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The ozonolysis of isoprene in a cryogenic buﬀer
gas cell by high resolution microwave
spectroscopy†
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a

We have developed a method to quantify reaction product ratios using high resolution microwave
spectroscopy in a cryogenic buﬀer gas cell. We demonstrate the power of this method with the study of
the ozonolysis of isoprene, CH2QC(CH3)–CHQCH2, the most abundant, non-methane hydrocarbon
emitted into the atmosphere by vegetation. Isoprene is an asymmetric diene, and reacts with O3 at the
1,2 position to produce methyl vinyl ketone (MVK), formaldehyde, and a pair of carbonyl oxides:
[CH3CO–CHQCH2 + CH2QOO] + [CH2QO + CH3COO–CHQCH2]. Alternatively, O3 could attack at
the 3,4 position to produce methacrolein (MACR), formaldehyde, and two carbonyl oxides
[CH2QC(CH3)–CHO + CH2QOO] + [CH2QO + CH2QC(CH3)–CHOO]. Purified O3 and isoprene were
mixed for approximately 10 seconds under dilute (1.5–4% in argon) continuous flow conditions in an
alumina tube held at 298 K and 5 Torr. Products exiting the tube were rapidly slowed and cooled within
the buffer gas cell by collisions with cryogenic (4–7 K) He. High resolution chirped pulse microwave
detection between 12 and 26 GHz was used to achieve highly sensitive (ppb scale), isomer-specific product
quantification. We observed a ratio of MACR to MVK of 2.1  0.4 under 1 : 1 ozone to isoprene conditions
and 2.1  0.2 under 2 : 1 ozone to isoprene conditions, a finding which is consistent with previous experimental results. Additionally, we discuss relative quantities of formic acid (HCOOH), an isomer of CH2QOO,
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and formaldehyde (CH2QO) under varying experimental conditions, and characterize the spectroscopic
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parameters of the singly-substituted

13

C trans-isoprene and

13

C anti-periplanar-methacrolein species. This

work has the potential to be extended towards a complete branching ratio analysis, as well towards the
rsc.li/pccp

ability to isolate, identify, and quantify new reactive intermediates in the ozonolysis of alkenes.

