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Measurements of total peroxy and alkyl nitrate abundances
in laboratory-generated gas samples by thermal dissociation
cavity ring-down spectroscopy
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Department of Chemistry, University of Calgary, 2500 University Drive NW, Calgary,
Alberta T2N 1N4, Canada

�Received 10 September 2009; accepted 13 October 2009; published online 9 November 2009�

A novel measurement technique, thermal dissociation cavity ring-down spectroscopy �TD-CRDS�,
for rapid �1 s time resolution� and sensitive �precision �100 parts per trillion by volume �10−12;
pptv�� quantification of total peroxy nitrate ��PN� and total alkyl nitrate ��AN� abundances in
laboratory-generated gas mixtures is described. The organic nitrates are dissociated in a heated inlet
to produce NO2, whose concentration is monitored by pulsed-laser CRDS at 532 nm. Mixing ratios
are determined by difference relative to a cold inlet reference channel. Conversion of
laboratory-generated mixtures of AN in zero air �at an inlet temperature of 450 °C� is quantitative
over a wide range of mixing ratios �0–100 parts per billion by volume �10−9, ppbv��, as judged from
simultaneous measurements of NOy using a commercial NO–O3 chemiluminescence monitor.
Conversion of PN is quantitative up to about 4 ppbv �at an inlet temperature of 250 °C�; at higher
concentrations, the measurements are affected by recombination reactions of the dissociation
products. The results imply that TD-CRDS can be used as a generic detector of dilute mixtures of
organic nitrates in air at near-ambient concentration levels in laboratory experiments. Potential
applications of the TD-CRDS technique in the laboratory are discussed. © 2009 American Institute
of Physics. �doi:10.1063/1.3258204�

I. INTRODUCTION

Organic nitrates, i.e., peroxy nitrates �PN� of the formula
RO2NO2, which include “peroxyacyl nitrates” �more cor-
rectly referred to as peroxycarboxylic nitric anhydrides
�PANs�� of the formula RC�O�O2NO2, and alkyl nitrates
�AN� of the formula RONO2, are interesting trace gas con-
stituents of the troposphere. They are produced as byprod-
ucts in the photochemical oxidation of volatile organic com-
pounds �VOCs� in the presence of NOx ��NO+NO2�, the
same processes and reactions that produce the pollutant
and greenhouse gas ozone �O3�. Hence, knowledge of the
relative abundances of organic nitrates is of interest, as
such knowledge can provide insights into the types of VOCs
involved in the O3 production process and, thus, insights
into the photochemical history of a particular air mass.
Further, organic nitrates may act as either permanent sinks
or reservoir species of NOx, and may thus influence photo-
chemical O3 production in remote regions of the troposphere,
where they often constitute the major component of odd
nitrogen �NOy�NO+NO2+�PN+�AN+HNO3+NO3

+2N2O5+HONO+. . .�. The ability of organic nitrogen com-
pounds to act as NOx reservoir species �or sinks� depends on
many factors, including their thermal stability, their suscep-
tibility to attack by radical species such as OH, photolysis,
and their tendency to deposit on surfaces, all of which vary
considerably among the different classes of organic nitrates.

Even though they have by now been studied for several de-
cades, there still remain many open questions as to their
abundances and detailed formation and loss pathways in the
troposphere.1–3

Accurate measurements of organic nitrates in ambient air
have been challenging, in part because they are comprised of
many structurally distinct compounds in low individual
abundance. Hyphenated gas chromatographic methods have
been popular choices for measurements of individual organic
nitrates in both laboratory studies and field campaigns and
are getting increasingly sophisticated and sensitive.4–7 Their
common disadvantage, however, is the relatively long run-
time required to achieve separation in the GC column and
the need to synthesize calibration standards for each mol-
ecule detected. The need for calibration standards can be
avoided if the organic nitrates are pyrolized to, and detected
as, NO2. For example, Hao and co-workers8 describe luminol
chemiluminescence �CL�-based detection of NO2 produced
by post-GC column thermal decomposition of organic ni-
trates. Even though this method can be made exquisitely sen-
sitive �e.g., via chemical amplification9� and gives informa-
tion on specific organic nitrates, it still suffers from relatively
low time resolution.

