
1	
  
	
  

Determination	
  of	
  α-­‐Pinene-­‐Derived	
  Organic	
  Nitrate	
  Yields:	
  Particle	
  
Phase	
  Partitioning	
  and	
  Hydrolysis	
  

	
  

Joel	
  D.	
  Rindelaub1,	
  Kevin	
  M.	
  McAvey1,	
  Paul	
  B.	
  Shepson1,2,3	
  

Department	
  of	
  1Chemistry,	
  2Department	
  of	
  Earth,	
  Atmospheric,	
  and	
  Planetary	
  Sciences,	
  	
  3Climate	
  5	
  
Change	
  Research	
  Center,	
  Purdue	
  University,	
  West	
  Lafayette,	
  IN,	
  USA	
  
	
  

Abstract	
  

	
  The	
  hydroxyl	
  radical	
  oxidation	
  of	
  α-­‐pinene	
  under	
  high	
  NOx	
  conditions	
  was	
  studied	
  in	
  a	
  
photochemical	
  reaction	
  chamber	
  to	
  investigate	
  organic	
  nitrate	
  (RONO2)	
  production	
  and	
  partitioning	
  10	
  
between	
  the	
  gas	
  and	
  particle	
  phases.	
  We	
  report	
  an	
  organic	
  nitrate	
  yield	
  of	
  26±7%	
  from	
  the	
  oxidation	
  of	
  
this	
  monoterpene	
  in	
  the	
  presence	
  of	
  nitric	
  oxide	
  (NO).	
  However,	
  the	
  organic	
  nitrate	
  yield	
  was	
  found	
  to	
  
be	
  highly	
  dependent	
  on	
  both	
  chamber	
  relative	
  humidity	
  (RH)	
  and	
  seed	
  aerosol	
  acidity,	
  likely	
  as	
  a	
  result	
  
of	
  particle	
  phase	
  hydrolysis.	
  The	
  particle	
  phase	
  loss	
  of	
  organic	
  nitrates	
  perturbs	
  the	
  gas-­‐particle	
  
equilibrium	
  within	
  the	
  system,	
  leading	
  to	
  decreased	
  RONO2	
  yields	
  in	
  both	
  the	
  gas	
  and	
  particle	
  phases	
  at	
  15	
  
elevated	
  RH	
  and	
  an	
  apparent	
  non-­‐equilibrium	
  partitioning	
  mechanism.	
  This	
  resulted	
  in	
  smaller	
  apparent	
  
partition	
  coefficients	
  of	
  the	
  total	
  organic	
  nitrate	
  species	
  under	
  high	
  chamber	
  RH.	
  	
  The	
  hydrolysis	
  of	
  
particle	
  phase	
  organic	
  nitrates	
  at	
  low	
  chamber	
  relative	
  humidity	
  in	
  this	
  study	
  implies	
  that	
  aerosol	
  
partitioning	
  of	
  organic	
  nitrates	
  may	
  be	
  an	
  important	
  sink	
  for	
  atmospheric	
  NOx	
  and	
  may	
  have	
  a	
  significant	
  
impact	
  on	
  regional	
  air	
  quality.	
  20	
  

	
  

1	
  	
  Introduction	
  

Global	
  annual	
  biogenic	
  volatile	
  organic	
  compound	
  (BVOC)	
  emissions	
  are	
  estimated	
  at	
  ~1000	
  

Tg/yr	
  (Guenther	
  et	
  al.,	
  2012),	
  accounting	
  for	
  ~88%	
  of	
  all	
  non-­‐methane	
  VOC	
  emissions	
  (Goldstein	
  and	
  

Galbally,	
  2007).	
  The	
  oxidation	
  of	
  BVOCs	
  can	
  lead	
  to	
  secondary	
  organic	
  aerosol	
  (SOA)	
  formation,	
  which	
  25	
  

impacts	
  visibility,	
  human	
  health,	
  and	
  climate	
  forcing.	
  One	
  contributing	
  SOA	
  precursor	
  is	
  α-­‐pinene	
  with	
  

annual	
  emissions	
  estimated	
  at	
  ~66	
  Tg/yr	
  (Guenther	
  et	
  al.,	
  2012).	
  	
  

One	
  specific	
  group	
  of	
  α-­‐pinene	
  oxidation	
  products	
  of	
  interest	
  is	
  organic	
  nitrates	
  (RONO2),	
  due	
  to	
  

their	
  impact	
  on	
  regional	
  air	
  quality.	
  An	
  important	
  oxidation	
  pathway	
  of	
  α-­‐pinene	
  is	
  initiated	
  by	
  the	
  OH
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radical,	
  which	
  proceeds	
  via	
  addition	
  across	
  the	
  double	
  bond	
  of	
  α-­‐pinene	
  for	
  ~90%	
  of	
  initiated	
  reactions	
  30	
  

(Peeters	
  et	
  al.,	
  2001),	
  as	
  shown	
  in	
  Scheme	
  1.	
  	
  α-­‐Pinene-­‐derived	
  nitrates	
  (APNs)	
  are	
  formed	
  by	
  the	
  radical	
  

addition	
  of	
  O2	
  and	
  subsequent	
  reaction	
  with	
  nitric	
  oxide	
  (Reactions	
  1-­‐3).	
  The	
  organic	
  nitrate	
  yield	
  from	
  

the	
  radical	
  termination	
  step	
  (Reaction	
  3a)	
  has	
  a	
  large	
  range	
  of	
  reported	
  values,	
  from	
  ~1%	
  (Aschmann	
  et	
  

al.,	
  2002)	
  to	
  18±9%	
  (Noziere	
  et	
  al.,	
  1999),	
  which	
  contributes	
  to	
  a	
  high	
  degree	
  of	
  uncertainty	
  in	
  the	
  α-­‐

pinene	
  ozone	
  production	
  efficiency.	
  This	
  chain	
  termination	
  step	
  (Reaction	
  3a)	
  inhibits	
  ozone	
  production	
  35	
  

while	
  the	
  NO	
  oxidation	
  step	
  (Reaction	
  3b)	
  represents	
  ozone	
  production.	
  	
  

The	
  production	
  of	
  organic	
  nitrates	
  creates	
  low-­‐volatility	
  compounds	
  that	
  are	
  more	
  hydrophilic	
  

than	
  their	
  precursor	
  VOCs,	
  and	
  thus	
  may	
  play	
  an	
  important	
  role	
  in	
  SOA	
  formation,	
  chemistry,	
  and	
  cloud	
  

condensation	
  nuclei/ice	
  nuclei	
  activity	
  as	
  ambient	
  measurements	
  have	
  indicated	
  that	
  17-­‐23%	
  of	
  

molecules	
  in	
  organic	
  aerosol	
  contain	
  the	
  RONO2	
  functional	
  group	
  Rollins	
  et	
  al.	
  (2013).	
  Also,	
  the	
  40	
  

formation	
  of	
  organic	
  nitrates	
  heavily	
  influences	
  gas	
  phase	
  NOx	
  lifetimes	
  and	
  ozone	
  concentrations	
  

(Browne	
  and	
  Cohen,	
  2012).	
  Since	
  NOx,	
  ozone,	
  and	
  particulate	
  matter	
  are	
  all	
  potentially	
  harmful	
  and	
  

regulated	
  by	
  local	
  and	
  national	
  organizations	
  internationally,	
  the	
  formation	
  and	
  fate	
  of	
  organic	
  nitrates	
  

have	
  great	
  importance	
  when	
  assessing	
  air	
  quality	
  and	
  the	
  impact	
  on	
  human	
  health	
  and	
  climate.	
  	
  

Once	
  produced,	
  gas	
  phase	
  oxidation	
  of	
  organic	
  nitrates	
  may	
  release	
  NOx	
  back	
  into	
  the	
  gas	
  phase	
  45	
  

and	
  effectively	
  transport	
  ozone	
  to	
  remote	
  locations	
  (Paulot	
  et	
  al.,	
  2009;	
  Paulot	
  et	
  al.,	
  2012).	
  Thus,	
  

partitioning	
  and	
  gas	
  and	
  aerosol	
  phase	
  chemistry	
  of	
  organic	
  nitrates	
  is	
  of	
  interest	
  with	
  respect	
  to	
  the	
  

fate	
  of	
  anthropogenic	
  NOx.	
  Organic	
  nitrates	
  can	
  dry	
  deposit	
  (e.g.	
  to	
  forests)	
  to	
  provide	
  a	
  source	
  of	
  

environmental	
  nitrogen	
  (Costa	
  et	
  al.,	
  2011).	
  Additionally,	
  gas	
  phase	
  organic	
  nitrates	
  can	
  undergo	
  uptake	
  

through	
  plant	
  stomata	
  followed	
  by	
  use	
  through	
  amino	
  acid	
  production	
  (Lockwood	
  et	
  al.,	
  2008).	
  	
  	
  50	
  

While	
  laboratory	
  studies	
  indicate	
  that	
  organic	
  nitrate	
  production	
  from	
  hydroxyl	
  radical	
  induced	
  

α-­‐pinene	
  oxidation	
  account	
  for	
  18%	
  of	
  total	
  aerosol	
  mass	
  (Rollins	
  et	
  al.,	
  2010),	
  the	
  gas-­‐aerosol	
  partition	
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coefficients	
  of	
  specific	
  APN	
  isomers	
  are	
  not	
  well	
  known,	
  negatively	
  impacting	
  our	
  knowledge	
  of	
  the	
  fate	
  

of	
  organic	
  nitrates	
  and	
  their	
  potential	
  for	
  long	
  range	
  transport	
  and	
  NOx	
  recycling.	
  Recent	
  laboratory	
  

studies	
  suggest	
  that	
  the	
  aerosol	
  partitioning	
  of	
  VOC	
  oxidation	
  products	
  may	
  be	
  a	
  non-­‐equilibrium	
  55	
  

process	
  related	
  to	
  the	
  potentially	
  high	
  viscosity	
  of	
  the	
  particles	
  (Shiraiwa	
  et	
  al.,	
  2011;	
  Virtanen	
  et	
  al.,	
  

2010).	
  Further,	
  the	
  partitioning	
  of	
  α-­‐pinene-­‐derived	
  nitrate	
  species	
  deviates	
  from	
  traditional	
  partitioning	
  

theory	
  (Perraud	
  et	
  al.,	
  2012),	
  indicating	
  that	
  APN	
  uptake	
  to	
  the	
  aerosol	
  phase	
  may	
  be	
  larger	
  than	
  

previously	
  estimated,	
  further	
  emphasizing	
  the	
  importance	
  of	
  investigating	
  the	
  fate	
  of	
  organic	
  nitrates	
  

within	
  the	
  particle	
  phase.	
  	
  60	
  

Of	
  possible	
  reactions	
  in	
  the	
  particle	
  phase,	
  those	
  governed	
  by	
  water	
  are	
  of	
  interest	
  due	
  to	
  its	
  

high	
  tropospheric	
  concentration	
  and	
  prevalence	
  within	
  aerosol	
  particles	
  (e.g.	
  (Veselovskii	
  et	
  al.,	
  2000).	
  

Biogenically-­‐derived	
  SOA	
  has	
  been	
  shown	
  to	
  increase	
  the	
  hygroscopicity	
  of	
  inorganic	
  seed	
  particles	
  in	
  

laboratory	
  studies	
  (Bertram	
  et	
  al.,	
  2011;Smith	
  et	
  al.,	
  2012).	
  Also,	
  studies	
  of	
  condensed	
  phase	
  chemistry	
  

have	
  shown	
  that	
  organic	
  nitrates	
  can	
  hydrolyze	
  readily	
  under	
  aqueous	
  conditions	
  with	
  rate	
  constants	
  65	
  

positively	
  correlated	
  to	
  solution	
  acidity	
  (Darer	
  et	
  al.,	
  2011;	
  Hu	
  et	
  al.,	
  2011).	
  A	
  recent	
  chamber	
  study	
  by	
  

Liu	
  et	
  al.	
  (2012)	
  attributes	
  a	
  decrease	
  in	
  organic	
  nitrate	
  production	
  to	
  particle	
  phase	
  hydrolysis	
  and	
  

suggests	
  that	
  this	
  mechanism	
  can	
  explain	
  the	
  decrease	
  in	
  nitrogen-­‐containing	
  organic	
  species	
  observed	
  

in	
  both	
  laboratory	
  (Nguyen	
  et	
  al.,	
  2011)	
  and	
  field	
  measurements	
  (Day	
  et	
  al.,	
  2010)	
  under	
  increased	
  

humidity.	
  Particle	
  phase	
  hydrolysis	
  may	
  also	
  be	
  in	
  part	
  responsible	
  for	
  the	
  scarcity	
  of	
  ambient	
  BVOC-­‐70	
  

derived	
  nitrate	
  measurements.	
  However,	
  it	
  is	
  currently	
  unknown	
  how	
  aerosol	
  composition	
  and	
  acidity	
  

influence	
  the	
  particle	
  phase	
  partitioning	
  and	
  hydrolysis	
  chemistry	
  of	
  organic	
  nitrates.	
  