1 Introduction
Isoprene is the most abundant non-methane hydrocarbon emitted
into the atmosphere. Approximately 500–750 Tg of isoprene are
emitted by vegetation each year, with roughly 10% removed
globally by reaction with ozone.1,2 The ozonolysis of isoprene
converts a relatively inert, non-polar species into stable, polar
products as well as three highly unstable Criegee intermediates,
see Scheme 1. These intermediates tend to rapidly fragment, thus
making them an important night time source of OH radicals, a key
a
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Scheme 1 The mechanism for ozonolysis of trans-isoprene. All three of
the initial stable products: methyl vinyl ketone (CH3COCHQCH2), methacrolein
(CHOC(CH3)QCH2), and formaldehyde (CH2QO), have been characterized
in this work.
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oxidant in the atmosphere. Additionally it is believed that the
stable products, methacrolein (MACR), methyl vinyl ketone (MVK),
formaldehyde, and formic acid, aggregate and lead to secondary
organic aerosol formation.3–5 Secondary aerosols give rise to clouds
and chemical smog, and ultimately have an affect on climate and
the quality of the air that we breathe.6
In this article we describe a new method for product ratio
analysis, and use this method to quantify the stable products of
isoprene ozonolysis with great simplification relative to past
experiments. Previous reports of the [MACR]/[MVK] ratio at
298 K span a large range (2.3–2.9), ostensibly because they
entail long reaction times (hours) to obtain detectable quantities of
products, and consequently require cumbersome calculations using
variable kinetic data to compensate for secondary chemistry.2,7–11
Here we quantify products in the nascent steps of the ozonolysis of
isoprene within the first 10 seconds of the reaction. This dramatic
reduction in time scale has been made possible by development of
an instrument which possesses unique capabilities: high sensitivity
(ppb scale), high resolution (50 kHz bandwidth), rapid data
acquisition (up to 50 kHz), continuous flow, and long observation
times (15–20 ms). Microwave diagnostics are being used in a new
and powerful way, as demonstrated here as well as in product
quantification of photolysis events,12 and as such shows promise
of being a versatile analytical tool.
Products of the ozonolysis reaction were collisionally cooled for
Chirped Pulse Fourier Transform microwave (CP-FTMW) detection
between 12 and 26 GHz, a region where many rotational lines of
stable oxidation products can be observed and relative abundances
quantified. As a part of this work, lines of rare isotopic species are
routinely observed for abundantly produced species, yielding
line lists and spectroscopic constants when possible (e.g. singly
substituted 13C trans-isoprene and 13C anti-periplanar (ap)-MACR).
Finally, we discuss the prospects that the present work can be
extended to derive a full branching ratio analysis with simple
13
C isotopic substitution, as well as to detect reactive species such
as the Criegee intermediates that have been proposed.
It is widely accepted that the primary pathway in the ozonolysis
of unsaturated alkenes is the Criegee mechanism,2,13–18 see
Scheme 1. This initially proceeds via formation of a primary
ozonide (POZ) by addition of O3 to a CQC double bond,
generating either POZ1 (4-(2-propenyl)-1,2,3-trioxolane) or POZ2
(4-methyl-4-vinyl-1,2,3-trioxolane). Since formation of the primary
ozonides is a highly exothermic process19 (DHrxn approximately
200 kJ mol1), formation is proceeded by rapid decomposition
to both a stable oxidized product and a highly reactive carbonyl
oxide called a Criegee intermediate.20 There are two proposed
Criegee intermediates in this reaction besides the simplest
carbonyl oxide (CH2QOO) which have never been observed: MVKoxide (CH3C(OO)–CHQCH2) and MACR-oxide (CH2QC(CH3)–
CHOO). Because the exothermicity of the reaction is so great,
these intermediates are energized, and they can rapidly rearrange and fragment to produce OH radicals among other
species. As a consequence, their direct detection has proven to
be very challenging.
If O3 addition occurs at the unsubstituted double bond of
isoprene, the resulting POZ1 could cleave in two diﬀerent ways.
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The first path would lead to the formation of ap-MACR and the
simplest Criegee intermediate, carbonyl oxide (CH2QOO). Carbonyl
oxide can be written as a zwitterion,21,22 and although MACR-oxide
and MVK-oxide are yet to be observed, they are also expected to
be zwitterions.14,23 The alternative pathway for POZ1 involves
elimination of formaldehyde, which leaves MACR oxide. If
instead ozone adds to the substituted double bond, it yields
POZ2. Elimination of ap-MVK results in the formation of carbonyl
oxide. Alternatively, loss of formaldehyde leads to the third
Criegee intermediate accessible by this mechanism, MVK oxide.
It should be noted that trans-isoprene as opposed to gaucheisoprene is considered here as a result of the room temperature
distribution, which heavily favors the trans conformer (roughly
98%, see below). The preponderance of the trans conformer
under our experimental conditions leads to rotamer specific
oxidation products, ap-MVK and ap-MACR. If one were to
consider the ozonolysis of gauche-isoprene, we would expect
the opposite rotamers (syn-periplanar, sp) to result based upon
the mechanism presented in Scheme 1, i.e. see Scheme 2.
The fate of the carbonyl oxides is complex. Once the simplest
carbonyl oxide (CH2QOO) is formed, it can either be collisionally
stabilized, or it can undergo unimolecular rearrangement.18,24
Rearrangement could involve a hydrogen transfer to hydroperoxymethylene (:CHOOH), followed by fragmentation to OH hydroxyl
radical and HCO (ultimately H atom and CO). It could instead
rearrange via the hot ester mechanism, see Scheme 3. This
involves ring closure to dioxirane (cyclic CH2OO), ring opening
to dioxymethylene (OCH2O), and H atom transfer to form formic
acid (HCOOH). Some fraction of the energized formic acid will
ultimately dissociate.17,24–26 An important consideration of
CH2QOO formation in the ozonolysis of isoprene is that the
carbonyl products (MVK and MACR) produced in tandem are
relatively large molecules, and are hence capable of carrying a
significant fraction of the excess internal energy captured by the
primary ozonides. In principle, this could lead to a larger
fraction of stabilized CH2QOO than what is observed in the
well studied ethylene ozonolysis reaction, which in turn could
result in more formic acid. The C4 carbonyl oxides have similar
pathways available to carbonyl oxide. They may undergo unimolecular rearrangement and release OH radicals with continued
fragmentation,14–16,23 or they could be collisionally stabilized.
There were very few unidentified lines in our microwave spectra
in the 12–26 GHz range, however, so likely concentrations of

