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HOCI is an important intermediate in stratospheric and tropospheric chemistry. Although it can be readily
measured in laboratory systems at low pressure0(Torr) using conventional electron impact ionization

mass spectrometry, there is a need for a measurement technique that can operate at higher pressures, up to
1 atm in air. One such technique seeing increasing use is atmospheric pressure ionization mass spectrometry
(API-MS). We report here studies of the API-MS ©0.5-50 ppm HOCI at a total pressure of 1 atm and

room temperature. Major peaks from the ion-adducts with@ld OCt were observed. The Bradduct of

HOCI can also be generated using bromoform in the discharge region of the ion source. At the lower range
of HOCI concentrations studied in air, thg"Gadduct and small parent peaks assigned to H@@fe observed.

The species present as minor impurities in the HOCI source QGO and HCI) can be readily distinguished
through identification of the parent ion for Cbr as their adducts with Cland Br for Cl,O and HCI. The
identification of HOCI was confirmed using electron impact ionization time-of-flight mass spectrometry (El-
MS). HOCI was quantified using EI-MS to measure thed@&nerated when the HOCI reacted heterogeneously

on a water-ice/HCI surface and independently by photolysis of the HOCI to generate atomic chlorine, which
was trapped using propene and measured as chloroacetone. The implications for the use of API-MS for
measuring HOCI in laboratory systems and in ambient air are discussed.

Introduction particles are predicted by modeling studies to lead to the

The reactions of halogenated species have been of grealformat'c.m ofecI;?seous photochemically active; @nd Brcl,
interest with respect to stratospheric chemistry and Ozone.resEectlvelyl. 'h HO%I h;s not, ho(\j/vever, %et bﬁen 'dzwﬂed f
destruction processéddOCI, for example, is believed to be In the troposphere. Studies carried out under the conditions o
an important intermediate in the reaction of CION&th HCI the marine bo_undary layer require th‘."‘t sampll_n_g_be carried out
at atmospheric pressure with very high sensitivity toward the

on ice? ) , A .
halogen species. While sampling into a conventional mass
CIONO, + H,0 — HOCI + HNO, (1) spectrometer, either pulsed or continuously, can be achieved
using differential pumping, there is a concomitant loss of
HOCI + HCl/ice— Cl, + H,0O 2 sensitivity. Hence, there is a need for accurate, specific, and

sensitive methods of measurement of HOCI at atmospheric
In laboratory studies of this reaction carried out under pressure.

stratospheric conditions of low pressures (e.g., in fast flow A technique which has proven powerful for measuring certain
systems), HOCI has been followed by conventional mass species, such as dimethyl sulfide and the molecular halogens
spectrometry with electron impact (El) ionization using the Cl, and B under tropospheric conditions, is atmospheric
strong parent peaks atz = 52, 5478 and by chemical  pressure ionization mass spectrometry (API-NfBecause the
ionization mass spectrometry by reacting the HOCI with F yse of atmospheric pressure in the ion source region precludes
ions to form CIO.° HOCI has been detected in the upper the use of hot filaments to generate the ionizing electrons,
stratosphere by mass spectrometry as clusters with nitric andionization is achieved through a corona discharge. lonization

sulfuric acids and their anions, such as ;N@INO3),HOCI of air in the high electric field regior(10° V m~1) surrounding
and HSQ (H2SOy)mHOCI, wheren = 1, 2andm =0, 1 and  the corona discharge generates a s&tie$ negative ions,
HSO;~(HNO3),HOCI.10-12 including OH", O,~, NO;7, O3, CO;7, HCOs;7, NOs,