An alternative method is the measurement of total �PN
�in most regions of the troposphere, �PN��PANs� and
�AN abundance, developed by the group of Cohen10 at UC
Berkeley. In the Berkeley instrument, organic nitrates are
dissociated in a heated inlet, and the common dissociation
product NO2 is quantified by laser-induced fluorescence
�LIF�.

a�Author to whom correspondence should be addressed. Electronic mail:
hosthoff@ucalgary.ca. Tel.: 1-403-220-8689. FAX: 1-403-289-9488.
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RC�O�O2NO2→
�

RC�O�O2 + NO2, �1�

RONO2→
�

RO + NO2. �2�

The thermal dissociation �TD�-LIF method allows for high
temporal resolution ��1 s� and sensitive measurements, but
at the expense of specificity. The high-speed measurement
and universal detection capability is advantageous in labora-
tory studies, since virtually any organic nitrate can be quan-
tified at ambient concentration levels �without the need for
laborious calibrations�, and the instrument rapidly responds
to concentration changes. In spite of these advantages, few
groups11 have reported making use of the TD method
coupled to a high-speed NO2 measurement technique in the
open literature.

In this paper, a novel TD cavity ring-down spectrometer
�TD-CRDS� for measurement of total �PN and total �AN
abundance in laboratory-generated air samples is described.
The TD-CRDS uses a heated inlet manifold similar to the
one used by the Berkeley group10 but differs in that the dis-
sociation product NO2 is quantified by absorption spectros-
copy rather than by LIF. CRDS and LIF have similar detec-
tion limits and acquisition speeds;12,13 however, CRDS offers
the potential advantage of not having to rely on external
calibration, since the NO2 measurement can be considered
absolute once the relevant absorption cross-sections are
known and interferences have been characterized. Con-
versely, TD-CRDS may potentially be more prone to mea-
surement artifacts. The measurement by optical absorption
requires a much higher pressure inside the CRDS sample cell
���300 Torr� �Ref. 14� than is used in the LIF instrument
��4 Torr�,10 which could enhance the extent of secondary
chemistry and interferences in the heated inlet. Of concern
are, for example, recombination reactions of organic radicals
with NO2 in the heated inlet following TD.

The objectives of this work were to �a� construct a
TD-CRDS for quantification of �PN and �AN and optimize
operating parameters �i.e., flow rates and residence time,
pressures, temperatures�, �b� identify and characterize inter-
ferences, and �c� determine whether TD-CRDS is a feasible
method to quantify total PNs and ANs at ambient concentra-
tion levels in laboratory-generated samples.

II. EXPERIMENTAL

A. Setup and sampling

Figure 1 shows a schematic of the TD-CRDS. The in-
strument is comprised of two nearly identical sample cells
and inlets. One is kept at ambient temperature for measure-
ment of background NO2 �“reference channel”�, while the
other is heated to measure background NO2 plus NO2 gen-
erated from TD of organic nitrates as per Eqs. �1� and �2�
�“sample channel”�. Both channels sample from a common
inlet manifold. An inlet restriction �a 2.54-cm-long, 3.2 mm
outer diameter �OD� and 1.6 mm inner diameter �ID� section
of PFA Teflon tubing� at the tip of the inlet reduces the pres-
sure inside the sample cells to �a� reduce residence time of
gases in the instrument �with the goal to suppress interfer-
ences such as recombination reactions� and �b� reduce the

