in C,F;N.

It can be seen in Table 2 that generally speaking there is
agreement between the independently obtained concentra-
tions. Additionally, GC—MS and SRS evidently provide
complementary capabilities. For example, GC—MS is able to
quantify C;Fg and C;FsN, while SRS is not. Conversely, SRS
can quantify C,F4, CO, and others that are not quantifiable by
GC—MS, at least not with a single detector. Somewhat high
discrepancy between GC—MS and SRS was observed, for
example, for C,F;N, which is however likely attributable to the
fact that the SRS cross section was obtained computationally.
For many analytes, more precise quantification could be
achievable with the availability of calibration samples. For the
purpose of safety monitoring, SRS appears to be well suited.
For example, carbon monoxide and tetrafluoromethane have
been determined to be present in quantities that could present
a hazard in an enclosed workspace. In Figure 7, these were
recorded in one min, but a much shorter time would suffice to
reveal their presence. The SRS analyzer has the advantage of
consisting of a single diode laser and array detector, both
operating at room temperature and consuming electric power
of order of tens of watts at most. Thus, with adequate
engineering, a portable device could be constructed with which
monitoring could take place directly at switchgear equipment
sites.

B CONCLUSIONS

With C,F;N emerging as an alternative insulating gas to SF, so
is the need for a comprehensive chemical analysis tool for
monitoring gas synthesis and preparation and also discharge
gas composition in light of the many potentially harmful
byproducts generated. Multipass cavity Raman scattering was
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studied in conjunction with GC as a means of rapid chemical
analysis. The Raman spectrum of C,F;N revealed distinct
vibrational bands with sizable scattering cross sections,
comparable to those obtained computationally. Samples
investigated include nominally pure C,F;N and a C,F,N-
(10%)/C0O,(85%)/0,(5%) mixture that has been used in
switchgear equipment. A number of trace analytes were
quantified using both methods. While GC—MS excels at
carrying out precise quantification for a wide range of analytes,
SRS shows promising attributes such as measurement times of
order of a minute, high sensitivity, and high potential for
portability.
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