Scheme 2 Conformers of species involved in the ozonolysis of isoprene,
each of which has a unique rotational spectrum. The more stable conformers
are listed on the left.
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Scheme 3 Isomerization of the simplest Criegee intermediate, carbonyl
oxide, to formic acid.

these species were quite low, having very small dipole moments,
and/or they fragmented to lighter species that fall outside the
frequency range of the spectrometer (e.g. OH, CO).

2 Experimental
The buﬀer gas cell used here is similar to the one that has been
described by Patterson and Doyle.27 Modifications to the microwave detection circuit mentioned in the work of Eibenberger28
et al. have increased the sensitivity of the instrument, and we
have recently extended the spectrometer range from 12–18 GHz
to 12–26 GHz. The active region of the buffer gas cell is a
19 cm  19 cm  19 cm vessel anchored to a 2 stage He cryostat
(Cryomech CP980, PT410) which cools the cell down to approximately 4–7 K (see Fig. 1). This cell is surrounded by a second
chamber held at 77 K by the first stage of the cryostat, with
silicon diode temperature monitors in four locations throughout the cell (Lakeshore DT-670A1-SD). The helium buffer gas is
pre-cooled and introduced into the cell at a flow rate of 7 sccm,
creating an approximate density of 2  1014 He per cm3.
Reagents are introduced behind the entrance to an alumina
flow tube and allowed to mix for roughly 10 seconds before
injection into the cryogenic buffer gas bath (cell aperture
19.05 mm), where the reaction is halted. As molecules enter
the cell, they are slowed and cooled by collisions with He, which
slightly warms the cell (for branching ratios analysis, the
temperature was 6.68 K). Molecules are considered fully thermalized
after roughly 20–100 collisions,27 with molecule–He collisions
occurring roughly once every 10–20 ms (i.e. thermalization
within less than 1 ms). Observation times are 15–20 ms, limited