Recently, there has been increasing attention paid to the OH-CO;, and positive ions such as'fH,O),. Depending on
potential importance of inorganic halogen compounds formed the electron and proton affinities of the trace species of interest,
in the reactions of sea salt in the troposphéré? One of these  transfer of a proton or an electron to the trace gas of interest
is HOCI, whose reactions with chloride and bromide in sea salt can occur, generating an ion which can be detected and
measured. For example, using API-MS Spicer et’diave
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source, other reactions leading to the formation of ions from  We have used a new pulsed inlet stage that enables operation
the trace species of interest can also occur. This results in mas®f the MS at atmospheric pressure. This stage will be described
spectra which are more complex than those from electron impactin detail elsewhere, so only a brief outline is given here. The
ionization, especially when more than one trace analyte coexistsgated valve consists of a Teflon body equipped with inlet and
in the mixture. As a result, the specificity and sensitivity of outlet ports and a solenoid driven tappet. The solenoid is sealed
API-MS is highly dependent on the iemolecule chemistry  from the sampling region by a Teflon diaphragm. All metal
of air, as well as the trace components of the gas sample. Weparts of the tappet are coated with an annealed Teflon film.
report here API-MS studies of HOCI in air at atmospheric This design allows for sampling at atmospheric pressure under
pressure and, for comparison, EI-TOF mass spectra. Theslow flow conditions. Flow velocities o 0.5 m st were used
potential utility of this technique for following HOCI at for the measurements described here. In separate experiments,
atmospheric pressure in laboratory systems and in ambient airit was shown that under these conditions HOCI samples do not
is discussed. decompose while residing in the sampling stage. The valve was
differentially pumped with a 500 L$ turbo molecular pump.
The total gas pulse length was measured to<t&0 us by

1. Instrumentation. The API-MS (Perkin-Elmer Sciex,  following the signal intensity of a selected sample mass peak
Model 300) consists of two mass filtering quadrupoles (Q1 & a5 a function of the delay time between the solenoid driver signal
Q3) separated by a collision cell, which encloses a third gnd the electron gun signal.
quadrupole operating in the RF-only '_“Ode (Q2). _Gas-pha_se The HOCI calibration experiments were based on the rapid
samples are introduced at atmospheric pressure into the 'onheterogeneous conversion of HOCI to, ®h HCliwater ice

source region by a small, diaphragm pump-driven venturi surfaces (see below). A U-tube of 6 mm i.d. and a total length

system. This ion source region is sepa_lr_ated from th_e high- of 30 cm equipped with a bypass served as a heterogeneous
vacuum mass analyzer stage by a g0 orifice. Reagent ions reactor. The inlet port of this reactor was connected to a 30 L

are produced in a corona discharge (up to 8 kV), the polarity Teflon chamber containing HOCI in N(Ultrahigh Purit
of the point-to-plane field determining the polarity of the ions Oxygen Service Co., 99_399%) and th(e outlegt port t)c/)’ the

to bet_ a“?"yzed- dAIITsrf)e(_:tra reportecti ge_retr?re_ taken in the sampling stage of the TOF-MS. HCl/water ice surfaces were
gega '\:ﬁ lon hmo e.t . eflgns generarl].eh 'nd © (ljon Isotljrqe areprepared by spraying a concentrated 37% aqueous HCI solution
rawn through a curtain of dry2¢as, which aids in declustering onto the precooled inner surface of the U-tube. The temperature

??c?mpgm:rri};] 'Ot?]z iglvjilrlnash;erﬁg;“gg z?é?ﬂ; a?: dg;]tb;enﬁi:g of the tube was kept at 250 K using a liquid-booled acetone
9 AP 9 PPICT hath. Complete mass spectra were recorded continuously when

across the dlffere.ntlally pumped vacuum interface transfers ions gas flow was switched from the bypass to the U-tube and
from the source into the high vacuum mass analyzer region. vice versa

This instrument is capable of operating in two modes of o .
acquisition: single MS mode (Q1 scan) or MS/MS mode A second approach to estimating the concentration of HOCI

(product scan). In single MS mode, the first quadrupole (Q1) Was also used. The stream of HOCI in theeXiting the bubbler