overall amount of gas sampled. The sample flow is then ex-
panded into 6.4 mm OD and 4.8 mm ID Teflon tubing, split
into two channels and directed into quartz tubes �6.4 mm OD
and 3.8 mm ID�. For most of the experiments described in
this manuscript, �120 cm long quartz tubes were used; bet-
ter results were obtained with �64 cm long quartz tube in-
lets used in later experiments. To heat the sample channel
inlet, a 30 AWG Ni-chrome wire ��60 �� was coiled
around the first 30 cm of the quartz tube and was coated with
a thermal conductive ceramic adhesive �Resbond 919�. The
inlet’s temperature is maintained with the aid of a tempera-
ture controller �Omega CNi32�, which receives feedback
from a K-type thermocouple embedded in the ceramic adhe-
sive. The set point temperature is slightly lower than the
maximum temperature inside the heated channel �measured
by a thermocouple placed inside the heated sample channel;
this difference is well-reproduced by a second-order polyno-
mial�. Further, the temperature profile inside the sample cell
is nonuniform, with the section closest to the inlet being
coolest. In the remainder of the manuscript, the term “inlet
temperature” refers to the set point temperature of the heated
cell inlet, with the understanding that the actual gas tempera-
ture inside the heated channel exhibits a gradient with a
maximum between 10 and 20 °C above the set point. The
TD inlet is connected to the CRDS sample cavity by a sec-
tion of Teflon tubing ��60 cm length, 6.4 mm OD, 4.8 mm
ID� heated to +70 °C �Fig. 1�. A Teflon “turbulator”15 is
located inside this section of Teflon tubing to reduce thermal
gradients. The turbulator consists of a short ��3 cm� section
of spiral-shaped Teflon tubing inserted into the sample line.
The spiral shape is created by twisting a short section of
Teflon tubing that has been heated until it has a clear, glass-
like appearance, and then is allowed to cool to set the shape.
The ring-down cavity for measurement of organic nitrates is
heated to +49 °C. This temperature was chosen because it
represented a good compromise between ease of use �i.e.,
stable alignment, less radiant heat� while still allowing for a
relatively short section of connecting tubing between the
converter and measurement cell.

Sample air enters the ring-down cavities �ID 7.9 mm� at
a flow rate of 2.5 standard liters per minute �slpm� in each
channel. At this flow rate, the pressures inside the reference
and sample ring-down cells are �530 and �450 Torr, and
the residence times are 0.76 and 0.55 s, respectively. The

FIG. 1. �Color online� Schematic of the TD-CRDS. For a description, see
Secs II A and II B in the text.
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residence time inside the heated quartz tube and the connect-
ing tubing is �0.24 s, such that the total residence times in
the sample and reference channels from the tip of the inlet to
exit from the ring-down cavity are �1.0 and �0.8 s, respec-
tively.

B. CRDS

Mixing ratios of NO2 are quantified by pulsed-laser
CRDS at 532 nm in a similar fashion as described by Osthoff
et al.12 Briefly, the output of a pulsed �20 Hz� 532 nm
Nd:yttrium aluminum garnet �YAG� laser �Big Sky Ultra� is
passed through an optical isolator and focused using an
f=50 cm lens before being coupled into the two optical
cavities �Fig. 1�. The cavity ring-down mirrors �Advanced
Thin Films, manufacturer-specified reflectivity R
=99.9998%, 2.54 cm diameter� are seated in custom-built
mirror holders. The mirrors are protected from contamination
by a small flow ��50 SCCM �SCCM denotes cubic centi-
meter per minute at STP�� of ultrapure �“zero”� air. The
sample cell was constructed from PFA Teflon and is held in
place by a custom-built aluminum enclosure. The ratio of the
total volume between the cavity ring-down mirrors to the
sample volume in this instrument is RL=1.14 �calculated
from the physical dimensions of the sample cell and assum-
ing no mixing of sample gas into the purge volume�. Light
escaping the cavity through the mirror opposite to the input
is collected by a collimating lens, connected to a multimode
optical fiber �Thorlabs� illuminating a photomultiplier tube
�Hamamatsu�.

C. Data acquisition, processing, and zeroing

Data are digitized using a fast data acquisition card �Na-
tional Instruments PCI-6133; 14-bit resolution; 3 MS/s/ch
sample rate� connected to a laptop computer via a PCMCIA-
to-PCI expansion unit �Magma CB4DRQ� and controlled by
software written in LABVIEW �National Instruments�. The
ring-down decay traces of 20 consecutive pulses are aver-
aged to produce 1 s data. The parameters of a first-order
exponential expression are fitted to the observed decay trace,
yielding the ring-down time constant �. Typical values for
ring-down time constants are 175 and 195 �s in the refer-
ence and the sample channels, respectively �Fig. 2�, with
ring-down time constant fitting errors of 	0.05 and
	0.10 �s, respectively.

The instrument is zeroed periodically by sampling zero
air to obtain the ring-down time constant of the “empty”
cavity �0, which is set by the mirror reflectivity and Rayleigh
scattering. The NO2 number density within the sample vol-
ume is given by

N =
RL




1

c
�1

�
−

1

�0
	 , �3�

where 
 is the NO2 absorption cross-section at the laser
wavelength �1.45�10−19 cm2 molecule−1,12 assumed to be
the same in the sample and reference channel� and c is the
speed of light. Number densities are converted to mixing
ratios using the ideal gas law and are corrected for dilution
with purge gas. The mixing ratio of the organic nitrate is

calculated by subtracting the NO2 mixing ratio observed in
the heated channel from that of the reference channel.