Fig. 1 Depiction of the cryogenic buﬀer gas cell coupled to the output of
a nichrome heated alumina flow tube.
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by diffusion of the molecules to the cell walls. Cryogenic
pumping within the cell is achieved with an activated charcoal
sorb that is thermally anchored to the 4 K stage of the cryostat.
Overall runtime of the experiment is limited by sorb capacity/
saturation and therefore effective pumping. Microwaves are
injected into the active region of the cell at a repetition rate
of approximately 50 000 Hz. A cryogenic switch is used to
protect the receiver and cryogenic low noise amplifiers during
microwave input.
Dilute isoprene and ozone are introduced independently to
the alumina flow tube (1/800 outer diameter, a 0.05800 inner
diameter, 900 length) using mass flow controllers and minimal
1/800 PFA tubing. The tube was heated with a nichrome wire
wrap monitored by type K thermocouple to avoid build up of ice
within the tube, and was maintained at 298 K for the branching
ratios analysis. The pressure (consistently about 5 Torr) was
measured behind the entrance to the reactor by a GranvillePhillips 275 gauge. The spectra presented below were collected
in 60 MHz steps in triplicate to remove unwanted sideband
interference from the mixing of the local oscillator and chirp,
and utilized a 4.5 ms long and 100 MHz wide chirp. Collecting a
complete, continuous 12–26 GHz spectrum required approximately
5 hours, with 250 000–417 000 averages per 60 MHz step. To
improve signal to noise for branching ratio analysis, longer
integrations were performed on individual peaks (1 000 000–
1 250 000 averages) using a more powerful, only 25 MHz wide
chirp (still within the weak pulse limit). Branching ratio calculations
as well as estimations for cryogenic buffer gas density, collision
frequency, and residence time in the alumina tube are discussed in
the ESI.† Line strengths necessary for branching ratio estimates
were computed using PGOPHER.29 Best fits for rotational parameters based upon experimentally observed lines for 13C-transisoprene and 13C-ap-MACR were calculated using the program
Pickett.30
Using the W1BD thermochemical method,31 we calculated
the 298 K enthalpies and free energies of trans- and gaucheisoprene, sp- and ap-MVK, and sp- and ap-MACR. By the W1BD
method, we obtained DrxnG298 = 1.42 kJ mol1 and DrxnH298 =
1.83 kJ mol1 for [ap-MVK " sp-MVK], corresponding to an
anticipated sp-MVK abundance of 36% at room temperature
(DG = DH  TDS = RT ln(Keq); Keq = [sp-MVK]/[ap-MVK]). This is
a reasonable estimate given the only previously reported experimental value to our knowledge of DrxnH298 = 2.34  0.2 kJ mol1,32
which would correspond to roughly 31% sp-MVK abundance.
There was no evidence for sp-MACR, which is consistent with
the W1BD result that (ap " sp) DrxnH298= 13.7 kJ mol1 and
DrxnG298 = 13.0 kJ mol1, resulting in a room temperature
population of about 0.5% sp-MACR. At the W1BD level of theory,
the gauche form of isoprene is the higher energy isomer of the
two (DrxnH298 = 11.7 kJ mol1; DrxnG298 = 10.2 kJ mol1). We
estimate that gauche-isoprene exists at 1.6% abundance at room
temperature, and hence should be present in trace quantities.
Previously unreported 13C lines and spectroscopic parameters
for ap-MACR and trans-isoprene are summarized in the ESI,† and
additional work is underway to characterize gauche-isoprene from
these buﬀer gas experiments.
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3 Results and discussion
Fig. 2 shows the full 12–26 GHz CP-FTMW spectrum that
results when a 2 : 1 ozone to isoprene ratio in argon (2% reagent
total) is introduced behind the entrance to the heated alumina
flow tube. Authentic spectra of isoprene, formaldehyde, MACR,
and MVK are displayed along the negative Y axis for reference.
The most intense peak arises from formaldehyde, CH2QO
at 14488.48 MHz,33 along with O3 at 11072.45 MHz34 and a
number of isoprene peaks.35 The experimental conditions are
chosen such that primary chemistry is dominant, as opposed to
secondary chemistry such as oxidation of MVK or MACR.
Fig. 3 displays how the extent of the reaction is controlled by
simply varying the relative ratios of the two reactants; the left
hand panel displays a 1 : 1 ozone to isoprene, and the right
hand panel 2 : 1. The two spectra are scaled such that the
isoprene peaks displayed at 13535.58 MHz (523 - 514) and
14207.15 MHz (413 - 404) are roughly equivalent in intensity.
Fig. 4 provides an expanded view of the features of Fig. 2 in the
22–23.5 GHz region. Aside from isoprene itself, there is clear
evidence for the oxidation products MACR and MVK in the
2 : 1 spectrum. Presumably, the presence of formic acid at
22471.18 MHz is a consequence of rearrangement of the
Criegee intermediate CH2QOO produced in tandem with both
MVK and MACR, see Scheme 3. Fig. 2–4 are displayed for
demonstrative purposes, however as mentioned in the experimental
section, branching ratios data was collected on individual
peaks with longer integration times under the same conditions
(298 K, 5 Torr).
The abundances of stable oxidation products in the ozonolysis
of isoprene have been measured at two diﬀerent concentrations
of O3 and isoprene. The ratios of MACR to MVK are summarized
in Table 1 and compared to previous experimental results.
Although there was evidence for both ap- and sp-MVK, we found
no evidence of sp-MACR or cis-formic acid (see Scheme 2).
Formaldehyde and formic acid each had only one line in the
12–26 GHz region, as opposed to MVK and MACR, where many
lines (6–12) could be compared. Thus, the quantities of formic