To	
  further	
  investigate	
  organic	
  nitrate	
  yields,	
  partitioning,	
  and	
  proposed	
  hydrolysis	
  chemistry,	
  we	
  

quantified	
  organic	
  nitrate	
  formation	
  in	
  both	
  the	
  gas	
  and	
  particle	
  phases	
  from	
  the	
  OH	
  radical	
  oxidation	
  of	
  

α-­‐pinene	
  in	
  a	
  photochemical	
  reaction	
  chamber	
  in	
  the	
  presence	
  of	
  NOx.	
  Seed	
  aerosol	
  acidity	
  conditions	
  75	
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were	
  varied	
  and	
  the	
  organic	
  nitrate	
  production	
  in	
  both	
  the	
  gas	
  and	
  particle	
  phase	
  was	
  measured	
  as	
  a	
  

function	
  of	
  chamber	
  relative	
  humidity	
  (RH)	
  for	
  each	
  seed	
  aerosol	
  composition.	
  	
  

	
  

2	
  	
  Experimental	
  

Experiments	
  were	
  conducted	
  using	
  a	
  5.5	
  m3	
  Teflon	
  photochemical	
  reaction	
  chamber	
  equipped	
  80	
  

with	
  a	
  mixing	
  fan	
  and	
  UV	
  lights	
  (maximum	
  output	
  at	
  340nm),	
  described	
  previously	
  by	
  Chen	
  et	
  al.	
  (1998)	
  

and	
  Lockwood	
  et	
  al.	
  (2010).	
  Three	
  sets	
  of	
  experiments	
  containing	
  different	
  seed	
  aerosol	
  conditions	
  were	
  

completed	
  as	
  a	
  function	
  of	
  chamber	
  relative	
  humidity:	
  acidic	
  seed,	
  neutral	
  seed,	
  and	
  the	
  case	
  without	
  

seed	
  aerosol.	
  The	
  various	
  seed	
  aerosol	
  types	
  were	
  created	
  using	
  an	
  aerosol	
  generator	
  (3076,	
  TSI,	
  Inc.)	
  

and	
  its	
  output	
  was	
  passed	
  through	
  a	
  Kr-­‐85	
  aerosol	
  neutralizer	
  (TSI,	
  Inc.)	
  before	
  injection	
  into	
  the	
  85	
  

chamber.	
  A	
  15mM	
  (NH4)2SO4	
  aerosol	
  generator	
  solution	
  was	
  used	
  for	
  the	
  neutral	
  seed	
  aerosol	
  

experiments	
  and	
  a	
  30mM	
  MgSO4/50mM	
  H2SO4	
  solution	
  was	
  used	
  for	
  the	
  acidic	
  seed	
  aerosol	
  

experiments.	
  The	
  seed	
  aerosol	
  conditions	
  were	
  based	
  on	
  Surratt	
  et	
  al.	
  (2008).	
  Typical	
  seed	
  aerosol	
  mass	
  

concentrations	
  ranged	
  from	
  50	
  to	
  150	
  µg/m3	
  and	
  number	
  concentrations	
  ranged	
  from	
  approx.	
  5.0	
  x	
  104	
  

to	
  1.5	
  x	
  105	
  cm-­‐3.	
  Large	
  initial	
  seed	
  aerosol	
  concentrations	
  were	
  effective	
  in	
  keeping	
  the	
  SOA	
  within	
  the	
  90	
  

measureable	
  range	
  of	
  the	
  SMPS	
  over	
  the	
  course	
  of	
  the	
  experimental	
  timescale.	
  Hydrogen	
  peroxide,	
  the	
  

OH	
  radical	
  precursor,	
  and	
  ultra-­‐pure	
  water	
  were	
  gently	
  bubbled	
  into	
  the	
  chamber	
  under	
  hydrocarbon-­‐

free	
  air	
  before	
  the	
  addition	
  of	
  the	
  seed	
  aerosol	
  and	
  α-­‐pinene.	
  Chamber	
  water	
  concentrations	
  were	
  

measured	
  using	
  a	
  LICOR-­‐7000.	
  The	
  α-­‐pinene	
  (98%,	
  Sigma	
  Aldrich,	
  Inc.)	
  was	
  introduced	
  into	
  the	
  chamber	
  

by	
  injection	
  through	
  a	
  glass	
  tee	
  under	
  heat	
  while	
  nitric	
  oxide	
  was	
  similarly	
  injected	
  under	
  N2	
  without	
  95	
  

heat.	
  	
  

Real	
  time	
  measurements	
  were	
  made	
  using	
  several	
  instruments.	
  The	
  α-­‐pinene	
  concentrations	
  

were	
  measured	
  using	
  a	
  gas	
  chromatograph-­‐flame	
  ionization	
  detector	
  (GC-­‐FID;	
  HP-­‐5980),	
  NO/NOy	
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concentrations	
  were	
  measured	
  with	
  a	
  Thermo	
  NO/NOy	
  detector	
  (Model	
  42,	
  Thermo,	
  Inc.),	
  and	
  a	
  

scanning	
  mobility	
  particle	
  sizer	
  (3062,	
  TSI,	
  Inc.)	
  was	
  used	
  to	
  determine	
  size-­‐resolved	
  particle	
  100	
  

concentrations.	
  Nitric	
  oxide	
  concentrations	
  were	
  kept	
  above	
  100	
  ppb	
  to	
  keep	
  ozone	
  concentrations	
  low	
  

and	
  ensure	
  the	
  hydroxyl	
  radical	
  was	
  the	
  sole	
  initial	
  oxidizing	
  agent.	
  Selected	
  experiments	
  were	
  

conducted	
  using	
  isooctane	
  as	
  a	
  relative	
  rate	
  compound	
  to	
  determine	
  that	
  OH	
  radical	
  concentrations	
  in	
  

the	
  chamber	
  ranged	
  from	
  1x106	
  cm-­‐3	
  to	
  1x107	
  cm-­‐3.	
  

After	
  injection,	
  the	
  contents	
  of	
  the	
  chamber	
  were	
  allowed	
  to	
  mix	
  for	
  10	
  minutes	
  before	
  the	
  fan	
  105	
  

was	
  turned	
  off	
  for	
  the	
  duration	
  of	
  the	
  experiment.	
  The	
  experiment	
  was	
  initiated	
  (time=0)	
  when	
  the	
  UV	
  

lamps	
  were	
  turned	
  on	
  and	
  the	
  experiment	
  was	
  terminated	
  when	
  approximately	
  half	
  of	
  the	
  initial	
  α-­‐

pinene	
  was	
  consumed,	
  in	
  an	
  effort	
  to	
  focus	
  on	
  first	
  generation	
  products.	
  Typical	
  experiment	
  lengths	
  

were	
  one	
  hour.	
  All	
  sampling	
  lines	
  were	
  heated	
  PFA	
  Teflon	
  (120oC)	
  except	
  for	
  the	
  copper	
  aerosol	
  

sampling	
  line.	
  The	
  chamber	
  was	
  flushed	
  continuously	
  under	
  irradiation	
  with	
  at	
  least	
  five	
  chamber	
  110	
  

volumes	
  of	
  hydrocarbon-­‐free	
  air	
  prior	
  to	
  each	
  experiment.	
  

Denuder-­‐based	
  filter	
  samples	
  were	
  acquired	
  at	
  the	
  completion	
  of	
  each	
  experiment	
  for	
  off-­‐line	
  

analysis.	
  	
  Gas	
  phase	
  compounds	
  were	
  sampled	
  at	
  10	
  L/min	
  and	
  adsorbed	
  onto	
  the	
  surface	
  of	
  the	
  XAD-­‐4	
  

coated	
  annular	
  denuder	
  (20cm,	
  URG,	
  Inc.)	
  while	
  particle	
  phase	
  compounds	
  were	
  collected	
  on	
  a	
  filter	
  

pack	
  containing	
  a	
  Teflon	
  filter	
  (47mm,	
  VWR,	
  Inc.)	
  and	
  a	
  carbon-­‐infused	
  back-­‐up	
  filter	
  (Grade	
  72,	
  VWR,	
  115	
  

Inc.),	
  which	
  is	
  used	
  to	
  capture	
  gas	
  phase	
  negative	
  artifacts	
  arising	
  from	
  the	
  front	
  filter.	
  The	
  gas	
  phase	
  

collection	
  efficiency	
  was	
  determined	
  by	
  measuring	
  the	
  concentration	
  of	
  an	
  isopropyl	
  nitrate	
  standard	
  

(99%,	
  Sigma	
  Aldrich)	
  both	
  upstream	
  and	
  downstream	
  of	
  the	
  denuder.	
  The	
  collection	
  efficiency	
  was	
  

≥98%.	
  The	
  denuder	
  was	
  extracted	
  in	
  a	
  50:30:20	
  acetonitrile:hexane:methylene	
  chloride	
  solution	
  and	
  

extracts	
  were	
  dried	
  to	
  ~50%	
  of	
  their	
  original	
  volume	
  before	
  transfer	
  to	
  tetrachloroethylene	
  (C2Cl4)	
  to	
  120	
  

prevent	
  losses	
  during	
  drying.	
  Filters	
  were	
  placed	
  in	
  tetrachloroethylene	
  and	
  sonicated	
  for	
  45	
  minutes.	
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Filter	
  and	
  denuder	
  extracts	
  were	
  analyzed	
  using	
  GC-­‐(EI)-­‐MS	
  with	
  focus	
  on	
  the	
  detection	
  of	
  expected	
  

products	
  with	
  commercially	
  available	
  standards.	
  Blank	
  samples	
  were	
  acquired	
  from	
  the	
  chamber	
  prior	
  

to	
  the	
  experiment	
  using	
  only	
  the	
  filter	
  pack.	
  	