is scanned through a range of masses to yield a conventionalV@S diverted into a Teflon chamber containing approximately
mass spectrum. These scans are useful for identifying ions basedO L Of & mixture of 123-147 ppm propene (Aldrich; 99%)
on their mass-to-charge rationf). In MS/MS mode, ions in air to a total vo_Iume_ of 43 L. The mixture was photolyzeo! at
exiting the first quadrupole are collisionally dissociated using 224 "M for 20 min using low-pressure mercury lamps (Jelight
N, gas at a typical pressure of 8 mTorr. Quadrupoles Q1 and C0- Inc.), and the atomic chlorine generated by the HOCI
Q3 can also be operated as mass analyzers in some tanderRl0tolysis was trapped by reaction with propene, generating
combination specified by the operator. In the simplest of these chloroacetone. The loss of propene and formation of chloroac-
scans, thgroduct scanthe first mass filter (Q1) is held fixed ~ €tone were followed using GC-FID (Hewlett-Packard 5890
at a particulamvz, allowing only those ions to pass. The ions S€ries 1) with a 30 mx 0.32 mm ID GS-Q column (J&W
selected using Q1 are fragmented in the collision cell and the SCientific), which was held at 12 for 6 min, ramped at 25
resulting fragment ions pass through the final mass filter (Q3), “C Min"* to 220°C, and then held at that temperature for 5
producing a spectrum of the ion characteristic fragmentation Min- In independent runs in which the GC-FID was calibrated
pattern. Scans taken in the MS/MS mode are useful for for chloroacetone (Acros, 96%, stabilized with 0.5% CaCO
elucidating the structure of the parent ions observed in the Q1and propene, the yield of chloroacetone from the chlorine atom
scan. propene reaction under these conditions was determined to be
The electron impact ionization experiments were performed 63 = 4% (20). The loss of chloroacetone by photolysis at 254
using a Bruker TOF1 time-of-flight mass spectrometer. The NM for 20 min, as in the HOCI photolysis, was measured in
instrument is equipped with a two-stage gridless reflectron. With Separate runs to be 16 4% ().
a total folded ion flight path lengthf@ m and the time focusing 2. ReagentsHOCI was prepared in solution by the slow,
properties of the reflectron, a mass resolutiom#im > 800 dropwise addition of 250 mL of NaOCI (Aldrich, 13% available
is achieved in the EI mode. The pulsed electron source waschlorine) into a slurry of 40 g of anhydrous Mg$(Fisher
operated at a 20 Hz repetition rate with a duty cycle ofis5 Scientific, reagent grade) and 200 mL of Nanopure water
All mass spectra were acquired using a standard electron energyBarnsteadp >18 MQ) while constantly stirred? The solution
of 70 eV and stored with 5 ns resolution in a LeCroy TR8828- turns an opaque-peach color, forming a precipitate which is not
based digitizer. The memory depth of this system enabled the separated prior to the low-vacuum distillation (35 Torr). The
acquisition of complete mass spectra in the ramge= 1—1000. temperature of the reaction flask is increased from 25 t&6@5
Typically 100 mass spectra were averaged before the selectedhrough the course of the distillation (2.5 h), and the HOCI
mass regions of interest were integrated. For the quantitative solution is collected in a receiving flask cooled+@0 °C. This
measurements, the following mass signals were monitored method provides a relatively safe, simple, and stable source of
simultaneously:m/z = 54/52 for HOCI,m/z = 51/53 for C,O HOCI and hence is preferred over the more standard synthesis
(see below), andwz = 70/72/74 for Cj. involving hydrolysis of the explosive D.

Experimental Section
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Gas-phase HOCI was generated by bubbling eitheorMir
(Scott-Marrin Ultrapure; manufacturer’s specifications are total
hydrocarbons as [CHl < 0.01 ppm, [CO]< 0.01 ppm, [NQ)]
< 0.001 ppm, and [S§ < 0.001 ppm) through a freshly
prepared solution at room temperature, generating gaseous HOCI
in the presence of water vapor.,@npurities originating from
the slow decomposition of HOCI in the aqueous solution are
minimized by bubbling for a few minutes prior to use. HCI and
Cl,O impurities are well below 1%, as determined by EI-TOF-
MS.

DOCI was prepared by passing,0Ol gas through a trap of
liquid D,O (Cambridge Isotope Laboratories, Inc., 99.9%). This
method yields a very small amount of DOCI and, as a
consequence, is observed only by flowing directly into the API-
MS, by-passing the Teflon analysis chamberCCivas syn-
thesized by passing a low flow of £{Matheson, 1% in He),
dried by passing through a trap of concentrated sulfuric acid,
through a U-tube filled with yellow HgO (Aldrich, 99%). Prior
to use, the HgO is washed b M NaOH, rinsed in Nanopure 0.0
water, and dried (with stirring) at 125130 °C for 10 h. The 103
HgO is mixed with crushed glass to increase the surface area
for reaction with C}. The CLO was flowed directly into the
Teflon chamber for subsequent analysis with API-MS.