Fig. 3 Isoprene and formaldehyde (14.48 GHz) as the ratio of ozone to
isoprene changed from 1 : 1 to 2 : 1. Spectra are scaled such that the
isoprene peaks are identical in intensity. The large enhancement of the
formaldehyde line indicates further extent of reaction under 2 : 1 conditions.
Authentic samples of isoprene and formaldehyde are displayed along the
negative y-axis for reference.

acid and formaldehyde are discussed in relative terms under
different experimental conditions.
Utilizing the single strong line at 14488.48 MHz, we derived
a formaldehyde/(MVK + MACR) abundance of 92% and 88% under
1 : 1 ozone to isoprene conditions and 2 : 1 ozone to isoprene
conditions, respectively. These values are in relatively good agreement with previous reports7,8 of 80–90%. Because MVK and MACR

Fig. 2 The 12–26 GHz CP-FTMW spectrum of the ozonolysis of isoprene. The reactant ratio is 2 : 1 O3 to isoprene, and the total reagent concentration is
2% in argon. Authentic samples of isoprene, CH2QO, MVK and MACR are displayed along the negative y-axis for reference.
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Fig. 4 Evidence for methacrolein (MACR), methyl vinyl ketone (MVK), and
formic acid in the ozonolysis of isoprene. Authentic samples of isoprene,
MVK and MACR are displayed along the negative y-axis for reference.

Table 1 The derived ratios of methacrolein to methyl vinyl ketone in the
ozonolysis of isoprene compared to previous experimental values. For the
ratios presented here, ap and sp MVK abundances were added for a total
MVK and therefore MACR to MVK ratio. The reaction took place at 298 K
and 5 Torr with 10 s residence time in the alumina flow tube prior to
cooling and observation. Overall reagent concentrations of ozone to
isoprene are 1 : 1 (4% in Ar), and 2 : 1 (2% in Ar)

Ratio of MACR to MVK
2.1  0.4
2.1  0.2
2.29
2.57  0.02
2.43  0.03
2.44  0.04
2.34  0.03
2.9  0.2

1 : 1 O3 : iso (this work)
2 : 1 O3 : iso (this work)
Kamens (1982)11
Grosjean (1993)8
Aschmann (1994)7
Rickard (1999)9
Nguyen (2016)2
Ren (2017)10