  

Organic	
  nitrate	
  quantification	
  was	
  accomplished	
  through	
  use	
  of	
  a	
  Brucker	
  Tensor	
  FT-­‐IR	
  125	
  

spectrometer	
  (Brucker,	
  Inc.).	
  FT-­‐IR	
  has	
  been	
  successfully	
  employed	
  in	
  several	
  previous	
  laboratory	
  and	
  

field	
  studies	
  for	
  organic	
  nitrate	
  quantification	
  (Laurent	
  and	
  Allen,	
  2004;	
  Dekermenjian	
  et	
  al.,	
  1999;	
  Noda	
  

et	
  al.,	
  2000;	
  Hallquist	
  et	
  al.,	
  1999;	
  Nielsen	
  et	
  al.,	
  1998).	
  As	
  the	
  full	
  complement	
  of	
  α-­‐pinene-­‐derived	
  

nitrate	
  standards	
  are	
  currently	
  unavailable,	
  quantification	
  of	
  organic	
  nitrate	
  products	
  using	
  a	
  GC-­‐based	
  

method	
  was	
  not	
  possible	
  for	
  this	
  study.	
  Additionally,	
  FT-­‐IR	
  presents	
  the	
  advantage	
  of	
  detecting	
  all	
  130	
  

organic	
  compounds	
  with	
  the	
  RONO2	
  functionality	
  and	
  does	
  not	
  require	
  that	
  they	
  quantitatively	
  pass	
  

through	
  a	
  column.	
  Filter	
  and	
  denuder	
  extracts	
  were	
  analyzed	
  in	
  a	
  1	
  cm	
  liquid	
  cell	
  and	
  organic	
  nitrate	
  

concentrations	
  were	
  determined	
  using	
  the	
  asymmetric	
  –NO2	
  stretch	
  at	
  ~1640	
  cm-­‐1,	
  unique	
  to	
  organic	
  

nitrates	
  (Nielsen	
  et	
  al.,	
  1995).	
  Typical	
  spectra	
  for	
  both	
  a	
  filter	
  extract	
  and	
  blank	
  extract	
  in	
  

tetrachloroethylene	
  (C2Cl4)	
  are	
  shown	
  in	
  Fig.	
  1.	
  Tetrachloroethylene	
  was	
  chosen	
  as	
  a	
  solvent	
  because	
  it	
  135	
  

has	
  minimal	
  absorption	
  features	
  in	
  the	
  infrared	
  region.	
  However,	
  as	
  observed	
  in	
  the	
  IR	
  spectra	
  (Fig.	
  1),	
  

bands	
  from	
  weaker	
  absorption	
  features	
  are	
  more	
  prominent	
  in	
  liquid	
  phase	
  spectra.	
  The	
  non-­‐organic	
  

nitrate	
  bands	
  in	
  Fig.	
  1	
  are	
  believed	
  to	
  be	
  of	
  solvent	
  origin	
  as	
  both	
  the	
  blank	
  extract	
  and	
  C2Cl4	
  solvent	
  had	
  

identical	
  FT-­‐IR	
  spectra.	
  The	
  instrument	
  used	
  was	
  calibrated	
  over	
  the	
  range	
  of	
  absorbances	
  observed	
  in	
  

this	
  study.	
  Calibration	
  curves	
  were	
  extremely	
  linear,	
  with	
  R2	
  values	
  >0.99,	
  to	
  absorbance	
  values	
  above	
  140	
  

those	
  shown	
  for	
  the	
  organic	
  nitrate	
  stretch	
  in	
  Fig.	
  1.	
  	
  While	
  traditionally	
  there	
  are	
  three	
  distinct	
  bands	
  

used	
  to	
  quantify	
  organic	
  nitrate	
  in	
  the	
  infrared	
  spectrum	
  (1645,	
  1280,	
  and	
  845	
  cm-­‐1),	
  a	
  recent	
  study	
  by	
  

Bruns	
  et	
  al.	
  (2010)	
  did	
  not	
  reveal	
  a	
  significant	
  difference	
  in	
  quantitative	
  results	
  when	
  integrating	
  over	
  

one	
  absorption	
  band	
  compared	
  to	
  the	
  use	
  of	
  all	
  three.	
  Since	
  no	
  APN	
  standards	
  are	
  currently	
  available,	
  

the	
  absorption	
  cross	
  section	
  of	
  the	
  organic	
  nitrate	
  products	
  at	
  ~1640	
  cm-­‐1	
  was	
  assumed	
  to	
  be	
  identical	
  145	
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to	
  that	
  from	
  an	
  isopropyl	
  nitrate	
  standard.	
  A	
  previous	
  study	
  analyzing	
  molecular	
  extinction	
  coefficients	
  

of	
  alkyl	
  nitrates	
  observed	
  a	
  standard	
  deviation	
  of	
  less	
  than	
  7%	
  among	
  the	
  compounds	
  studied	
  

(Carrington,	
  1960),	
  indicating	
  that	
  variability	
  in	
  the	
  absorption	
  cross	
  section	
  of	
  organic	
  nitrates	
  in	
  our	
  

study	
  is	
  likely	
  not	
  a	
  significant	
  source	
  of	
  error.	
  

Yield	
  values	
  were	
  corrected	
  for	
  chamber	
  wall	
  loss	
  and	
  consumption	
  by	
  OH	
  radicals.	
  The	
  gas-­‐150	
  

phase	
  wall	
  loss	
  rate	
  constants	
  were	
  determined	
  by	
  observing	
  the	
  loss	
  of	
  an	
  α-­‐pinene-­‐derived	
  nitrate	
  

product	
  after	
  the	
  completion	
  of	
  experiments,	
  via	
  GC-­‐(NICI)-­‐MS,	
  a	
  technique	
  that	
  identifies	
  organic	
  

nitrates	
  using	
  the	
  m/z	
  46	
  ion	
  in	
  the	
  negative	
  ion	
  mode	
  (Worton	
  et	
  al.,	
  2008).	
  Particle	
  phase	
  wall	
  loss	
  

rates	
  were	
  determined	
  in	
  a	
  similar	
  manner	
  from	
  the	
  SMPS	
  data.	
  Wall	
  loss	
  rate	
  constants,	
  2.28x10-­‐4	
  s-­‐1	
  

and	
  8.0x10-­‐5	
  s-­‐1	
  for	
  the	
  gas	
  and	
  particle	
  phases,	
  respectively,	
  were	
  not	
  influenced	
  by	
  chamber	
  RH.	
  Final	
  155	
  

yield	
  values	
  were	
  determined	
  by	
  accounting	
  for	
  product	
  loss	
  via	
  wall	
  partitioning	
  and	
  OH	
  consumption	
  

based	
  on	
  Tuazon	
  et	
  al.	
  (1984).	
  The	
  OH	
  rate	
  constants	
  were	
  estimated	
  using	
  the	
  EPI	
  Suite	
  provided	
  online	
  

by	
  the	
  EPA	
  (http://www.epa.gov/opptintr/exposure/pubs/episuite.htm)	
  with	
  an	
  assumed	
  50%	
  NOx	
  

recycling	
  efficiency	
  (Paulot	
  et	
  al.,	
  2009).	
  Due	
  to	
  the	
  relatively	
  low	
  value	
  estimated	
  for	
  the	
  effective	
  OH	
  

rate	
  constant	
  with	
  monoterpene-­‐derived	
  nitrates,	
  1.0	
  x	
  10-­‐12	
  cm3	
  molecule-­‐1	
  s-­‐1,	
  variations	
  in	
  the	
  above	
  160	
  

assumptions	
  do	
  not	
  have	
  a	
  large	
  impact	
  on	
  the	
  calculated	
  yields,	
  i.e.	
  shifting	
  the	
  effective	
  OH	
  rate	
  

constant	
  by	
  an	
  order	
  of	
  magnitude	
  corresponds	
  to	
  less	
  than	
  a	
  2%	
  difference	
  in	
  final	
  yield	
  values.	
  

	
  

3	
  	
  Results	
  and	
  discussion	
  

3.1	
  	
  Photochemical	
  reaction	
  chamber	
  experiments	
  165	
  

Typical	
  α-­‐pinene	
  and	
  aerosol	
  mass	
  concentrations	
  over	
  the	
  length	
  of	
  a	
  seed	
  aerosol	
  experiment	
  

are	
  shown	
  in	
  Fig.	
  2.	
  SOA	
  production	
  occurs	
  within	
  10	
  minutes,	
  after	
  which	
  the	
  aerosol	
  mass	
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concentration	
  increases	
  approximately	
  linearly	
  throughout	
  the	
  experiment.	
  The	
  SOA	
  production	
  from	
  

experiments	
  without	
  seed	
  aerosol	
  also	
  increased	
  rapidly,	
  with	
  the	
  size	
  distribution	
  growing	
  out	
  of	
  the	
  

measureable	
  range	
  for	
  the	
  SMPS	
  (up	
  to	
  1.0	
  µm	
  mobility	
  diameter).	
  Thus,	
  we	
  were	
  unable	
  to	
  calculate	
  170	
  

aerosol	
  yields	
  or	
  partition	
  coefficients	
  for	
  the	
  unseeded	
  experiments.	
  Because	
  gas	
  phase	
  concentrations	
  

increased	
  rapidly,	
  it	
  is	
  likely	
  that	
  α-­‐pinene	
  oxidation	
  products	
  underwent	
  homogeneous	
  nucleation	
  to	
  

form	
  pure	
  SOA	
  in	
  the	
  unseeded	
  experiments.	
  The	
  density	
  of	
  SOA	
  produced	
  was	
  assumed	
  to	
  be	
  1.25	
  

g/cm3,	
  based	
  on	
  Ng	
  et	
  al.	
  (2006).	
  The	
  aerosol	
  yield	
  from	
  all	
  seed	
  aerosol	
  experiments	
  was	
  34±12%	
  and	
  

didn’t	
  statistically	
  differ	
  based	
  on	
  seed	
  aerosol	
  composition	
  or	
  chamber	
  relative	
  humidity.	
  While	
  175	
  

previous	
  studies	
  have	
  shown	
  that	
  the	
  aerosol	
  yield	
  from	
  this	
  type	
  of	
  reaction	
  can	
  be	
  highly	
  variable,	
  as	
  

highlighted	
  by	
  Henry	
  et	
  al.	
  (2012),	
  the	
  calculated	
  yield	
  	
  from	
  this	
  experiment	
  is	
  in	
  statistical	
  agreement	
  

with	
  several	
  previous	
  studies	
  (Hoffmann	
  et	
  al.,	
  1997;	
  Jaoui	
  and	
  Kamens,	
  2001;	
  Lee	
  et	
  al.,	
  2006;	
  Noziere	
  

et	
  al.,	
  1999).	
  	
  

3.1.1	
  	
  Determination	
  of	
  the	
  organic	
  nitrate	
  branching	
  ratio	
  180	
  

	
   The	
  organic	
  nitrate	
  branching	
  ratio,	
  k3a/(k3a+k3b)	
  (see	
  Scheme	
  1),	
  is	
  typically	
  determined	
  from	
  a	
  

yield	
  plot	
  of	
  [RONO2]	
  produced	
  throughout	
  the	
  experiment	
  vs.	
  –Δ [BVOC],	
  under	
  the	
  assumption	
  that	
  

every	
  RO2	
  radical	
  reacts	
  with	
  NO.	
  For	
  these	
  experiments,	
  however,	
  only	
  one	
  data	
  point	
  is	
  produced	
  per	
  

experiment	
  due	
  to	
  the	
  large	
  sample	
  volumes	
  required	
  for	
  analysis.	
  The	
  single	
  point	
  organic	
  nitrate	
  yields	
  

calculated	
  from	
  this	
  data,	
  shown	
  in	
  Figs.	
  3	
  and	
  4,	
  were	
  highly	
  dependent	
  on	
  chamber	
  relative	
  humidity,	
  185	
  

even	
  at	
  low	
  RH	
  (Figs.	
  3	
  and	
  4).	
  We	
  assume	
  (see	
  discussion	
  below)	
  that	
  this	
  results	
  from	
  humidity	
  

dependent	
  consumption	
  of	
  RONO2	
  in	
  the	
  aerosol	
  phase.	
  Since	
  organic	
  nitrate	
  yields	
  were	
  extremely	
  

sensitive	
  to	
  humidity	
  over	
  the	
  low	
  RH	
  range,	
  the	
  higher	
  degree	
  of	
  scatter	
  under	
  dry	
  conditions	
  in	
  Figs.	
  3	
  

and	
  4	
  may	
  be	
  caused	
  by	
  water	
  vapor	
  permeating	
  into	
  to	
  the	
  chamber	
  from	
  the	
  laboratory,	
  potentially	
  

significantly	
  changing	
  the	
  RH	
  through	
  the	
  course	
  of	
  the	
  experiment,	
  in	
  this	
  very	
  RH-­‐sensitive	
  regime.	
  The	
  190	
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water	
  vapor	
  transmission	
  rate	
  for	
  the	
  PFA	
  Teflon	
  used	
  in	
  this	
  experiment	
  is	
  estimated	
  at	
  2	
  g	
  m-­‐2	
  day-­‐1	
  