CHBr3 (Aldrich, 96%) and CHGQ (Fisher Scientific, ACS
certified), used for chemical ionization; HCI (Fisher Scientific,
37% in water), for quantification by conversion of the HOCI to
Cly; as well as Gl (Matheson, 99.5%) and HCI (Scott Specialty 31 ¢ 77
Gases, 99.995%) gases, for calibration, are used without any > N Y
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Figure 1. Mass spectrum (Q1 scan) of (a) air and gas-phase HOCI at

. . (b) ~1 ppm and (c)»50 ppm. The air peaks have not been subtracted
1. API-MS of HOCI. Figure 1 shows the Q1 (single MS)  from the HOCI spectra, so ions from ambient air also appeavat

scan in the negative ion mode of air as well as HOChat 32 (Oy), 46 (NO,), 48 (0s7), 60 (CQ"), 61 (HCQ), 62 (NO;™), and
and 50 ppm in air (note that these are approximate concentra-77 (CQ;~-OH). The gas stream exiting the flask containing HOCI was
tions, since they were not actually measured in these particulardiluted in a flow system using air prior to entering the API-MS
runs; see section on quantification below). In the air spectrum 'nstrument.

(Figure 1a), peaks atvVz = 32, 46, 48, 60, 61, 62, and 77 are
observed. These have been assigned by other reseafdoers
0,7, NO; 7, 037, COs7, HCOs7, NOs ™, and CQ-OH respec-

Results and Discussion

of the naturally occurring abundance of tReCl and 37Cl
isotopes. For example, ions such as Cl@nd G -HOCI

: . . ! containing only one chlorine have relative isotopic abundances
tively formed from well-known ior-molecule reactions in the of 35CI37CI = 3:1. Those containing two chlorines such as

corona dischr_;lrge. ) ) ) ClI=-HOCI and CIO-HOCI have three isotopic peaks corre-
Upon addition of HOCI (Figure 1b,c), a series of prominent sponding to the combinatiorf8CI35CI, 35CI37Cl, and3’CI37Cl

new peaks are observed and are assigned as follows(n€t respectively, in the relative ratios 9:6:1. Finally, the dimer adduct

= 35, 37), CIO" (m'z=51, 53), CI-HOCI (Wz=87,89,91),  peaks such as CIO(2HOCI) which contain three chlorines,

CI™-CO; (mz = 95, 97), NQ™-Cl (mz = 97, 99), and  haye four peaks corresponding to the combinatRSE45CI3s-
CIO™-HOCI (mz = 103, 105, 107). At the lower HOCI  cj, 35CS5CI7CI, 35CIS"CIS7CI, and 3’CIS7CIS™CI, with relative

concentration (Figure 1b), small peaks miz = 52, 54, peak intensities of 27:27:9:1.
corresponding to parent peaks of HOCI, are observed, as well' |y some runs, Blwas used as the carrier gas for the HOCI

as peaks atvz = 84, 86, assigned to the adduct €HOCI. In and the gas stream was flowed into a 30 L Teflon reaction
addition, there are smaller peaks in Figure 1b,c which chamber. Because the Teflon chamber and ion source region
can be assigned to £1(mz = 70, 72, 74) and CI-HCI (m/z are not vacuum tight, there was also some air present during
= 71, 73, 75) from very small amounts of Cand HCI the ionization of these samples. The gas stream was also

impurities respectively (see below). There are also small peakssaturated with water vapor, which provides an additional source
due to CIO-(2HOCI) (mz = 155, 157, 159, 161) and  of oxygen and hydrogen in the discharge. The mass spectra were
CI™+(2HOCI) (mz = 139, 141, 143, 145). As increasing very similar to those in Figure 1b,c, except that the @dducts
concentrations of HOCI are sampled, the peaks in air frem O and small parent peaks of HOCI were not observed. Potential
037, CO;7, HCO; and CQ-OH decrease, and the intensities reasons for this are discussed below.
of the CIO-HOCI peaks increase relative to those from  The identification of the Cl and CIO™ adducts with HOCI
CI"-HOCI. was further confirmed by examining the API-MS of DOCI.
Table 1 summarizes the major fragments observed by MS/ Figure 2 compares the API-MS Q1 scan of (a) HOCI formed
MS for each of the parent ions. The assignments given aboveusing the NaOCIl/MgS@synthesis and (b) DOCI using the
are consistent with the MS/MS of each ion, as well as with the reaction of C}O with D,O in the regionm/z = 85—110. The
relative peak heights within a group, which are representative spectrum in Figure 2b shows peaks which are shifted by 1 amu,
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Figure 3. 70 eV electron impact time-of-flight raw mass spectrum of
HOCI obtained from the Teflon analysis chamber. The base peak is
the parent ion signal atVz = 52 (HO®CI*). The signals atn/z = 51,

53 @5R7CIO") are due to ionic fragmentation of HOCI and to a minor
extent from CJO (see text). The @D concentration calculated from
the CIOf fragment intensities i 1%.