D. Calibration and generation of gas mixtures

1. Nitrogen dioxide

Accurate measurements of �PN and �AN require quan-
titative measurements of the optical extinction due to NO2 in
the sample channel, as well as quantitative subtraction of
background NO2 measured in the reference channel. This in
turn requires that the NO2 sensitivity in both the sample and
reference channel �which can be affected by a variety of
factors discussed below� is carefully calibrated. Dilute mix-
tures of NO2 were generated by mixing the output �0–20
SCCM� of a 120 parts per million by volume �ppmv� refer-
ence standard cylinder of NO2 in air �Praxair� into a flow of
zero air �typically 10 slpm� with the aid of calibrated mass
flow controllers. The NO2 mixing ratios observed in the ref-
erence and sample CRDS channels were highly correlated
over a wide range of mixing ratios �r2�99%; range tested:
0–300 ppbv�. The high linearity and slope of unity show the
absence of TD losses of NO2 in the heated inlet. The NO2

sensitivity of the sample channel was slightly higher than
that the reference channel. Typical ratios of sample to refer-
ence channel are in the range of 1.034–1.042. These ratios
can be measured with high precision �typically 	0.0003� but
varied day-to-day. These variations can be caused by a vari-
ety of factors, including drifts in pressure, temperature, purge
volume flows, systematic differences in the slightly pressure-
dependent and temperature-dependent NO2 absorption
cross-section16 �the pressures and temperatures differ in
the two ring-down cavities�, and/or nonoptimal cavity
alignment.17 The slope remained fairly constant for the du-
ration of the experiments ��1% drift over periods of several
weeks� but should be carefully monitored in long-term ex-
periments. Since the NO2 measurement in the room-
temperature reference channel more closely resembles the
conditions described by Osthoff et al.12 and is thus more

FIG. 2. �Color online� Time series of a sample measurement of PAN by
TD-CRDS. The gray background indicates times during which the instru-
ment sampled only zero air. PAN was generated by acetone photolysis. �top
panel� Ring-down time constants for the TD sample and reference channel.
The dashed lines indicate the background ��0� ring-down time constants.
�bottom� Derived mixing ratios. The TD-CRDS is in quantitative agreement
with simultaneous measurements of NOy by NO–O3 CL �superimposed as a
dotted line�.
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likely accurate, the NO2 sensitivity of the sample channel
was scaled to that of the reference channel �i.e., divided by
the slope of the correlation plot�.

2. PANs

Samples of peroxyacetic nitric anhydride �PAN� in zero
air were generated in situ by acetone photolysis at 285 nm in
the presence of O2 and NO.7,18 Acetone was purchased from
Aldrich �HPLC grade� and used without further purification.
Nitric oxide �2.28 ppmv, certified� and zero air were pur-
chased from Praxair. The output of the photosource �typi-
cally �100 SCCM� was diluted into a larger flow of zero air
�typically 5–10 slpm�. Different mixing ratios of PAN were
generated by varying the amount of NO �the limiting re-
agent� added to the photolysis chamber and extent of subse-
quent dilution with zero air. The mixtures were sampled in
parallel by TD-CRDS and a NO–O3 CL NOy analyzer
�Thermo 42i�. The latter was calibrated against the output of
a calibrated NO reference cylinder �Praxair� diluted in zero
air.

Two different photolysis chambers were deployed. The
first used a fused silica enclosure to house a phosphor-coated
Hg lamp �Jelight, model 84–285–2�, whereas the other lamp
enclosure was constructed from Pyrex. The Pyrex glass at-
tenuated the output of the Hg lamp in the near-UV and fully
suppressed any lamp emission at 254 nm. The fused silica
source produced an output of roughly 2:1 PAN:methyl nitrate
�MeN�, whereas the Pyrex source yielded mainly PAN. Both
sources emitted a small amount of NO2 �likely because of
heat transfer from the Hg lamp and TD of PAN�.