are produced in tandem with CH2QOO, which has the potential to
isomerize to formic acid (see Schemes 1 and 3), we can analyze the
formic acid/(MVK + MACR) as a formic acid/(CH2QOO) ratio. By
performing a similar analysis to formaldehyde using the single
formic acid line at 22471.18 MHz, we derive an abundance of
formic acid/(MVK + MACR) of 82% and 70% under 1 : 1 and 2 : 1
conditions, respectively.
The sp-MVK relative abundance, calculated above to be
roughly 36% at 298 K, was observed to be 40% and 44% under
1 : 1 and 2 : 1 conditions, respectively. At room temperature,
98% of isoprene participating in ozonolysis is expected to be in
the trans form, which would lead to ap-MVK, see Scheme 2.
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However, as the molecules collide with the walls of the reactor
and argon carrier gas on their way to the cold cell, they appear to
redistribute back towards their room temperature populations.
Fig. 2–4 provide a visual example of the level of sensitivity
and control that can be achieved when the reactor is coupled to
a cryogenic buffer gas cell. Although the extent of reaction was not
large, reliable quantitative data for relative abundances were
extracted from very short reaction times and at low concentrations.
In order to determine extent of reaction, gauche-isoprene must
be characterized spectroscopically, a task which has proven
challenging and which will be the topic of a future report. The
ability to exert control over temperature, pressure, concentration,
and therefore extent of reaction under these conditions suggests
this approach might be useful for kinetic analysis. Our present
analysis is limited for purely technical reasons- the finite
bandwidth of the microwave instrument. Since formic acid
and formaldehyde each only have one rotational line in the
region of the spectrometer, it is difficult to reliably assess the
experimental error of their relative abundances.
Though a number of studies have analyzed product distribution
in the ozonolysis of isoprene, the extent to which ozone favors
addition at either site in isoprene remains a topic of debate due
to the presence of formaldehyde in multiple channels.2,7–11 The
detection methods of choice for previous studies have been
various forms of gas chromatography2,7,9,10 and Fourier-transform
infrared spectroscopy,2,10 with laser induced fluorescence2 and high
performance liquid chromatography8 being used less frequently.
Lengthy residence times on the order of hours inside Teflon
reaction chambers were required to build up detectable quantities
of products. Due to this constraint, extensive kinetic analysis was
needed to compensate for additional chemistry such as O3 addition
to either MVK or MACR. Previous experimental results present
values between 2.29–2.9 for the ratio of MACR to MVK, a range
that brackets our results of 2.1  0.4 and 2.1  0.2 within the
margins of error (see Table 1).
Given the formation of radicals in this reaction and their
rapid reaction rates, the influence of side reactions on the
reported abundances must be considered. The most prominent
collision partners aside from argon present in the reactor were
isoprene and ozone. The respective reaction rates of ozone with
isoprene, MVK, and MACR according to Atkinson (12.3, 4.41,
and 1.08  1018 cm3 molecule1 s1, respectively) are six
orders of magnitude slower than the reaction rate of CH2QOO
with ozone (1  1012 cm3 molecule1 s1).36,37 It is possible
that there is a minor contribution of formaldehyde from the
rapid CH2QOO + O3 - CH2QO + 2O2, given the slight increase
in observed formaldehyde under more concentrated conditions
(92% at 4% reagent, 88 at 2% reagent). However, we cannot say
this definitively as O2 cannot be observed by microwave
spectroscopy as an indicative side product. We must also
consider the influence of OH radical chemistry on the ratios
reported, as it has been well documented that alkene ozonolysis
is one of the most important non-photochemical sources of
tropospheric OH radical.15,16 Isoprene and OH radical react
very rapidly (k roughly 1  1010 molecule1 s1), generating
large fractions of MVK (0.27), MACR (0.19), and formaldehyde
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(0.50), with a small branching ratio to 3-methylfuran (0.038).38
This reaction would then yield a ratio of MACR to MVK of 0.7,
and would therefore skew the derived ratio of [MACR]/[MVK] to
a lower value.
The highest ratio of MACR to MVK was observed recently by
Ren and coworkers who studied the ozonolysis of isoprene in a
large, outdoor simulation chamber.10 In the presence of an OH
radical scavenger cyclohexane, they observed a yield of 42  6%
MACR and 18  6% MVK, or a ratio of 2.9  0.2 MACR to MVK.
Ren et al. reported a rate constant of MVK with ozone comparable
to Atkinson, however they reported a rate constant of MACR
with ozone (7.1  0.6  1019 cm3 molecule1 s1) which is
significantly lower than Atkinson. If correct, this would result in
under-estimation of MACR consumed in secondary chemistry,
and in turn would lead to the resulting higher ratio reported. We
searched for anticipated ozonolysis products of MVK and MACR
and saw no evidence for these species (namely methylglyoxal
and hydroxylmethyl hydroperoxide).39 As such, this relatively
slow (k about 1  1018 cm3 molecule1 s1) secondary chemistry
does not appear to play a significant role in aﬀecting the MACR to
MVK ratio under our experimental conditions.
It was diﬃcult to find comparable data for production of
formic acid from the ozonolysis of isoprene, as previous studies
that do mention formic acid discuss its production as a function of
humidity for atmospheric implications.24,40,41 We are confident