(DuPont™).	
  On	
  the	
  assumption	
  that	
  the	
  0%	
  RH	
  yield	
  values	
  represent	
  the	
  true	
  initial	
  total	
  RONO2	
  yield,	
  

we	
  conducted	
  a	
  linear	
  extrapolation	
  of	
  the	
  seed	
  aerosol	
  low	
  humidity	
  yield	
  data,	
  0	
  to	
  20%	
  RH,	
  to	
  the	
  

zero	
  humidity	
  intercept.	
  The	
  low	
  humidity	
  data	
  from	
  0	
  to	
  20%	
  RH	
  was	
  used	
  for	
  linear	
  regression	
  analysis	
  

because,	
  as	
  shown	
  in	
  Fig.	
  3,	
  the	
  observed	
  yield	
  is	
  very	
  humidity-­‐dependent	
  over	
  this	
  range,	
  and	
  the	
  use	
  195	
  

of	
  a	
  larger	
  range	
  would	
  underestimate	
  the	
  yield.	
  The	
  acidic	
  seed	
  data	
  point	
  at	
  ~20%	
  RH	
  was	
  omitted	
  

from	
  the	
  least	
  squares	
  fit	
  after	
  analysis	
  of	
  its	
  Cook’s	
  distance	
  (Cook,	
  1977).	
  A	
  linear	
  regression	
  of	
  the	
  

data	
  yielded	
  y-­‐intercepts	
  of	
  30±4%	
  and	
  22±6%	
  for	
  the	
  neutral	
  and	
  acidic	
  seed	
  aerosol	
  cases,	
  

respectively.	
  Combining	
  the	
  standard	
  errors	
  of	
  the	
  y-­‐intercepts,	
  we	
  report	
  a	
  26±7%	
  total	
  organic	
  nitrate	
  

yield	
  from	
  this	
  oxidation	
  pathway	
  of	
  α-­‐pinene.	
  Due	
  to	
  the	
  high	
  degree	
  of	
  scatter	
  in	
  the	
  unseeded	
  data	
  at	
  200	
  

low	
  RH	
  (Fig.	
  4)	
  and	
  the	
  lack	
  of	
  a	
  statistically	
  significant	
  slope	
  from	
  a	
  least	
  squares	
  fit,	
  an	
  analogous	
  linear	
  

extrapolation	
  for	
  the	
  unseeded	
  data	
  plot	
  was	
  not	
  conducted.	
  Table	
  1	
  shows	
  results	
  from	
  both	
  the	
  acidic	
  

and	
  neutral	
  seed	
  experiments	
  where	
  the	
  Ai	
  and	
  Fi	
  parameters	
  correspond	
  to	
  the	
  concentration,	
  in	
  ppb,	
  

of	
  RONO2	
  in	
  the	
  gas	
  phase	
  and	
  particle	
  phase,	
  respectively.	
  Table	
  2	
  shows	
  the	
  analogous	
  results	
  for	
  the	
  

unseeded	
  experiments.	
  Assuming	
  that	
  all	
  peroxy	
  radicals	
  react	
  with	
  NO	
  (Scheme	
  1),	
  and	
  that	
  there	
  are	
  205	
  

no	
  unknown	
  losses	
  of	
  organic	
  nitrates,	
  the	
  yield	
  then	
  corresponds	
  to	
  the	
  branching	
  ratio.	
  The	
  26±7%	
  

total	
  organic	
  nitrate	
  yield	
  reported	
  here	
  is	
  higher	
  than	
  the	
  ~1%	
  reported	
  by	
  Aschmann	
  et	
  al.	
  (2002)	
  but	
  

does	
  not	
  statistically	
  differ	
  from	
  the	
  18±9%	
  determined	
  by	
  Noziere	
  et	
  al.	
  (1999),	
  who	
  also	
  used	
  FT-­‐IR	
  to	
  

determine	
  organic	
  nitrate	
  concentrations.	
  Additionally,	
  as	
  shown	
  in	
  Fig.	
  5,	
  our	
  reported	
  yield	
  value	
  is	
  

consistent	
  with	
  the	
  VOC	
  size-­‐dependent	
  alkyl	
  nitrate	
  branching	
  ratio	
  described	
  previously	
  (Arey	
  et	
  al.,	
  210	
  

2001).	
  Although	
  this	
  trend	
  in	
  organic	
  nitrate	
  yield	
  has	
  been	
  shown	
  to	
  plateau	
  for	
  VOCs	
  with	
  high	
  carbon	
  

numbers,	
  the	
  C10	
  system	
  studied	
  here	
  is	
  below	
  the	
  expected	
  carbon	
  number	
  limit	
  (~C15)	
  for	
  such	
  a	
  

plateau	
  to	
  occur	
  (Matsunaga	
  and	
  Ziemann,	
  2010).	
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   The	
  organic	
  nitrate	
  contribution	
  to	
  total	
  particle	
  mass	
  was	
  also	
  determined	
  for	
  experiments	
  in	
  

the	
  0-­‐20%	
  RH	
  range.	
  As	
  stated	
  previously,	
  this	
  calculation,	
  which	
  is	
  the	
  ratio	
  of	
  total	
  organic	
  nitrate	
  mass	
  215	
  

in	
  the	
  particle	
  phase	
  to	
  the	
  total	
  SOA	
  mass	
  produced,	
  could	
  only	
  be	
  assessed	
  for	
  seeded	
  aerosol	
  

experiments	
  as	
  the	
  final	
  aerosol	
  mass	
  concentrations	
  for	
  unseeded	
  experiments	
  could	
  not	
  be	
  

determined.	
  	
  The	
  calculated	
  mass	
  fraction	
  of	
  organic	
  nitrates	
  in	
  the	
  particle	
  phase,	
  assuming	
  an	
  organic	
  

nitrate	
  molecular	
  weight	
  of	
  215	
  g/mole,	
  is	
  18±4%	
  for	
  the	
  seeded	
  aerosol	
  experiments,	
  the	
  same	
  value	
  

(18%)	
  reported	
  by	
  Rollins	
  et	
  al.	
  (2010)	
  from	
  an	
  α-­‐pinene/NOx	
  irradiation	
  flow-­‐tube	
  study	
  in	
  the	
  absence	
  220	
  

of	
  seed	
  aerosol.	
  	
  

3.1.2	
  	
  Humidity	
  dependence	
  of	
  organic	
  nitrate	
  yields	
  

	
   Organic	
  nitrate	
  yield	
  experiments	
  were	
  conducted	
  with	
  chamber	
  relative	
  humidity	
  ranging	
  from	
  

0	
  to	
  ~90%	
  RH	
  for	
  each	
  set	
  of	
  seed	
  aerosol	
  conditions.	
  The	
  total	
  organic	
  nitrate	
  yields	
  were	
  highly	
  

dependent	
  on	
  chamber	
  relative	
  humidity,	
  as	
  seen	
  in	
  Figs.	
  3	
  and	
  4.	
  The	
  total	
  (gas	
  +	
  particle	
  phases)	
  225	
  

organic	
  nitrate	
  yield	
  decreased	
  rapidly	
  as	
  RH	
  was	
  increased	
  from	
  0	
  to	
  ~20%	
  in	
  both	
  the	
  unseeded	
  and	
  

seeded	
  aerosol	
  conditions,	
  followed	
  by	
  a	
  less	
  pronounced	
  drop	
  from	
  20-­‐90%	
  RH	
  to	
  yields	
  as	
  low	
  as	
  5%.	
  

The	
  higher	
  degree	
  of	
  scatter	
  in	
  the	
  organic	
  nitrate	
  yields	
  at	
  low	
  RH	
  compared	
  to	
  high	
  RH	
  may	
  be	
  related	
  

to	
  the	
  difficulty	
  in	
  maintaining	
  low	
  RH	
  levels	
  over	
  the	
  course	
  of	
  the	
  experiment	
  resulting	
  from	
  the	
  Teflon	
  

chamber’s	
  permeability	
  to	
  room	
  H2O.	
  In	
  Fig.	
  6a,	
  we	
  show	
  the	
  ratio	
  of	
  the	
  measured	
  particle	
  phase	
  230	
  

organic	
  nitrate	
  concentration	
  to	
  gas	
  phase	
  organic	
  nitrate	
  concentration	
  (Fi/Ai)	
  as	
  a	
  function	
  of	
  relative	
  

humidity	
  for	
  each	
  experiment,	
  for	
  the	
  acidic	
  and	
  neutral	
  seed	
  experiments.	
  Figure	
  6b	
  shows	
  the	
  gas	
  

phase	
  and	
  aerosol	
  phase	
  yields	
  separately	
  for	
  the	
  acidic	
  seed	
  experiments.	
  Despite	
  our	
  lack	
  of	
  

knowledge	
  of	
  the	
  relationship	
  between	
  aerosol	
  liquid	
  water	
  content	
  of	
  the	
  SOA	
  created	
  and	
  chamber	
  

relative	
  humidity,	
  the	
  strong	
  inverse	
  correlation	
  between	
  organic	
  nitrate	
  concentration	
  and	
  the	
  235	
  

presence	
  of	
  water	
  vapor	
  within	
  the	
  chamber	
  indicates	
  that	
  the	
  SOA	
  particles	
  created	
  may	
  have	
  a	
  high	
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potential	
  for	
  water	
  uptake,	
  leading	
  to	
  organic	
  nitrate	
  hydrolysis	
  in	
  the	
  particle	
  phase.	
  Hydrolysis	
  of	
  

organic	
  nitrates	
  has	
  been	
  previously	
  reported	
  for	
  aqueous	
  phase	
  laboratory	
  studies	
  (Darer	
  et	
  al.,	
  2011;	
  

Hu	
  et	
  al.,	
  2011)	
  and	
  is	
  believed	
  to	
  be	
  responsible	
  for	
  decreased	
  organic	
  nitrate	
  aerosol	
  concentrations	
  in	
  

a	
  recent	
  chamber	
  study	
  (Liu	
  et	
  al.,	
  2012).	
  Our	
  findings	
  add	
  further	
  evidence	
  for	
  the	
  importance	
  of	
  the	
  240	
  

hydrolysis	
  reaction	
  in	
  particle	
  phase	
  chemistry	
  and	
  helps	
  provide	
  an	
  explanation	
  for	
  the	
  decrease	
  in	
  

organic	
  nitrogen-­‐containing	
  species	
  observed	
  at	
  high	
  ambient	
  RH	
  in	
  a	
  recent	
  field	
  study	
  (Day	
  et	
  al.,	
  

2010).	
  The	
  decrease	
  in	
  organic	
  nitrate	
  yields	
  with	
  humidity	
  was	
  observed	
  with	
  all	
  three	
  types	
  of	
  seed	
  

aerosol	
  experiment	
  sets.	
  	
  

A	
  reaction	
  mechanism	
  for	
  the	
  proposed	
  condensed	
  phase	
  hydrolysis	
  of	
  an	
  α-­‐pinene-­‐derived	
  245	
  

nitrate	
  at	
  neutral	
  pH	
  is	
  shown	
  in	
  Scheme	
  2.	
  The	
  hydrolysis	
  mechanism	
  to	
  form	
  the	
  corresponding	
  

alcohol	
  likely	
  proceeds	
  via	
  unimolecular	
  nucleophilic	
  substitution	
  (SN1)	
  rather	
  than	
  bimolecular	
  

nucleophilic	
  substitution	
  (SN2)	
  as	
  suggested	
  previously	
  (Darer	
  et	
  al.,	
  2011).	
  Instead	
  of	
  occurring	
  in	
  a	
  

single	
  step	
  initiated	
  by	
  nucleophilic	
  attack,	
  the	
  SN1	
  mechanism	
  occurs	
  in	
  two	
  separate	
  steps	
  where	
  first	
  

the	
  leaving	
  group,	
  in	
  this	
  case	
  the	
  nitrate	
  anion,	
  detaches	
  from	
  the	
  molecule	
  to	
  form	
  a	
  carbocation,	
  250	
  

which	
  is	
  followed	
  by	
  the	
  attachment	
  of	
  the	
  nucleophile,	
  in	
  this	
  case	
  water,	
  at	
  the	
  available	
  site.	
  As	
  water	
  

is	
  a	
  weak	
  nucleophile,	
  it	
  is	
  more	
  likely	
  that	
  it	
  will	
  attach	
  to	
  an	
  available	
  carbocation	
  rather	
  than	
  attack	
  a	
  

carbon	
  center	
  carrying	
  a	
  weakly	
  induced	
  dipole.	
  Previous	
  laboratory	
  studies	
  indicate	
  that	
  tertiary	
  

organic	
  nitrates	
  are	
  much	
  more	
  susceptible	
  to	
  hydrolysis	
  than	
  similar	
  primary	
  species	
  (Darer	
  et	
  al.,	
  