Samples of PANs other than the parent compound PAN
were also generated and analyzed by TD-CRDS. These ex-
periments will be described in a forthcoming publication.19

The results obtained with the parent compound PAN �i.e., the
TD profiles and calibration plots against the commercial NOy

monitor; see Secs. III B and III C below� were equivalent to
those obtained with the other PANs, and only the former will
be presented in this manuscript.

3. ANs

2-Ethylhexyl, isobutyl, and isopropyl nitrate were pur-
chased from Aldrich and used without further purification. To
generate dilute mixtures of an AN, a few milliliters of the
liquid test nitrate was placed in a glass container, and the
head space flushed with a small flow �typically a few SCCM�
of zero air before being diluted into a larger flow of zero air
�typically 5–10 slpm�. Varying the ratio of these flows al-
lowed for a wide range of concentrations to be generated.
The mixtures were sampled simultaneously by TD-CRDS
and NOy CL monitor as above.

III. RESULTS

A. Sample data

Figure 2 shows an example time series of 5 s data ac-
quired by TD-CRDS. The instrument sampled PAN from the
Pyrex PAN source. In the example shown, the instrument
was zeroed for 5-min-long periods every 5 min and sampled
varying concentrations of PAN in between. The temperature

of the heated inlet was set to 450 °C; under these conditions,
thermal conversion of PAN and ANs to NO2 was quantita-
tive, as judged from the excellent quantitative agreement
with parallel measurements by the NOy CL monitor. In con-
trast to the commercial NOy analyzer, the response of the
TD-CRDS to concentration changes is �nearly� instanta-
neous, without noticeable memory effects. At an organic ni-
trate mixing ratio of �8 ppbv, the PAN source coemits a
small amount �480	70 pptv� of NO2.

B. Inlet temperature set points and extent of
dissociation

The top panel in Fig. 3 shows an inlet temperature scan
for a sample generated in the fused silica PAN source. This
source produced an approximately 2:1 ratio of PAN to AN,
tentatively assigned as MeN based on the work by Patz
et al.20 Two distinct plateaus are observed in the signal data;
at �250 °C and the other at �450 °C. Thus, by choosing
the appropriate inlet temperature, one can differentiate be-
tween peroxyacyl and ANs. The MeN signal was consider-
ably smaller ��13% of NOy� when the Pyrex PAN source
was deployed, suggesting that the yield of MeN is increased
by 254 nm light, which is transmitted through fused silica
but not through Pyrex.

The observed temperature profile was rationalized using
a simple model. The extent of dissociation was calculated
from

FIG. 3. �Color online� TD of selected organic nitrates as a function of inlet
temperature. �top panel� Measurement of a 2:1 mixture of PAN and MeN.
The solid superimposed line is a simulation �discussed in Sec. III B� based
on known Arrhenius parameters �Table I� and an assumed contact time of 4
ms at the maximum temperature. The dashed lines are simulations with
contact times of 100 and 0.1 ms, respectively. �bottom panel� Normalized
TD signals of PAN, MeN, IBN, and, EHN as a function of inlet temperature.
Dissociation of PN �AN� is quantitative at �250 °C ��450 °C� with no
overlap with the other species.
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�NO2�t = �X�0 � 
1 − exp�− A � exp�− Ea/RT� � t��

+ �NO2�0, �4�

where �NO2�0 is the initial concentration of NO2 in the
sample �equal to zero in this case�, �NO2�t is the concentra-
tion of the dissociation product NO2 at time t, �X�0 is the
initial concentration of the organic nitrate, A and Ea are the
Arrhenius parameters for TD of the organic nitrate analyzed
�Table I�, T is the temperature, R isthe universal gas constant
and t is the residence time in the converter. For simplicity,
recombination reactions are neglected. This equation is, of
course, an oversimplification, as a uniform temperature
throughout the converter is assumed. In reality, the extent of
dissociation is a complicated integral over the gradient of
temperatures that exist in the inlet.

Observed signal intensities and the results of the simu-
lation are shown in Fig. 3. The solid line superimposed on
the experimental data in the top panel of Fig. 3 is a predic-
tion of the extent of dissociation using Eq. �4� and an effec-
tive residence time of 4 ms at the inlet set temperature, plus
0.1 s in the “cool-down” section between thermal converter
and CRDS cell, which is heated to 70 °C. The agreement
between observation and model is excellent; however, the
actual residence in the thermal converter is �0.1 s, much
longer than the 4 ms used in the simulation. This implies that
the sample experiences a considerably lower temperature
than the external heater’s set point �which slows down the
rate of dissociation� for most of its residence in the heated
inlet. The dashed lines superimposed in the top panel of Fig.
3 are simulations with assumed residence times of 100 and
0.1 ms for comparison.