that the formic acid observed in this experiment was a result of
CH2QOO isomerization and not the bimolecular reaction of
CH2QOO + H2O. In reactions with water, hydroxymethyl hydroperoxide (HMHP, HOCH2OOH) is the most abundant product,
followed by formic acid and hydrogen peroxide. We found no
evidence in our spectra for either HMHP or H2O2. The dipole
moment42 along the principle axis of formic acid is 1.391 
0.005 D, and that of HMHP is predicted by Nakajima et al. to be
1.89 D, indicating that our instrument has adequate sensitivity
to detect the presence of either species.43 Although we do not
have multiple experimental lines to report for our formic acid
ratios, it appears that a significant fraction of CH2QOO isomerizes
to HCOOH under the given conditions (70–80%). Large products
MVK and MACR are in principle capable of removing large
quantities of excess energy from the reaction that would otherwise
be imparted to CH2QOO. This stabilization could lead to a much
larger quantity of formic acid production than anticipated in the
ozonolysis of smaller, terminal alkenes.
We believe that the major contribution of experimental error
(roughly 20%) is due to instrument response variations across
the 12–26 GHz microwave circuit. Lines were tested for internal
consistency prior to use in ratios analysis, meaning multiple
lines for one species (when possible) first had to pass a 1 to 1
ratios test, within 20%. There is detailed information on this
analysis method in the ESI.† This could potentially be addressed
with a few different approaches. First, there are three apparent
regions in the 12–26 GHz spectrum with distinct noise levels. One
in principle could record a blank spectrum without molecule
signal to normalize the noise level, however this would be
necessary under each new set of experimental conditions (i.e.
number of averages, chirp conditions etc. must be identical).
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Second, one could also check the power transmission by putting
in a known amount of power, but this must be kept very low in
order to protect the receiver circuit low noise amplifiers. Third,
one could normalize utilizing a well characterized molecule
with many transitions throughout the instruments bandwidth,
however this has clear limitations. Lastly, it is likely that there is
minor error contribution from temperature drift throughout the
time of data acquisition (about 0.1 K per hour). This could be
addressed with individual temperature measurements for each
intensity measured for analysis.
With the identification of all stable initial oxidative products
in the ozonolysis of isoprene in the 12–26 GHz region, we now
intend to extend this work towards observation of the Criegee
intermediates predicted in Scheme 1. The given setup would
need modification for radical observation, as evidenced by lack
of unidentified lines between 12–26 GHz (therefore no unidentified Criegee radicals). This may be achieved by decreasing
the diameter of the alumina tube to increase the reaction
pressure; this in turn would allow for more collisional stabilization
of the Criegee intermediates prior to entering the buffer gas cell. It
is also likely that total reagent concentrations slightly higher than
4% in argon could be used, enhancing overall signal to noise of
trace species. A straightforward modification could also involve a
pick-off source, in which a small portion of the reaction is fed from
the flow tube into the buffer gas cell with the remainder being
pumped away, allowing for much higher overall flow rates and
pressures. Observation of Criegee intermediates could also be
achieved with the approach of Womack et al. in which a modified
pulsed valve was used to observe CH2QOO in the reaction of ozone
and ethylene.18 In that experiment, reagents were introduced via
separate capillaries fed directly behind the exit of the pulsed valve,
with the exhaust at atmospheric pressure and high flow rates for
constant reagent replenishment. Alternatively, CH2QOO has
been observed via discharge experiments in cavity microwave
experiments, and it would be straight forward to couple the
discharge to the buffer gas cell in the hunt for new species.44 An
additional, straightforward extension of this work would be to
do a complete branching ratios analysis, which to our knowledge has never been achieved experimentally. However, in the
ozonolysis of isoprene, formaldehyde is produced indistinguishably
by two pathways. With simple 13C isotopic substitution at the
1 or 4 position in isoprene, these pathways could be distinguished
by comparison of CH2QO and 13CH2QO using the methods
described here.

4 Conclusion
We have developed a new technique to determine reaction
product ratios utilizing high resolution microwave spectroscopy.
This lays the foundation for straightforward, complete branching
ratios analysis with simple isotopic substitution. We report previously uncharacterized rotational constants for 13C-ap-MACR and
13
C-trans-isoprene, and have derived ratios of MACR to MVK of
2.1  0.4 under 1 : 1 ozone to isoprene (4% in argon) and
2.1  0.2 under 2 : 1 ozone to isoprene (2% in argon), in fair
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agreement with the literature. In this experiment the speed of
reagent mixing time (about 10 s), low concentrations utilized
(o4%), high resolution, and the high sensitivity that can be
achieved with cryogenic electronics (ppb scale) have combined
to give comparable results reported from previous experimental
studies by far simpler analytical means. For these reasons we
believe this instrument is well suited for studying complicated
mixtures and a wide variety of chemical reactions.
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