2011).	
  This	
  phenomenon	
  is	
  consistent	
  with	
  the	
  SN1	
  mechanism	
  as	
  the	
  steric	
  hindrance	
  of	
  tertiary	
  organic	
  255	
  

compounds	
  makes	
  it	
  difficult	
  for	
  an	
  SN2	
  transition	
  state	
  to	
  exist.	
  Also,	
  the	
  carbocation	
  intermediates	
  

formed	
  from	
  tertiary	
  organics	
  are	
  much	
  more	
  stable	
  than	
  their	
  primary	
  counterparts,	
  allowing	
  for	
  much	
  

faster	
  SN1	
  reaction	
  rates.	
  As	
  the	
  major	
  organic	
  nitrate	
  products	
  produced	
  from	
  this	
  oxidation	
  pathway	
  

are	
  expected	
  to	
  be	
  both	
  tertiary	
  and	
  secondary	
  (Scheme	
  3),	
  partitioning	
  to	
  and	
  hydrolysis	
  in	
  the	
  particle	
  

phase	
  is	
  a	
  feasible	
  explanation	
  for	
  decreased	
  organic	
  nitrate	
  yields	
  as	
  a	
  function	
  of	
  chamber	
  humidity.	
  260	
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Unfortunately,	
  standards	
  are	
  unavailable	
  for	
  the	
  expected	
  organic	
  nitrate	
  products	
  and	
  the	
  applicable	
  

aqueous	
  phase	
  lifetimes	
  are	
  currently	
  unknown.	
  The	
  reported	
  lifetimes	
  for	
  tertiary	
  β-­‐hydroxy-­‐organic	
  

nitrates	
  in	
  the	
  aqueous	
  phase	
  are	
  less	
  than	
  one	
  hour	
  (Darer	
  et	
  al.,	
  2011),	
  which	
  would	
  fall	
  within	
  the	
  

experimental	
  timescale.	
  However,	
  a	
  recent	
  chamber	
  study	
  investigating	
  the	
  hydrolysis	
  of	
  

trimethylbenzene-­‐derived	
  organic	
  nitrate	
  compounds,	
  which	
  were	
  predicted	
  to	
  be	
  primarily	
  tertiary	
  265	
  

organic	
  nitrates,	
  reported	
  a	
  particle	
  phase	
  lifetime	
  of	
  ~6	
  hours	
  (Liu	
  et	
  al.,	
  2012).	
  	
  

	
   Further	
  evidence	
  to	
  support	
  organic	
  nitrate	
  hydrolysis	
  via	
  the	
  SN1	
  mechanism	
  is	
  shown	
  by	
  the	
  

difference	
  in	
  organic	
  nitrate	
  yields	
  between	
  the	
  neutral	
  and	
  the	
  acidic	
  seed	
  aerosol	
  experiments	
  as	
  

chamber	
  RH	
  was	
  increased.	
  The	
  particle	
  phase	
  organic	
  nitrate	
  yields	
  in	
  the	
  acidic	
  seed	
  case	
  decreases	
  

much	
  more	
  rapidly	
  than	
  the	
  neutral	
  seed	
  case	
  (see	
  Fig.	
  3	
  for	
  the	
  total	
  yields),	
  falling	
  to	
  nearly	
  0%	
  at	
  high	
  270	
  

RH	
  (Fig.	
  6b),	
  while	
  the	
  particle	
  organic	
  nitrate	
  yields	
  only	
  dropped	
  to	
  ~4%	
  in	
  the	
  neutral	
  seed	
  

experiments	
  at	
  similar	
  relative	
  humidity.	
  The	
  gas	
  phase	
  yields	
  were	
  not	
  dependent	
  on	
  seed	
  aerosol	
  

composition.	
  The	
  dependence	
  of	
  the	
  organic	
  nitrate	
  yield	
  on	
  both	
  chamber	
  water	
  content	
  and	
  seed	
  

aerosol	
  acidity	
  supports	
  the	
  proposed	
  mechanism	
  as	
  organic	
  nitrate	
  hydrolysis	
  rates	
  are	
  known	
  to	
  

increase	
  with	
  solution	
  acidity	
  (Hu	
  et	
  al.,	
  2011),	
  providing	
  evidence	
  that	
  reactions	
  that	
  eliminate	
  the	
  275	
  

RONO2	
  functionality,	
  such	
  as	
  hydrolysis,	
  are	
  acid-­‐catalyzed.	
  Additionally,	
  the	
  aqueous	
  acidic	
  conditions	
  

in	
  this	
  study	
  provide	
  a	
  polar	
  protic	
  solvent	
  system	
  which	
  favors	
  SN1	
  and	
  E1	
  mechanisms	
  by	
  allowing	
  for	
  

increased	
  stabilization	
  of	
  the	
  transition	
  state	
  and	
  better	
  solvation	
  of	
  the	
  leaving	
  group,	
  leading	
  to	
  an	
  

increase	
  in	
  both	
  carbocation	
  formation	
  and	
  product	
  creation.	
  Since	
  the	
  formation	
  of	
  the	
  carbocation	
  is	
  

the	
  rate	
  determining	
  step	
  of	
  this	
  reaction,	
  the	
  hydrolysis	
  mechanism	
  should	
  be	
  a	
  first	
  order	
  process,	
  280	
  

consistent	
  with	
  previously	
  reported	
  data	
  (Hu	
  et	
  al.,	
  2001).	
  

	
   In	
  the	
  case	
  of	
  the	
  unseeded	
  aerosol	
  experiments,	
  the	
  total	
  organic	
  nitrate	
  yield	
  showed	
  a	
  similar	
  

trend	
  as	
  the	
  seeded	
  aerosol	
  experiments	
  when	
  RH	
  was	
  increased	
  (Fig.	
  4).	
  If	
  the	
  degree	
  of	
  organic	
  nitrate	
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hydrolysis	
  within	
  the	
  timescale	
  of	
  these	
  experiments	
  is	
  related	
  to	
  particle	
  acidity,	
  the	
  behavior	
  of	
  the	
  

unseeded	
  variable	
  yield	
  plot	
  must	
  be	
  influenced	
  by	
  the	
  uptake	
  of	
  HNO3	
  to	
  the	
  particle	
  phase,	
  produced	
  285	
  

either	
  in	
  the	
  gas	
  phase	
  (Reaction	
  6)	
  or	
  at	
  the	
  surface	
  (Atkinson	
  et	
  al.,	
  1976;	
  Murdachaew	
  et	
  al.,	
  2013).	
  

OH	
  +	
  NO2	
  à	
  HNO3	
   	
   	
   	
   	
   Reaction	
  6	
  

	
  

3.1.3	
  	
  Gas-­‐particle	
  partitioning	
  of	
  monoterpene-­‐derived	
  organic	
  nitrates	
  

	
   Using	
  denuder-­‐based	
  filter	
  sampling	
  allowed	
  for	
  separate	
  analysis	
  of	
  both	
  the	
  gas	
  and	
  particle	
  290	
  

phase	
  products.	
  Figure	
  6	
  indicates	
  that	
  for	
  the	
  high	
  aerosol	
  loadings	
  in	
  these	
  experiments,	
  much	
  of	
  the	
  

organic	
  nitrate	
  mass	
  is	
  in	
  the	
  particle	
  phase.	
  The	
  Fi/Ai	
  ratio	
  of	
  organic	
  nitrates	
  in	
  the	
  system,	
  where	
  Fi	
  

and	
  Ai	
  are	
  the	
  particle	
  and	
  gas	
  phase	
  concentrations,	
  respectively,	
  was	
  greater	
  than	
  1.0	
  for	
  all	
  seed	
  

aerosol	
  systems	
  when	
  averaged	
  over	
  the	
  low	
  humidity	
  range	
  (0-­‐20%	
  RH).	
  At	
  elevated	
  RH,	
  only	
  the	
  acidic	
  

seed	
  aerosol	
  case	
  revealed	
  Fi/Ai	
  ratios	
  below	
  1.0,	
  as	
  shown	
  in	
  Fig.	
  6a.	
  This	
  is	
  consistent	
  with	
  more	
  facile	
  295	
  

consumption	
  of	
  the	
  organic	
  nitrate	
  in	
  the	
  particle	
  phase	
  under	
  acidic	
  conditions,	
  as	
  shown	
  in	
  Fig.	
  6b.	
  

This	
  phenomenon	
  is	
  likely	
  the	
  result	
  of	
  an	
  acid-­‐induced	
  increase	
  in	
  the	
  rate	
  of	
  hydrolysis	
  in	
  the	
  particle	
  

phase	
  to	
  a	
  rate	
  that	
  out-­‐competes	
  uptake	
  of	
  gas	
  phase	
  organic	
  nitrates	
  into	
  the	
  aerosol	
  phase.	
  To	
  

estimate	
  an	
  upper	
  limit	
  for	
  the	
  rate	
  of	
  RONO2	
  loss	
  in	
  our	
  system	
  via	
  particle	
  phase	
  hydrolysis,	
  the	
  uptake	
  

rate	
  (Rin)	
  of	
  organic	
  nitrates	
  was	
  calculated	
  using	
  Eq.	
  (1)	
  described	
  by	
  Jacob	
  (2000),	
  where	
  r	
  is	
  the	
  radius	
  300	
  

of	
  the	
  particle,	
  Dg	
  is	
  the	
  gas-­‐phase	
  molecular	
  diffusion	
  coefficient,	
  v	
  is	
  the	
  mean	
  molecular	
  speed,	
  α	
  is	
  

the	
  RONO2	
  mass	
  accommodation	
  coefficient,	
  A	
  is	
  the	
  aerosol	
  surface	
  area	
  per	
  unit	
  volume	
  of	
  air,	
  and	
  N’	
  

is	
  the	
  gas	
  phase	
  RONO2	
  concentration.	
  Assuming	
  a	
  mass	
  accommodation	
  factor	
  (α)	
  similar	
  to	
  that	
  for	
  2-­‐

nitrophenol,	
  0.012	
  (Muller	
  and	
  Heal,	
  2002),	
  a	
  Dg	
  of	
  0.2	
  cm2/s	
  (Jacob,	
  2000),	
  and	
  a	
  calculated	
  v	
  of	
  

1.72x104	
  cm/s,	
  the	
  estimated	
  timescale	
  for	
  uptake	
  into	
  the	
  aerosol	
  phase,	
  τuptake	
  (Rin/N’),	
  was	
  calculated	
  305	
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to	
  be	
  194s.	
  That	
  value,	
  the	
  lower	
  limit	
  timescale	
  for	
  the	
  loss	
  of	
  RONO2	
  in	
  our	
  system	
  after	
  partitioning	
  to	
  

the	
  particle	
  phase,	
  is	
  much	
  shorter	
  than	
  the	
  total	
  experimental	
  and	
  sampling	
  timescale	
  of	
  ~2.5	
  hours.	
  

	
   	
   	
   	
  	
  	
   	
   	
   	
   	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (1)	
  

	
   To	
  further	
  examine	
  the	
  partitioning	
  of	
  the	
  organic	
  nitrates	
  as	
  a	
  function	
  of	
  aerosol	
  type	
  and	
  

humidity,	
  partition	
  coefficients	
  were	
  calculated	
  based	
  on	
  Pankow	
  (1994),	
  which	
  assumes	
  a	
  reversible	
  310	
  

gas-­‐particle	
  partitioning	
  process	
  involving	
  solubilization	
  of	
  the	
  gas	
  phase	
  component	
  throughout	
  the	
  

particle	
  (Eq.	
  2).	
  Plotting	
  the	
  Fi/Ai	
  ratio	
  against	
  the	
  total	
  aerosol	
  mass	
  concentration	
  (M)	
  should	
  yield	
  a	
  

slope	
  equal	
  to	
  the	
  partition	
  coefficient	
  (Kp)	
  for	
  a	
  system	
  in	
  equilibrium.	
  The	
  resulting	
  plot	
  is	
  highly	
  

scattered	
  and	
  does	
  not	
  show	
  such	
  a	
  relationship,	
  implying	
  that	
  partitioning	
  is	
  highly	
  variable	
  in	
  the	
  

system	
  (or	
  that	
  Fi/Ai	
  	
  is	
  dependent	
  on	
  variables	
  other	
  than	
  M)	
  and	
  cannot	
  be	
  explained	
  by	
  a	
  simple	
  gas-­‐315	
  

particle	
  equilibrium	
  partitioning	
  model.	
  Instead,	
  it	
  is	
  likely	
  organic	
  nitrate	
  products	
  are	
  partitioning	
  into	
  

the	
  aerosol	
  phase	
  and	
  are	
  either	
  consumed	
  or	
  converted	
  to	
  an	
  organic	
  nitrate	
  product	
  with	
  a	
  different	
  

volatility	
  before	
  a	
  gas-­‐particle	
  equilibrium	
  can	
  be	
  reached,	
  leading	
  to	
  an	
  apparent	
  non-­‐equilibrium	
  

partitioning	
  system.	
  