For comparison, Figure 3 shows a 70 eV El mass spectrum
of HOCI; strong parent peaks (positive ion)az = 52, 54 are
evident, which is the basis of the detection and measurement
of HOCI in laboratory systems at low pressures. However, in
API-MS in the negative ion mode, fragments and clusters of
HOCI predominate. This suggests that the initial steps in the
atmospheric pressure ionization of HOCI in air do not involve
primarily simple electron transfer, but rather, more complicated

the observed adduct peaks; (b) Q1 scan of DOCI (and some HOCI) Processes involving deprotonation and/or decomposition of
with dashed arrows indicating the deuterated peaks, which are shifted HOCI.

by one mass unit relative to their analogous HOCI peaks. The splitting

of the peaks is due to nonoptimized tuning of the ion optics.

TABLE 1: Major Peaks Observed in API-MS of HOCI and
Major Fragments from Their Collisional Dissociation

parent ion

major fragments assignment
m'z assignment in MS-MS mode of fragments
84 HO*CI-O; 32 ('
35 35CI-
51 5ClO~
86 HCOCI-O;” 32 (o'n
37 S7CI-
53 SIClO~
87 CI-HOCI 35 3CI-
(both3Cl)
89 CI-HOCI 35, 37 3531CI-
(one3Cl, one3"Cl)
91 CI-HOCI 37 S7CI~
(both3"ClI)
103 CIO-HOCI 35 35CI-
(both35Cl) 51 ooy
105 CIO-HOCI 35, 37 33~
(on€®Cl, onéCl) 51,53 3537CIO~
107 CIO-HOCI 37 S1ClI-
(both3"Cl) 53 $ClO~
155 CIlO+(2HOCI) 103 3CIO~-HO*Cl
(all *cClI)
157 CIO+(2HOCI) 103 35CIO~-HO®Cl
(two 35Cl, one3"Cl) 105 SICIO~-HO3Cl,
35CIO—-HO®"CI
159 CIO+(2HOCI) 105 $CI0~-HOCl,
35CIO~-HO®'Cl
(one3®Cl, two 3°Cl) 107 $ICIO~-HO3"CI
161 CIO+(2HOCI) 107 $’CIO—"HO®*Cl
(all¥Cl)

as expected for the CIDOCI and OCt-DOCI adducts. In
addition, the MS/MS of the DOCI peaks are identical to those
obtained for the analogous HOCI peaks.

This is reasonable based on the relatively small electron
affinity of HOCI, calculateé® to be 0.27 eV, relative to those
of O, (0.44 eV), Q™ (2.1 eV) and C@ (2.7 eV)?*2 1t is
possible that direct electron attachment to HOCI results primarily
in the following dissociation

e +HOCI—CI + OH 3)
given that a similar attachment reaction for HNO
e + HNO;— NO, + OH 4

is found to be quite fask, = (5 & 3) x 1078 cn® molecule’?

s71, with AH = —7 kcal mol1.26 Fehsenfeld et & suggest
that, if very little rearrangement of bond angles and distances
is required going from HN@to (NO,~ + OH), then the
attachment process would be nearly vertical, favoring a rapid
electron attachment process. The same may be true of HOCI,
since the OH bond distance in HOCI is 0.9%50.003 A%’

very close to the equilibrium internuclear separation of gas-
phase OH (0.9706 A%

Reaction 3 is one source of Cfor the CI-HOCI adducts
observed in Figure 1. Other potential sources of @iclude
the reactions of OH (see below) in the discharge region with
small amounts of Gland HCI present as impurities. Dissociative
ionization of C} in the discharge is less likely since the Q1
mass spectrum of ghlone indicates very little dissociation to
Cl~, even at concentrations10 ppm. The signal for ClI
increases by an order of magnitude relative to the Gignal
when HOCI, with the accompanying water, is present.