The bottom panel shows TD profiles of neat samples of
PAN, MeN, �generated by acetone photolysis alongside
PAN�, isobutyl nitrate �IBN�, and 2-ethylhexyl nitrate
�EHN�. In all cases, PAN is fully dissociated before a notice-
able onset of AN dissociation. Minor differences are ob-
served for ANs with different alkyl groups. The relative po-
sitions of the dissociation profiles are consistent with what is
known about their TD kinetics �Table I, simulations not
shown�. While there are slight differences in the efficiency of
the thermal decomposition of the ANs at temperatures lower
than 450 °C, it is clear that as a class they can be differen-
tiated from PANs.

On the basis of data as seen Fig. 3, the temperature of
the heated quartz inlet was maintained at 450 °C to measure
�AN+�PN; for �PN measurements, the quartz tube was
heated to 250 °C �Table II�.

C. Linear dynamic range and figures of merit

The response of the TD-CRDS to laboratory-generated
samples of ANs and PANs in air was verified against the
commercial NOy monitor. Example calibration plots are
shown in Fig. 4. The measurements are highly correlated
with correlation coefficients r2�99%, intercepts near zero,
and slopes close to unity. For the ANs, the CRDS response is
linear from the detection limit to about 100 ppbv. At higher
concentrations, the CL signal is below the CRDS signal,
likely because the catalytic converter of the CL saturates and
fails to quantitatively convert the AN to NO. For PAN, the
CRDS response is linear in the concentration range tested,
i.e., from the detection limit to �8 ppbv �the highest amount
of PAN that could be produced by our photolysis source�. At
higher mixing ratios, the response of the TD-CRDS to PAN
is expected to be nonlinear �see Sec. III D�. The measure-

TABLE I. Arrhenius parameters �k=A exp�−Ea / �RT��� for TD of selected
molecules. R is the universal gas constant �8.314 J mol−1 K−1�.

Organic nitrate
A

�1014 s−1�
Ea

�kJ/mol� Reference

CH3C�O�O2NO2 �PAN� 250 113	2 32
C2H5C�O�O2NO2 �PPN� 720 116	2 33
CH3ONO2 �MeN� 3.3 151	3 34
�H9C4��H5C2�CHCH2ONO2 �EHN� 25 157	13 35

TABLE II. Inlet set point temperatures used and species detected.

Temperature
�°C� Species detected Difference

Ambient NO2 N/A
250 NO2+�PN �PN
450 NO2+�PN+�AN �AN

FIG. 4. Scatter plots of TD-CRDS and CL NOy measurements of PAN �top�
and ANs �EHN, bottom� showing quantitative agreement between the two
measurement techniques. The error bars indicate measurement precision
�	1
�. Data were averaged to 1 min. At high concentrations, the NOy

measurement usually took several minutes to “settle;” data points with rela-
tive standard deviation of �20% in the 1 min average were thus omitted.
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ment precision of the current TD-CRDS sample channel, af-
ter subtraction of the reference signal, is 	100 pptv �1
� in
a 1 s integration time. Allan variance analysis21 indicates an
optimum integration time of �5 min.

D. Conversion efficiency of �PN and �AN in the
presence of NO2

1. AN

Figure 5 shows TD-CRDS measurements of PAN �top�
and EHN �bottom� and with various amounts of NO2 added
to the sample stream. The EHN signal �inlet temperature:
450 °C� is not affected by the addition of NO2. This suggests
that recombination of the dissociation products, i.e.,

RO + NO2 → RONO2, �5�

is insignificant. A likely explanation is the fast destruction of
the RO radical by molecular oxygen. Using kinetic data from
the NASA-JPL recommendation,22 the lifetime of CH3O
with respect to reaction with O2, for example, is calculated to
be about 50 �s under our inlet conditions.