	
   	
   	
   	
   	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (2)	
  320	
  

Support	
  of	
  an	
  apparent	
  non-­‐equilibrium	
  partitioning	
  system	
  can	
  be	
  seen	
  by	
  examining	
  the	
  

decrease	
  in	
  both	
  the	
  gas	
  and	
  particle	
  organic	
  nitrate	
  yields	
  as	
  a	
  function	
  of	
  RH	
  in	
  the	
  acidic	
  seed	
  aerosol	
  

case.	
  Particle	
  phase	
  organic	
  nitrate	
  yields	
  decreased	
  to	
  ~0%	
  at	
  high	
  humidity	
  (>60%	
  RH)	
  while	
  the	
  

apparent	
  gas	
  phase	
  yields	
  decreased	
  to	
  ~6%	
  (Fig.	
  6b).	
  	
  Calculated	
  partition	
  coefficients	
  are	
  shown	
  in	
  Fig.	
  

7.	
  We	
  note	
  that	
  at	
  high	
  humidity,	
  the	
  decrease	
  in	
  apparent	
  Kp	
  is	
  greater	
  than	
  implied	
  by	
  the	
  data	
  shown	
  325	
  

in	
  Fig.	
  7,	
  because	
  for	
  elevated	
  chamber	
  RH	
  (see	
  Fig.	
  6),	
  the	
  aerosol	
  phase	
  RONO2	
  concentration	
  was	
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below	
  the	
  detection	
  limit,	
  and	
  these	
  cases	
  are	
  not	
  plotted.	
  The	
  decrease	
  in	
  apparent	
  particle	
  phase	
  

organic	
  nitrate	
  yields	
  can	
  be	
  explained	
  by	
  hydrolysis	
  in	
  the	
  aerosol	
  phase,	
  where	
  the	
  consumption	
  of	
  

organic	
  nitrates	
  perturbs	
  the	
  equilibrium	
  of	
  the	
  system,	
  causing	
  further	
  partitioning	
  of	
  gas	
  phase	
  organic	
  

nitrates	
  into	
  the	
  particle	
  phase,	
  followed	
  by	
  subsequent	
  hydrolysis,	
  lowering	
  the	
  apparent	
  yields	
  for	
  330	
  

both	
  phases,	
  as	
  shown	
  in	
  Fig.	
  6b.	
  The	
  calculated	
  partition	
  coefficients	
  were	
  larger	
  at	
  low	
  RH	
  than	
  at	
  high	
  

RH	
  for	
  both	
  the	
  neutral	
  and	
  acidic	
  seed	
  cases	
  (Fig.	
  7).	
  We	
  note	
  that	
  the	
  condensed	
  phase	
  chemical	
  

reaction	
  of	
  organic	
  nitrates	
  to	
  form	
  less	
  volatile	
  species	
  within	
  aerosols	
  also	
  is	
  likely	
  to	
  contribute	
  to	
  the	
  

observed	
  apparent	
  non-­‐equilibrium	
  partitioning.	
  	
  

Another	
  factor	
  that	
  may	
  contribute	
  to	
  the	
  observed	
  partitioning	
  is	
  the	
  physical	
  property	
  of	
  the	
  335	
  

aerosol	
  particle.	
  Recent	
  work	
  has	
  shown	
  that	
  particles	
  can	
  range	
  from	
  “hard”	
  and	
  viscous	
  at	
  low	
  

humidity	
  to	
  much	
  “softer”	
  at	
  higher	
  RH	
  where	
  water	
  uptake	
  occurs	
  much	
  more	
  readily	
  (Shiraiwa	
  et	
  al.,	
  

2012;	
  Virtanen	
  et	
  al.,	
  2010;	
  You	
  et	
  al.,	
  2012).	
  A	
  previous	
  organic	
  nitrate	
  partitioning	
  study	
  attributed	
  an	
  

observed	
  apparent	
  non-­‐equilibrium	
  system	
  to	
  such	
  effects	
  while	
  at	
  very	
  low	
  RH	
  (Perraud	
  et	
  al.,	
  2012).	
  

Thus,	
  at	
  low	
  RH,	
  the	
  particles	
  may	
  have	
  a	
  high	
  viscosity,	
  limiting	
  uptake	
  into	
  the	
  bulk	
  particle	
  and	
  340	
  

contrasting	
  the	
  Pankow	
  model.	
  At	
  high	
  RH	
  the	
  viscosity	
  may	
  be	
  lower	
  due	
  to	
  higher	
  liquid	
  water	
  content	
  

and	
  solvation	
  of	
  the	
  particle	
  phase	
  oxidation	
  products,	
  which	
  may	
  lead	
  to	
  an	
  increase	
  in	
  polar	
  solute	
  

dissolution	
  within	
  the	
  particle	
  and	
  hydrolysis	
  chemistry.	
  Thus,	
  there	
  can	
  be	
  multiple	
  variables	
  that	
  affect	
  

partitioning	
  as	
  a	
  function	
  of	
  RH.	
  	
  

Under	
  typical	
  tropospheric	
  conditions,	
  hydrolysis	
  will	
  likely	
  be	
  important	
  as	
  relative	
  humidity	
  is	
  345	
  

most	
  often	
  above	
  the	
  range	
  where	
  this	
  study	
  began	
  to	
  observe	
  RONO2	
  hydrolysis	
  (0-­‐10%	
  RH),	
  meaning	
  

that	
  water	
  interaction	
  with	
  SOA	
  particles	
  may	
  occur	
  even	
  at	
  very	
  low	
  RH	
  and	
  that	
  multiple	
  physical	
  and	
  

chemical	
  processes	
  affect	
  how	
  low	
  volatility	
  organic	
  nitrates,	
  such	
  as	
  those	
  derived	
  from	
  monoterpene	
  

oxidation,	
  partition	
  between	
  the	
  gas	
  and	
  aerosol	
  phases.	
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3.1.4	
  	
  Hydrolysis	
  product	
  identification	
  350	
  

Despite	
  the	
  evidence	
  for	
  particle	
  phase	
  organic	
  nitrate	
  hydrolysis,	
  the	
  formation	
  pathway	
  of	
  α-­‐

pinene-­‐derived	
  nitrates	
  and	
  the	
  mechanisms	
  that	
  govern	
  their	
  fate	
  still	
  remain	
  uncertain	
  due	
  to	
  the	
  lack	
  

of	
  standards	
  for	
  specific	
  reaction	
  products	
  in	
  both	
  the	
  gas	
  and	
  aerosol	
  phases.	
  A	
  likely	
  product	
  of	
  the	
  

hydrolysis	
  of	
  the	
  α,β-­‐hydroxy-­‐organic	
  nitrates	
  derived	
  from	
  α-­‐pinene,	
  pinanediol	
  (Scheme	
  2),	
  was	
  not	
  

observed	
  in	
  any	
  denuder	
  or	
  filter	
  extracts	
  using	
  GC-­‐MS	
  and	
  a	
  commercially	
  available	
  standard	
  (Sigma	
  355	
  

Aldrich,	
  Inc.).	
  	
  

One	
  explanation	
  for	
  the	
  lack	
  of	
  observed	
  pinanediol	
  is	
  that	
  rearrangement	
  can	
  occur	
  in	
  a	
  

reaction	
  intermediate.	
  As	
  outlined	
  by	
  Peeters	
  et	
  al.	
  (2001)	
  and	
  shown	
  in	
  Scheme	
  3,	
  radical	
  

rearrangement	
  can	
  occur	
  after	
  the	
  addition	
  of	
  the	
  hydroxyl	
  radical	
  across	
  the	
  double	
  bond	
  of	
  α-­‐pinene,	
  

leading	
  to	
  different	
  organic	
  nitrate	
  isomers	
  than	
  those	
  expected	
  to	
  be	
  precursors	
  for	
  α,β-­‐pinanediol.	
  A	
  360	
  

similar	
  rearrangement	
  can	
  occur	
  during	
  hydrolysis	
  after	
  the	
  nitrate	
  leaving	
  group	
  detaches	
  from	
  the	
  

organic	
  nitrate	
  to	
  form	
  the	
  carbocation	
  intermediate	
  through	
  the	
  SN1	
  mechanism.	
  Both	
  rearrangement	
  

pathways	
  would	
  lead	
  to	
  other	
  C5H12O2	
  isomers	
  (or	
  other)	
  products	
  than	
  pinanediol.	
  One	
  such	
  isomer	
  is	
  

trans-­‐sobrerol,	
  which	
  has	
  been	
  identified	
  as	
  a	
  ring-­‐opening	
  hydrolysis	
  product	
  of	
  α-­‐pinene	
  oxide	
  by	
  

Bleier	
  and	
  Elrod	
  (2013)	
  and	
  is	
  also	
  a	
  likely	
  product	
  of	
  the	
  chemistry	
  described	
  in	
  this	
  study	
  (the	
  organic	
  365	
  

nitrate	
  analog	
  of	
  trans-­‐sobrerol	
  is	
  shown	
  in	
  Scheme	
  3).	
  While	
  trans-­‐sobrerol	
  was	
  not	
  observed	
  in	
  any	
  

filter	
  samples,	
  it	
  was	
  observed	
  as	
  a	
  very	
  minor	
  product	
  in	
  denuder	
  extracts.	
  This	
  is	
  likely	
  due	
  to	
  the	
  

partitioning	
  of	
  trans-­‐sobrerol	
  back	
  into	
  the	
  gas	
  phase	
  after	
  particle	
  phase	
  production.	
  Bleier	
  and	
  Elrod	
  

(2013)	
  report	
  that	
  trans-­‐sobrerol	
  can	
  have	
  further	
  reactivity	
  under	
  acidic	
  conditions,	
  thus,	
  particle	
  phase	
  

chemical	
  processing	
  is	
  likely	
  a	
  major	
  reason	
  why	
  trans-­‐sobrerol	
  was	
  not	
  detected	
  in	
  filter	
  extracts.	
  370	
  

Additionally,	
  it	
  is	
  possible	
  for	
  other	
  chemical	
  mechanisms	
  to	
  govern	
  the	
  fate	
  of	
  organic	
  nitrate	
  species	
  in	
  

the	
  condensed	
  phase,	
  such	
  as	
  elimination	
  to	
  form	
  an	
  olefinic	
  product,	
  or	
  cleavage	
  of	
  the	
  O-­‐N	
  bond	
  to	
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create	
  a	
  carbonyl	
  compound	
  (Baker	
  and	
  Easty,	
  1950).	
  However,	
  since	
  these	
  alternative	
  scenarios	
  involve	
  

either	
  α-­‐	
  or	
  β-­‐hydrogen	
  abstraction,	
  they	
  may	
  not	
  be	
  strong	
  candidates	
  for	
  the	
  consumption	
  of	
  tertiary	
  

organic	
  nitrates	
  under	
  acidic	
  conditions.	
  Nonetheless,	
  when	
  considering	
  the	
  fate	
  of	
  tertiary	
  organic	
  375	
  

nitrates,	
  the	
  E1	
  elimination	
  mechanism	
  via	
  β-­‐hydrogen	
  abstraction	
  will	
  be	
  in	
  direct	
  competition	
  with	
  the	
  

SN1	
  mechanism,	
  the	
  importance	
  of	
  which	
  should	
  be	
  explored	
  (Scheme	
  5).	
  Further	
  investigation	
  into	
  the	
  

organic	
  nitrate	
  hydrolysis	
  mechanism	
  at	
  low	
  pH	
  is	
  needed.	
  	