The peaks assigned to,Q O;7, CO;~, HCO;~, and
CO;+OH peaks in air decrease when HOCI (with the ac-
companying water vapor) is added. However, when only water
vapor is present in the air stream, thg"@eak increases; there
is no significant change in the;Oor HCO;~ peaks and those
due to CQ™ and CQ -OH decrease. The addition of water
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vapor to the corona discharge is known to increase the TABLE 2: Gas-Phase Acidities of Some Acids

production of OH through reactions such ®s

H,O0+e —H +OH (5)

(6)

The observed increase insOin the presence of water vapor
is therefore consistent with a contribution to its formation by
the fast electron transfer from OHwhich has a smaller electron
affinity (1.8 eV compared to 2.1 eV for 4D

H +H,0—OH +H,

OH +0;—0; +0OH @)
The decrease in GO and OHCOs;~ can be attributed to
effects of hydration of @ on its switching reaction with C©

8)

This reaction occuf8 with a rate constant of 5.5 10710
cm?® molecule’® s71 for Os™, but if two waters of hydration are
attached to @, the rate constant falls t&c1 x 10710 cm?
molecule’®l s71,

The presence of HOCI in addition to water would be expected
to remove OH by an acid-base reaction, generating OCI
simultaneously:

0, +C0,—~CO;, +0,

OH + HOClI—H,0 + OCI” 9)
The HOCI dimer may undergo similar reactions. An aeid

base reaction of HOCI with HC9 would be expected as well.

Such reactions are the likely source of OGbr formation of

the observed OCladducts. Since OHreactions in the absence

of HOCI generate other species such gs,@ompetition from

its removal via acie-base reactions such as (9) would be

heterolytic reaction AHacidAH)2 (kJ mol?)

HF —F +H*f 1554+ 1
HOCI— OCI~ + H* 1502+ 9
HO, — O~ + H* 1476+ 9
HClI—CI~ + H* 1395+ 1
HNO; — NOs™ + Hf 1358+ 1
HBr— Br- + H* 1354

HI — 17+ H* 1315

aFrom ref 25.

Adducts of HOCI with NQ~ and HSQ~ have also been
observed in the upper stratosph&te-?

Adducts of HOCI with Ct and Q™ are consistent with the
relative gas-phase acidities of HOCI, HCI, and H®he gas-
phase acidity of an acid, HA,

HA—H"+A" AH, i AH) (11)
increases as the dissociation enerdyid.ci{AH), decrease®®
The dissociation energies in Tabl# 28how that gas-phase acid
strength follows the trend H¥ HBr > HNO3; > HCI > HO,
> HOCI > HF. One would therefore expect gas-phase HOCI
deprotonation when Fis present, which has been reporfed,
though not in the case of O or any of the other halide ions
(Cl=, Br—, or I"). This is consistent with the report that dloes
not deprotonate HOCI to OCP’ Evidence of this trend is also
observed for HN@ where reaction with ions to the right in
this trend lead to exothermic processes and those to left are
endothermi@® As shown here, those conjugate anions of acids
having higher gas-phase acidities (such as&lId Q, and as
discussed below, B) undergo adduct formation with HOCI
rather than deprotonation of the HOCI.

There are several potential sources for the small parent peaks
at m'z = 52, 54. One possibility is electron transfer from a

expected to lead to decreases in these “air peaks”, consistenspecies with a small electron affinity, for example frorsr@n
with our observations. This is also supported by the measuredcompetition with adduct formation. Another possibility is a

effects of addition of HCI, which changes the Q0Os;~, CO;™,
HCO;~, and CQ -OH peaks in a manner similar to that of
HOCI; the simultaneous decrease in thg @eak in this case
is consistent with HCI being a stronger acid than1€b that
proton transfer occurs from HCI to,O(but as discussed below,
not from HOCI).

It is common to form relatively strong association complexes

minor second channel in reaction 3, generating HQ@ihich
is stabilized at the atmospheric pressure.

Impurities expected to be present in the HOCI include CI
(for which small peaks atwz = 70, 72, 74 are observed in
Figure 1), HCI, and GO from the equilibrium in eq 12