2. PN

The top panel of Fig. 5 shows example plots of observed
PAN signal intensities �inlet temperature: 250 °C� as a func-
tion of NO2 added at three different PAN concentration lev-

els. The addition of NO2 suppresses the PAN signal. A likely
explanation is �partial� recombination of the PA radical with
NO2 �likely in the CRDS cell following TD in the quartz
inlet�,

RC�O�O2 + NO2 → RC�O�O2NO2. �6�

At each PAN mixing ratio �labeled �PAN�0 as it is calculated
by extrapolation to zero NO2�, the signal dependence on NO2

mixing ratio is approximately linear. This implies that the
extent of recombination is small, i.e., that �PA� changes by
only a small amount. The rate of signal suppression varies
from �28 pptv/ppbv NO2 added at �7.7 ppbv PAN to �5
pptv/ppbv NO2 added at �1.5 ppbv PAN. Shown in Fig. 6 is
a plot of these slopes as a function of PAN mixing ratios, for
both a long �120 cm� and a shortened short �64 cm� inlet. At
�6 ppbv of PAN, for example, the loss of signal was re-
duced from approximately �50 pptv/ ppbv NO2 added to
about �20 pptv/ppbv NO2, added by switching to the shorter
inlet. Thus, the extent of signal suppression depends on the
concentrations of both NO2 and PA radical present as well as
the inlet residence time.

In the attempt to suppress the recombination reaction
�6�, several different inlet schemes were tested, including a
120 cm long stainless steel inlet, a 120 cm quartz inlet with
Pyrex wool, and the aforementioned shorter 64 cm quartz
inlet. The heated stainless steel inlet was chosen because this
material is known to destroy PA radical.7 An inlet containing
Pyrex wool was chosen to evaluate if the additional surface
area suppresses HOx and RO2 radicals, analogous to quartz
wool that was used by Cohen23 in an inlet designed to mea-
sure HONO by thermal conversion to NO. The shorter inlet
was chosen to reduce residence time within the cooler sec-
tions of the sample cell and thus the reaction time for reac-
tion �6�.

The stainless steel inlet was observed to destroy a sig-
nificant amount of NO2 when heated and was thus not useful.
There was no noticeable difference between a quartz inlet
and a quartz inlet containing Pyrex wool, suggesting that the
NO2 losses in the 250 °C channel are not driven by the

FIG. 5. �Color online� Observed signals of PAN at an inlet temperature of
250 °C �top� and EHN at an inlet temperature of 450 °C �bottom� as a
function of added NO2. The PAN signals decrease with increasing NO2

concentration. The rate of decrease increases with the amount of PAN
present. In contrast, the EHN signal was independent of the amount of NO2

added �error bars shown are 	1
 measurement precision�.

FIG. 6. �Color online� Decrease in PAN signal, expressed as a rate �amount
of signal reduction in ppbv divided by amount of NO2 added in ppbv�,
plotted against PAN concentration observed in the absence of NO2 ��PAN�0�
for two inlets with different lengths. The shorter inlet exhibits less interfer-
ence.
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reaction of NO2 with OH. The shortened quartz inlet pro-
duced better results as the loss of PAN signal in the sample
cell was considerably reduced �Fig. 6�.

The observed sensitivity of the PAN signal to NO2 is
considerably smaller than predicted by model calculations
�not shown�. This suggests that the PA radical is subject to
further thermal decomposition in the TD inlet, and that the
fragments �which likely include species such as CH3C�O�,
CH3O2, and H2CCO� �Ref. 24� do not form stable adducts
with NO2 under our sampling conditions.

The results shown in Figs. 5 and 6 were used to predict
a PAN calibration curve in the absence of NO2 other than
generated by TD of PAN �Fig. 7�. The response of the TD-
CRDS was calculated from

signal�long inlet� = �PAN� � �1 − �0.0086 	 0.0007�

� �NO2�� � �PAN� � �1

− �0.0086 	 0.0007� � �PAN��

�7a�

and

signal�short inlet� = �PAN� � �1 − �0.0029 	 0.0004�

� �PAN�� . �7b�

Figure 7 shows the predicted deviation from linearity of the
TD-CRDS in the range of mixing ratios expected in the tro-
posphere, which ranges from trace levels to PAN mixing
ratios of several ppbv in heavily polluted urban areas.7

E. Inlet transmission efficiency and wall losses

The response to concentration changes was nearly in-
stantaneous, suggesting the absence of wall losses or
memory effects on the PFA Teflon inner walls of the sample
tubing for either PAN or AN. Further, observed �PN and
�AN mixing ratios were independent of the sampling mass
flow rate in the range of 1.5–3 slpm. Transmission of PAN
through Teflon filters �2 �m pore size� housed in a polycar-
bonate filter holder �Pall� was quantitative.