  

Another	
  explanation	
  relates	
  to	
  the	
  degree	
  of	
  reactivity	
  that	
  exists	
  in	
  the	
  particle	
  phase.	
  For	
  

instance,	
  both	
  pinanediol	
  and	
  trans-­‐sobrerol	
  could	
  undergo	
  further	
  reactions,	
  such	
  as	
  oligomerization,	
  380	
  

sulfate	
  esterification,	
  substitution	
  or	
  elimination	
  mechanisms	
  to	
  produce	
  new	
  products.	
  Example	
  

reactions	
  for	
  pinanediol	
  are	
  shown	
  in	
  Scheme	
  4.	
  Of	
  the	
  products	
  shown	
  in	
  Scheme	
  4,	
  both	
  the	
  

organosulfate	
  product	
  (Surratt	
  et	
  al.,	
  2008;	
  Eddingsaas	
  et	
  al.,	
  2012)	
  and	
  keto-­‐enol	
  tautomerization	
  

product	
  (Iinuma	
  et	
  al.,	
  2013)	
  have	
  been	
  previously	
  observed.	
  The	
  proposed	
  dimer	
  resulting	
  from	
  Fischer	
  

esterification	
  has	
  not	
  been	
  identified	
  to	
  date.	
  Additionally,	
  recent	
  literature	
  has	
  shown	
  that	
  pinanediol	
  385	
  

can	
  undergo	
  extensive	
  oxidation	
  in	
  nucleation	
  events	
  to	
  form	
  both	
  highly	
  oxidized	
  dimers	
  as	
  well	
  as	
  C10-­‐

compounds	
  with	
  O:C	
  ratios	
  as	
  high	
  as	
  1:1	
  (Schobesberger	
  et	
  al.,	
  2013).	
  Also	
  of	
  note,	
  recent	
  literature	
  by	
  

Rollins	
  et	
  al.	
  (2012)	
  suggests	
  that	
  multigenerational	
  organic	
  nitrates	
  are	
  responsible	
  for	
  SOA	
  formation,	
  

meaning	
  that	
  at	
  least	
  some	
  of	
  the	
  aerosol	
  phase	
  organic	
  nitrates	
  measured	
  in	
  this	
  study	
  may	
  be	
  more	
  

complex	
  oxidation	
  products	
  than	
  those	
  originally	
  created	
  from	
  the	
  reaction	
  of	
  NO	
  with	
  the	
  first	
  390	
  

generation	
  peroxy	
  radicals	
  (Reaction	
  3a).	
  	
  

The	
  lack	
  of	
  detected	
  particle	
  phase	
  pinanediol	
  and	
  trans-­‐sobrerol	
  in	
  this	
  study	
  highlights	
  the	
  

need	
  for	
  further	
  study	
  of	
  the	
  condensed	
  phase	
  chemistry	
  of	
  monoterpene	
  oxidation	
  products.	
  The	
  

application	
  of	
  new	
  analytical	
  techniques	
  and/or	
  authentic	
  standards	
  is	
  needed	
  to	
  elucidate	
  the	
  chemical	
  

mechanisms	
  of	
  organic	
  nitrate	
  formation	
  and	
  fate	
  in	
  the	
  condensed	
  phase.	
  395	
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3.2	
  	
  Atmospheric	
  implications	
  

	
   The	
  high	
  degree	
  of	
  organic	
  nitrate	
  partitioning	
  and	
  hydrolysis	
  in	
  the	
  particle	
  phase,	
  even	
  under	
  

low	
  RH	
  conditions,	
  may	
  have	
  an	
  important	
  impact	
  on	
  NOx,	
  O3,	
  and	
  regional	
  air	
  quality.	
  Organic	
  nitrates	
  

are	
  an	
  important	
  sink	
  for	
  gas	
  phase	
  NOx;	
  however,	
  further	
  reactions,	
  such	
  as	
  oxidation	
  or	
  photolysis	
  in	
  

either	
  the	
  gas	
  or	
  particle	
  phase,	
  may	
  release	
  NOx	
  back	
  into	
  the	
  gas	
  phase,	
  leading	
  to	
  an	
  effectively	
  400	
  

longer	
  NOx	
  lifetime.	
  The	
  transformation	
  of	
  organic	
  nitrates	
  to	
  the	
  analogous	
  alcohol	
  within	
  the	
  aerosol	
  

will	
  convert	
  the	
  nitrooxy	
  group	
  in	
  the	
  organic	
  nitrate	
  to	
  the	
  nitrate	
  ion,	
  which	
  will	
  remain	
  relatively	
  

longer	
  (depending	
  on	
  pH)	
  in	
  the	
  particle	
  phase	
  due	
  to	
  its	
  lower	
  reactivity.	
  For	
  instance,	
  organic	
  nitrate	
  

photolysis	
  rates	
  are	
  at	
  least	
  a	
  couple	
  orders	
  of	
  magnitude	
  faster	
  than	
  those	
  for	
  the	
  nitrate	
  ion	
  (Suarez-­‐

Bertoa	
  et	
  al.,	
  2012;Zafiriou	
  and	
  True,	
  1979;Galbavy	
  et	
  al.,	
  2007).	
  This	
  production	
  of	
  the	
  nitrate	
  ion	
  would	
  405	
  

eliminate	
  the	
  possibility	
  for	
  further	
  oxidation	
  of	
  organic	
  nitrates	
  and	
  the	
  release	
  of	
  NOx.	
  Thus,	
  deposition	
  

of	
  the	
  nitrate	
  ion	
  would	
  be	
  the	
  main	
  pathway	
  of	
  α-­‐pinene-­‐derived	
  nitrate	
  removal	
  from	
  the	
  atmosphere,	
  

and	
  the	
  relatively	
  large	
  organic	
  nitrate	
  yield	
  from	
  a	
  monoterpene	
  reported	
  here	
  (26±7%),	
  along	
  with	
  fast	
  

hydrolysis	
  in	
  the	
  aerosol	
  phase,	
  likely	
  makes	
  organic	
  nitrate	
  production	
  in	
  coniferous	
  forests	
  an	
  

important	
  sink	
  for	
  NOx,	
  limiting	
  ozone	
  production.	
  The	
  organic	
  nitrate	
  yield	
  values,	
  partition	
  coefficients,	
  410	
  

and	
  hydrolysis	
  rate	
  constants	
  would	
  then	
  be	
  important	
  components	
  needed	
  to	
  assess	
  NOx	
  sequestration	
  

and	
  nitrogen	
  deposition.	
  	
  

	
  

4	
  	
  Conclusion	
  

	
   The	
  organic	
  nitrate	
  yield	
  from	
  the	
  OH	
  radical	
  initiated	
  oxidation	
  of	
  α-­‐pinene	
  in	
  the	
  presence	
  of	
  415	
  

nitric	
  oxide	
  (NO)	
  was	
  found	
  to	
  be	
  26±7%.	
  The	
  concentration	
  of	
  organic	
  nitrates	
  present	
  after	
  interaction	
  

with	
  particles	
  was	
  found	
  to	
  be	
  highly	
  dependent	
  on	
  relative	
  humidity	
  and	
  seed	
  aerosol	
  acidity	
  for	
  both	
  

the	
  gas	
  and	
  particle	
  phase	
  products.	
  High	
  relative	
  humidity	
  may	
  create	
  well-­‐mixed,	
  liquid-­‐like	
  particles	
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where	
  partitioning	
  readily	
  occurs,	
  followed	
  by	
  the	
  hydrolysis	
  of	
  organic	
  nitrate	
  species,	
  continued	
  

partitioning	
  and	
  elimination	
  of	
  such	
  species,	
  and	
  an	
  observed	
  apparent	
  non-­‐equilibrium	
  gas-­‐particle	
  420	
  

partitioning	
  system.	
  The	
  greater	
  liquid-­‐like	
  character	
  at	
  high	
  RH	
  would	
  likely	
  lead	
  to	
  greater	
  uptake	
  of	
  

more	
  oxidized	
  and	
  polar	
  products,	
  changing	
  the	
  composition	
  of	
  the	
  aerosol.	
  An	
  increase	
  in	
  seed	
  aerosol	
  

acidity	
  also	
  led	
  to	
  decreased	
  observed	
  organic	
  nitrate	
  yields	
  at	
  elevated	
  RH,	
  supporting	
  previous	
  

observations	
  that	
  the	
  hydrolysis	
  mechanism	
  is	
  acid-­‐catalyzed.	
  The	
  consumption	
  of	
  organic	
  nitrates	
  in	
  the	
  

particle	
  phase	
  by	
  hydrolysis	
  perturbs	
  the	
  gas/particle	
  equilibrium	
  of	
  the	
  system,	
  allowing	
  for	
  increased	
  425	
  

partitioning	
  into	
  the	
  particle	
  phase,	
  hydrolysis,	
  and	
  a	
  decrease	
  in	
  both	
  the	
  determined	
  gas	
  and	
  particle	
  

phase	
  organic	
  nitrate	
  yields.	
  This	
  mechanism	
  is	
  also	
  responsible	
  for	
  the	
  greater	
  apparent	
  partition	
  

coefficients	
  of	
  organic	
  nitrate	
  species	
  at	
  low	
  RH	
  where	
  particle	
  phase	
  hydrolysis	
  may	
  not	
  occur	
  as	
  

readily.	
  However,	
  hydrolysis	
  alone	
  may	
  not	
  account	
  for	
  all	
  the	
  variability	
  in	
  the	
  observed	
  Kp	
  values	
  due	
  

to	
  low	
  correlation	
  with	
  chamber	
  RH	
  (Fig.	
  7),	
  and	
  so	
  other	
  condensed	
  phase	
  reactions	
  that	
  have	
  impact	
  430	
  

on	
  the	
  RONO2	
  functional	
  group	
  may	
  also	
  be	
  important.	
  Since	
  this	
  study	
  observed	
  a	
  large	
  yield	
  of	
  organic	
  

nitrate	
  formation	
  from	
  α-­‐pinene,	
  and	
  a	
  sharp	
  decrease	
  in	
  total	
  organic	
  nitrate	
  yields	
  with	
  increasing	
  RH,	
  

starting	
  at	
  low	
  chamber	
  RH,	
  the	
  partitioning	
  of	
  relatively	
  soluble	
  α,β-­‐hydroxy-­‐organic	
  nitrates	
  into	
  the	
  

particle	
  phase	
  may	
  be	
  an	
  important	
  sink	
  for	
  gas	
  phase	
  NOx	
  in	
  forest	
  environments,	
  as	
  the	
  formation	
  of	
  

the	
  more	
  stable	
  alcohol	
  and	
  less	
  reactive	
  nitrate	
  ion	
  is	
  expected	
  to	
  readily	
  occur	
  via	
  hydrolysis.	
  	
  435	
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Table	
  1.	
  Summary	
  of	
  results	
  for	
  the	
  neutral	
  seed	
  [(NH4)2SO4]	
  and	
  acidic	
  seed	
  [MgSO4/H2SO4]	
  α-­‐pinene	
  
oxidation	
  experiments.	
  	
  The	
  Ai	
  and	
  Fi	
  parameters	
  correspond	
  to	
  the	
  concentration	
  of	
  RONO2	
  in	
  the	
  gas	
  
phase	
  and	
  particle	
  phase,	
  respectively.	
  All	
  concentrations	
  are	
  reported	
  in	
  ppb.	
  

