In-Situ Measurements of Pinonaldehyde Gas/Particle Phase Partitioning
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Abstract
We examine the phase partitioning of pinonaldehyde, a terpene oxidation product, using in-situ gas and particle phase measurements and show periods where observed concentrations in the particle phase are far higher than expected using traditional partitioning theory.  This is evidence for either efficient secondary organic aerosol (SOA) uptake of compounds such as pinonaldehyde which have relatively high vapor pressures through formation of oligomers that can decompose during analysis giving back the original pinonaldehyde, or further evidence for aldehyde production through the thermal decomposition of unstable peroxide radicals. 

Introduction
Many organic compounds found in aerosols are semivolatile, and thus may be present in both the gas phase and in particles. The partitioning of semivolatile organics is driven by their volatility which is temperature dependent, and by the organic aerosol mass present to which these compounds can partition [Seinfeld and Pankow, 2003]. The partitioning of such compounds between the gas and particle phase has rarely been quantified using field measurements, but it has raised concerns over potential gas phase artifacts in aerosol measurements and has created significant confusion in the literature with regard to how particle phase measurements of semivolatile species should be interpreted.
The authors may wish to note that in a modeling study of SOA formation from the reaction of ozone with a-pinene [Jenkin, Atmos.  Chem. Phys. 4, 1741-1757 (2004)] the product vapor pressures needed to be reduced by a factor of 120 relative to their pure component values in order to achieve reasonable agreement between modeled and measured SOA.
During the summer of

During our field study simultaneous aerosol measurements with TAG and gas phase measurements with PTR-MS [Holzinger et al., 2006] provided the opportunity to examine the gas/particle partitioning for pinonaldhyde, a biogenic terpene oxidation product.

Calibration

Calibration for particle phase pinonaldehyde was performed following the ICARTT study in order to compare measured concentrations to those observed in the gas phase by PTR-MS.  Particle phase pinonaldehyde concentrations were estimated using a two part comparison of manually injected liquid standards.  A comparison was made between “off-line” injections of decanal and 4,4’-dimethoxybenzophenone, an oxygenated standard that was also used in the field, to determine what the decanal response would have been “on-line” at Chebogue Point.  Pinonaldehyde (a C10-aldehyde) quantification was calculated based on this decanal (a C10-aldehyde) response.

Gas/Particle Partitioning of Pinonaldehyde
Figure xx shows a plot of gas-phase and particle-phase pinonaldehyde concentrations, along with air temperature, over a 24 hour period.  Our observations show pinonaldehyde partitioning favors the gas phase during midday elevated temperatures.  The ratio of gas-phase to particle-phase pinonaldehyde for the whole measurement period is shown in Figure xx as a function of temperature, and ranges from 4.0 to 170.  Only data greater than 0.5 standard deviations above the detection limit is included for both gas and particulate concentrations to avoid errors due to uncertainty in low concentration measurements.  We use these data to estimate the apparent enthalpy of vaporization (Hvap) for pinonaldehyde from this slope (s = -19,000 ± 5400) using the Clausius-Clapeyron relationship, to be 160 ± 45 KJ/mol.  The vapor pressure (Pvap) for pinonaldehyde was reported as 5.1 Pa at 298 K (3.8 × 10-2 Torr) [Hallquist et al., 1997].  Using the Clausius-Clapeyron equation with the value of the enthalpy of vaporization determined here, we estimate Pvap = 1.5 × 10-2 to 0.16 × 10-2 Torr for pinonaldehyde over the range of ambient temperatures in this study (20.5 ºC to 11 ºC, respectively).  According to partitioning theory, a species should have a Pvap of 1.5 × 10-5 Torr (at 18 ºC) to 3.2 × 10-6 Torr (at 12 ºC) (i.e. about 500 - 600 times lower) to partition to the particle phase at the levels we measured pinonaldehyde in aerosols at Chebogue Point (see Figures xx,xx).  Thus it is very likely that pinonaldehyde was present in the particle-phase not only as its parent compound, but also as a thermal decomposition product of unstable peroxides [Tobias et al., 2000] and/or the decomposition product of larger oligomers [Jang et al., 2003; Barsanti and Pankow, 2004].
Based on chamber studies, Tobias et al. [2000] suggest that the major products (i.e. molecularly small ketones, aldehydes, and alkanoic acids) in aerosol formed by the ozonolysis of 1-octene and 1-decene (as performed by Forstner et al. [1997b]) were too volatile ( > 2 × 10-3 Torr) to form much aerosol, but were detected instead probably as decomposition products of a-hydroxyalkyl hydroperoxides, dihydroxyalkyl peroxides, a-acyloxyalkyl hydroperoxides, and possibly, secondary ozonides.  Whereas, Jang et al. [2003] demonstrated in the lab that particle growth occurs from the acid-catalyzed heterogeneous reactions of small carbonyls (e.g. pinonaldehyde) on preexisting seed aerosols.  Our discovery that pinonaldehyde contributes more to SOA production than is predicted possible by traditional partitioning theory provides field-based evidence that supports the findings of these chamber studies.

While our estimate of the enthalpy of vaporization is highly uncertain due to the low R2 value (0.16) of the correlation between partitioning ratio and temperature, to our knowledge this is the first estimate of the enthalpy of vaporization for pinonaldehyde based on field measurements of its partitioning in the atmosphere. This value of Hvap is within the range of those from single organic compounds, but it is much higher than the enthalpy of vaporization recently reported by Offenberg et al. [2006] for the bulk SOA from -pinene (33-43 kJ mol-1), which was the largest of the enthalpies determined by these authors for various SOA precursors and reaction conditions.

Conclusions

Phase partitioning of semivolatile compounds measured in the field can provide novel insight into their behavior under real atmospheric conditions.  Our measurements showed that processes such as oligomerization of pinonaldehyde transform more volatile into less volatile species, increasing their contribution to SOA far above that predicted by traditional partitioning theory.  Collocated gas and particle phase in-situ measurements of a broad range of semivolatile compounds should be pursued in future field campaigns to search for evidence of chemistry in organic aerosols in the ambient atmosphere which favors organic material staying in the particles rather than portioning back into the gas phase.
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Figure xx.  A 24-hour period comparison of pinonaldehyde phase partitioning with varying ambient temperatures.  An increase in the gas phase portion (light grey line) is observed during elevated temperatures (thick black line).  Particle phase concentrations (dark grey line) have been multiplied by a factor of 40 in order to display on the same scale as the gas phase concentrations.
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Figure xx.  Plot of the natural logarithm of the gas phase to particle phase ratio of pinonaldehyde concentrations verses the inverse ambient temperature (Kelvin) observed at Chebogue Point, NS during July 26 – August 15, 2004.  Gas phase concentrations were measured by PTR-MS, and particle phase concentrations were measured by TAG.  The Clausius-Clapeyron plot predicts the Hvap for pinonaldehyde to be 160±45 KJ mol-1.  Error is calculated using the standard error for this linear regression.
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