IV. DISCUSSION

A. Viability of laboratory measurements

The primary objective of this study was to construct and
evaluate a TD inlet for laboratory measurements of �PN and
�AN using CRDS detection of the common dissociation
product NO2. This objective has been met. The TD-CRDS is
quantitative for single-component mixtures of either PN or
AN at near-ambient concentration levels and does not need
to rely on external calibration at low concentrations. This
constitutes a considerable advantage over existing methods
such as GC with electron capture detection �GC-ECD� or
TD-LIF, which must be calibrated. A further advantage is
that the method is general and has equal sensitivity to differ-
ent PANs and ANs. This implies that this inlet scheme could
also be used with other types of NO2 detectors operated at or
just below atmospheric pressure, e.g., cavity-attenuated
phase-shift spectroscopy,25 cavity-enhanced absorption
spectroscopy,26 or tunable diode laser absorption
spectroscopy.27

At high concentrations of PAN, the TD-CRDS is nonlin-
ear because of recombination of the PA radical with the prod-
uct NO2 �following the initial TD�. In this regard, TD-CRDS
is at a disadvantage compared to the Berkeley TD-LIF in-
strument, where such reactions are suppressed due to much
lower inlet residence time. In the TD-CRDS, this interfer-
ence is less than 2% �in the long inlet� of the total signal at
mixing ratios below 4 ppbv and thus immaterial. Measure-
ments at higher concentrations, however, need to be cor-
rected. For example, extrapolating the results to 10 ppbv of
PAN for the long, 120 cm inlet, reaction �6� would suppress
the observed signal by �8.6	0.7��10−3� �10 ppbv PAN�
= �8.6	0.7�%. With the shorter inlet, the correction is pre-
dicted to be only 3%. Additional improvements can be made
in future experiments by further shortening the inlet. In the
interim, the nonlinear response of the TD-CRDS is inconse-
quential, since �a� the interference is well-characterized and
correcting the data is straightforward, and �b� the intended
applications are performed at concentration levels found in
the ambient atmosphere �i.e., �10 ppbv� at which the inter-
ference is minor.

B. Applications

At present, there is considerable uncertainty as to pro-
duction and fate of organic nitrates in ambient air. For ex-
ample, the parameters for heterogeneous uptake of ANs on
common aerosol types such as their partitioning to secondary
organic aerosol are generally not known. Such knowledge is
needed to assess their role of either NOx sink or reservoir
species. The TD-CRDS method described here can easily be
used to study these processes �e.g., in combination with a
coated-wall reactor�. Another potential application of the
TD-CRDS method is in the study of the yield of ANs in
reactions of the type RO2+NO and RO+NO2,28 or in reac-
tions of the nitrate radical with alkenes in either gas or con-
densed phase.29–31

FIG. 7. �Color online� Predicted PAN calibration curves for the long and
short inlet in the range from 0 to 10 ppbv �using Eqs. �7a� and �7b��.
Recombination of the PA radical with NO2 �generated by TD in heated inlet�
slightly suppresses the TD-CRDS signal at higher concentrations.
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V. CONCLUSIONS

A TD-CRDS spectrometer for measurement of NO2,
�PN, and �AN was constructed and shown to be quantita-
tive at low concentration levels in laboratory-generated
samples. The measurement precision of 	100 pptv �1
� in a
1 s integration time is sufficiently low to quantify total PNs
and ANs in laboratory experiments at near-ambient concen-
tration levels. TD-CRDS is thus a useful tool to investigate
the chemistry of PAN and ANs in laboratory experiments, for
example, their heterogeneous uptake or their formation
yields in chemical reactions. The inlet scheme is sufficiently
general that it can also be deployed with other optical ab-
sorption techniques that monitor NO2. In future experiments,
interferences in multicomponent mixtures will be character-
ized and the feasibility of TD-CRDS for ambient air mea-
surements of �PN and �AN will be evaluated.
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