Exp. Date Seed 
Aerosol RH (%) Δ α-Pinene 

(ppb) 
Ai 

(ppb) 
Fi 

(ppb) 
RONO2 Yield 

(%) 
6/23/2011 Neutral 34.1 655 25 121 22 

10/17/2011 Neutral 4.9 433 9.9 122 30 
10/24/2011 Neutral 18.9 587 30 150 31 
11/3/2011 Neutral 15.1 1257 129 100 18 

11/14/2011 Neutral 23.9 461 38 46 18 
11/16/2011 Neutral 5.6 104 7.1 23 29 
11/19/2011 Neutral 7.8 2026 203 334 26 
11/9/2012 Neutral 72.3 3455 110 152 7.6 

11/15/2012 Neutral 66.0 3146 65 95 5.1 
11/22/2012 Neutral 59.3 3485 104 302 12 
11/27/2012 Neutral 51.6 3957 122 377 13 
12/1/2012 Neutral 92.9 3021 56 126 6.0 

Exp. Date Seed 
Aerosol RH (%) Δ α-Pinene 

(ppb) 
Ai 

(ppb) 
Fi 

(ppb) 
RONO2 Yield 

(%) 
5/11/2012 Acidic 6.7 3339 482 368 25 
5/19/2012 Acidic 20.1 1166 108 181 25 
5/24/2012 Acidic 7.8 1922 225 174 21 
5/29/2012 Acidic 7.5 576 34 1.7 6.1 
6/7/2012 Acidic 4.9 3680 279 299 16 

6/12/2012 Acidic 4.0 3704 132 599 20 
6/16/2012 Acidic 3.7 2771 342 316 24 
6/24/2012 Acidic 7.8 556 5.2 68 13 
7/8/2012 Acidic 77.2 348 24 0.0 7.0 

7/11/2012 Acidic 78.0 2822 161 0.0 5.7 
7/15/2012 Acidic 75.5 1998 132 0.0 6.6 
7/22/2012 Acidic 75.5 922 97 0.0 11 
7/25/2012 Acidic 74.5 4136 188 16 4.9 
7/28/2012 Acidic 83.7 1573 95 0.0 6.0 
8/1/2012 Acidic 87.0 3147 117 0.0 3.7 
8/5/2012 Acidic 82.0 3480 212 0.0 6.1 
8/8/2012 Acidic 59.3 1876 126 0.0 6.7 

8/14/2012 Acidic 63.3 4341 135 51 4.3 
8/17/2012 Acidic 34.3 2963 198 26 7.5 
8/20/2012 Acidic 52.5 1948 33 47 4.1 
8/24/2012 Acidic 21.0 4843 219 106 6.7 
9/11/2012 Acidic 9.1 3340 275 33 9.2 
9/25/2012 Acidic 11.7 4178 128 590 17 
6/27/2013 Acidic 11.5 3870 77 451 14 
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Table	
  2.	
  Summary	
  of	
  results	
  for	
  the	
  unseeded	
  α-­‐pinene	
  oxidation	
  experiments.	
  	
  The	
  Ai	
  and	
  Fi	
  parameters	
  
correspond	
  to	
  the	
  concentration	
  of	
  RONO2	
  in	
  the	
  gas	
  phase	
  and	
  particle	
  phase,	
  respectively.	
  All	
  
concentrations	
  are	
  reported	
  in	
  ppb.	
  

Exp. Date Seed 
Aerosol RH (%) Δ α-Pinene 

(ppb) 
Ai 

(ppb) 
Fi 

(ppb) 
RONO2 Yield 

(%) 
1/24/2012 NONE 15.6 640 32 75 17 
2/1/2012 NONE 22.3 3648 55 166 6.1 
2/8/2012 NONE 9.4 1187 78 34 9.4 

2/13/2012 NONE 10.4 1294 74 129 16 
2/17/2012 NONE 9.7 2515 182 303 19.3 
2/28/2012 NONE 12.8 4212 218 198 9.9 
3/9/2012 NONE 18.3 155 23 12 23 

3/13/2012 NONE 9.6 2730 110 298 15 
3/22/2012 NONE 7.5 2217 132 266 18 
4/4/2012 NONE 14.4 4082 219 353 14 

4/17/2012 NONE 12.0 2505 126 398 21 
4/23/2012 NONE 9.2 4737 178 395 12 
5/3/2012 NONE 2.4 3652 186 131 8.7 

9/19/2012 NONE 8.6 3680 19 287 8.3 
9/27/2012 NONE 9.6 3749 115 173 7.7 

10/23/2012 NONE 54.2 3475 68 251 9.2 
11/2/2012 NONE 67.4 3152 78 391 15 
11/6/2012 NONE 86.3 4500 45 97 3.2 
1/9/2013 NONE 78.2 3472 50 191 6.9 

1/13/2013 NONE 41.9 4445 33 253 6.4 
1/16/2013 NONE 63.8 4445 52 272 7.3 
1/20/2013 NONE 34.1 3142 34 156 6.1 
1/24/2013 NONE 71.0 2311 47 129 7.6 
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Scheme	
  1.	
  An	
  example	
  mechanistic	
  pathway	
  for	
  the	
  hydroxyl	
  radical	
  initiated	
  oxidation	
  of	
  α-­‐pinene	
  in	
  
the	
  presence	
  of	
  NOx	
  and	
  subsequent	
  ozone	
  formation	
  pathway.	
  

	
  

	
  

Scheme	
  2.	
  The	
  condensed	
  phase	
  hydrolysis	
  mechanism	
  at	
  neutral	
  pH	
  of	
  a	
  proposed	
  α-­‐pinene-­‐derived	
  
organic	
  nitrate	
  to	
  form	
  the	
  corresponding	
  alcohol	
  product,	
  pinanediol.	
  This	
  SN1mechanism	
  is	
  in	
  
competition	
  with	
  the	
  E1	
  mechanism,	
  which	
  would	
  form	
  an	
  olefinic	
  elimination	
  product.	
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Scheme	
  3.	
  The	
  OH	
  radical	
  addition	
  to	
  α-­‐pinene,	
  the	
  possible	
  gas	
  phase	
  rearrangements	
  of	
  the	
  radicals	
  
formed,	
  and	
  the	
  four	
  organic	
  nitrates	
  isomers	
  produced	
  from	
  each	
  pathway.	
  The	
  proposed	
  chemistry	
  is	
  
based	
  on	
  Peeters	
  et	
  al.,	
  (2001).	
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Scheme	
  4.	
  Possible	
  condensed	
  phase	
  chemistry	
  of	
  the	
  expected	
  hydrolysis	
  product,	
  pinanediol.	
  Acid-­‐
catalyzed	
  reactions	
  forming	
  the	
  pinonic	
  acid	
  oligomerization	
  product	
  from	
  Fischer	
  esterification	
  (left)	
  
and	
  elimination	
  product	
  (middle)	
  are	
  shown.	
  The	
  elimination	
  product	
  (middle)	
  would	
  undergo	
  keto-­‐enol	
  
tautomerization	
  with	
  the	
  corresponding	
  ketone	
  compound.	
  Nucleophilic	
  substitution	
  with	
  the	
  bisulfate	
  
ion	
  is	
  also	
  shown	
  (right).	
  Both	
  the	
  organosulfate	
  product	
  (Surratt	
  et	
  al.,	
  2008;	
  Eddingsaas	
  et	
  al.,	
  2012)	
  
and	
  keto-­‐enol	
  tautomerization	
  product	
  (Iinuma	
  et	
  al.,	
  2013)	
  have	
  been	
  previously	
  observed.	
  

	
  

	
  

Scheme	
  5.	
  The	
  acid-­‐catalyzed	
  E1	
  elimination	
  mechanism	
  for	
  a	
  proposed	
  α-­‐pinene-­‐derived	
  organic	
  
nitrate	
  in	
  the	
  condensed	
  phase.	
  This	
  mechanism	
  is	
  in	
  direct	
  competition	
  with	
  the	
  SN1	
  mechanism.	
  The	
  
product	
  shown,	
  pinocamphone,	
  has	
  been	
  previously	
  identified	
  in	
  a	
  laboratory-­‐based	
  study	
  (Iinuma	
  et	
  
al.,	
  2013).	
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Fig.	
  1.	
  The	
  FT-­‐IR	
  spectra	
  of	
  a	
  filter	
  sample	
  extracted	
  in	
  C2Cl4	
  (red)	
  and	
  a	
  filter	
  blank	
  (blue).	
  The	
  peak	
  at	
  
~1640	
  cm-­‐1	
  corresponds	
  to	
  the	
  asymmetric	
  –NO2	
  stretch	
  of	
  organic	
  nitrates.	
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Fig.	
  2.	
  The	
  α-­‐pinene	
  and	
  aerosol	
  mass	
  concentrations	
  as	
  a	
  function	
  of	
  time	
  for	
  a	
  neutral	
  seed	
  
experiment.	
  The	
  open	
  circles	
  (○)	
  represent	
  α-­‐pinene	
  (ppb)	
  while	
  the	
  closed	
  circles	
  (●)	
  represent	
  the	
  
aerosol	
  mass	
  concentration	
  (μg/m3).	
  Initial	
  α-­‐pinene	
  and	
  seed	
  aerosol	
  concentrations	
  were	
  960	
  ppb	
  and	
  
110	
  μg/m3,	
  respectively.	
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Fig.	
  3.	
  The	
  total	
  organic	
  yield	
  as	
  a	
  function	
  of	
  chamber	
  relative	
  humidity	
  for	
  both	
  the	
  acidic	
  seed	
  aerosol	
  
(○)	
  and	
  neutral	
  seed	
  aerosol	
  (●)	
  experiments.	
  Each	
  data	
  point	
  represents	
  the	
  organic	
  nitrate	
  yield	
  from	
  a	
  
single	
  experiment.	
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Fig.	
  4.	
  The	
  total	
  organic	
  nitrate	
  yield	
  as	
  a	
  function	
  of	
  chamber	
  relative	
  humidity	
  for	
  the	
  unseeded	
  aerosol	
  
experiments.	
  Each	
  data	
  point	
  represents	
  the	
  organic	
  nitrate	
  yield	
  from	
  a	
  single	
  experiment.	
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Fig.	
  5.	
  The	
  fractional	
  organic	
  nitrate	
  yield	
  trend	
  from	
  the	
  NO	
  addition	
  to	
  the	
  peroxy	
  radical	
  as	
  a	
  function	
  
of	
  carbon	
  number	
  for	
  the	
  original	
  VOC	
  species.	
  The	
  data	
  and	
  trend	
  are	
  described	
  previously	
  by	
  Arey	
  et	
  
al.	
  (2001).	
  Open	
  circles	
  (○)	
  are	
  taken	
  from	
  Arey	
  et	
  al.	
  (2001)	
  while	
  the	
  closed	
  circle	
  (●)	
  is	
  the	
  reported	
  
value	
  from	
  this	
  study	
  (26±7%).	
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Fig.	
  6.	
  A.)	
  The	
  ratio	
  of	
  particle	
  phase	
  organic	
  nitrate	
  yield	
  to	
  gas	
  phase	
  organic	
  nitrate	
  yield	
  (Fi/Ai)	
  as	
  a	
  
function	
  of	
  experimental	
  relative	
  humidity	
  for	
  both	
  the	
  acidic	
  seed	
  aerosol	
  (○)	
  and	
  neutral	
  seed	
  aerosol	
  635	
  
(●)	
  experiments.	
  B.)	
  The	
  gas	
  (○)	
  and	
  particle	
  phase	
  (●)	
  organic	
  nitrate	
  yields	
  as	
  a	
  function	
  of	
  
experimental	
  relative	
  humidity	
  for	
  the	
  acidic	
  seed	
  experiments.	
  In	
  both	
  plots,	
  each	
  data	
  point	
  represents	
  
a	
  single	
  experiment.	
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Fig.	
  7.	
  Calculated	
  partition	
  coefficients	
  (Kp)	
  from	
  neutral	
  and	
  acidic	
  seed	
  aerosol	
  experiments	
  plotted	
  
against	
  experiment	
  relative	
  humidity.	
  Open	
  circles	
  (○)	
  represent	
  the	
  acidic	
  seed	
  experiments	
  while	
  the	
  
closed	
  circles	
  (●)	
  represent	
  the	
  neutral	
  seed	
  experiments.	
  It	
  is	
  important	
  to	
  note	
  that	
  this	
  plot	
  does	
  not	
  
show	
  eight	
  data	
  points	
  from	
  the	
  acidic	
  seed	
  aerosol	
  data	
  set	
  which	
  have	
  partition	
  coefficients	
  of	
  zero	
  
due	
  to	
  the	
  lack	
  of	
  detected	
  RONO2	
  in	
  the	
  particle	
  phase	
  (see	
  Fig.	
  6).	
  