C1,0 + H,0 < 2 HOCI (12)

between ions and neutrals. Reaction rate constants and equi-

librium constants for a number of three-body association

However, they are present at much smaller concentrations

reactions between negative ions and neutral molecules have beenq gre easily differentiated from HOCI. For example, the Q1

measured using flowing afterglow syste?f8%-32 For example,
the termolecular rate constant of formation for NEHNOs3,
similar to OCIF-HOCI observed here, i1 x 10726 cm®
molecule? s71, with lifetimes of the adduct on the order of
1079 s at room temperatuf€.Theoretical studies focusing on

ion—neutral attachment support the experimental evidence, with

association energies typically over 20 kcal moéxothermic

for these reaction¥:*Indeed, ab initio calculations of GIHOCI
predict the binding energy of this complex to be 23.2 kcal
mol~1, where the minimum energy conformation corresponds
to the chloride ion complexing with the hydrogen of HGEI.
The formation of adducts of HOCI dimers with Cand CIO
observed here also has an analogy with HRQn this case,

mass spectrum due to4Cl is shown in Figure 4. It was obtained
from an HOCI solution which was stored in the dark at
temperatures below the freezing point of water ice. Due to the
equilibrium between HOCI and &D, some CJO exists in
solution. The solution was used when still below room tem-
perature, which shifts the equilibrium toward,Ol production.
Cl,0 is readily discernible in Figure 4 as Chnd OCI" adducts
(CI=-Cl,0 and OCt-Cl,0), with relative peak intensities of 27:
27:9:1, as expected. These,Gladduct peaks are absent from
spectra taken immediately following the HOCI synthesis with
the liquid sample held at room temperature. The ElI mass
spectrum in Figure 3 is also evidence that@@lwas not a
significant impurity in the HOCI. GO has strong fragment

the dimer complexes were proposed to be formed by the rapidpeaks atm'z = 51, 53. However, the large relative peak

replacement of water in N-HNO3-H,0:

NO, -HNO,-H,0 + HNO, — NO, -2HNO, + H,0 (10)

intensities form/z = 52, 54 compared to the 51, 53 peaks is
characteristic of HOCI, with an upper limit to the contribution
from CLO of <1%.
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1.5 Cl—-Cl,0 of the HOCI signal is roughly a factor of #20 longer, with

Cl; signals showing similar, but uncorrelated, behavior. We

attribute these slower recoveries to the heterogeneous reaction
of HOCI with small amounts of HCI/KD that have been swept
out of the U-tube into the Teflon sampling line upon switching
the gas flow.

OCI~ - Cl,0 Blank runs with HOCI flowing through an empty U-tube held
at 250 K revealed a relative increase of Cl@agment ion
signals atm/z = 51/53. Under these conditions the equilibrium
(12) is shifted to the left, resulting in additional formation of
Cl,0. In 70 eV electron impact mass spectra;@Chas a weak

parent ion peak atVz = 86 (as well as 88 and 90) but strong

V ionic fragment signals am/z = 51/53. It has not been

determined whether the reaction of HOCI with HCI is fast
enough to suppress £ formation on the cold surface via
reaction (12) or whether any £ formed is directly converted

[possibly after hydrolysis (12)] into @l

-
o

Intensity, cps /10°
o
6]

Tr1rrrryrrrrryrryr e
120 125 130 135 140
m/z

Figure 4. Q1 scan obtained from a “cold” HOCI solution using & Cl,0(g) + 2HCI— 2Cl(g) + H,O (14)
the carrier gas. Background noise and peaks (e.gVat 123) have 2 2 2
not been subtracted out. With background subtraction, these peaks (both

CI- -Cl,O and OCt -Cl,0) exhibit relative intensities of 27:27:9:1. However, since signals due to both HGEIdCI,O disappear
The spliting of the peaks is due to nonoptimized tuning of the ion Upon exposure of the sgmple gas flow to the HCl/watee
optics. surface, the concentration of heterogeneously generatgd CI

reflects the total concentration of HOCI in the room-temperature
Mass spectra of GD were obtained for comparison by gas flow. We were not able to detect any ion signals due to
reacting C} gas with solid HgO. It is impossible, however, to  HOCI, CLO, or Ck when the U-tube was warmed to room
eliminate the presence of water in the sampling system and APltemperature after the run, indicating quantitative release of Cl
source which reacts with €D to form HOCI; therefore, the  In addition, air passing through the HCl/ice-coated U-tube in
spectrum of GO from this synthesis looks almost identical to  the absence of HOCI produced no detectable The increase
that in Figure 4 from the HOCI synthesis. in the calibrated Glsignal due to the heterogeneous reaction is
Although the electron affini§#25of Cl,O (2.2 eV) is higher (2.4 £ 0.3) x 10' molecule cnm?, corresponding to an HOCI
than that of @ (0.44 eV) and O (1.46 eV), @D does not concentration of 98 12 (25) ppm.
undergo simple charge transfer with these ion species in the The second method of quantification of HOCI yielded similar
corona discharge, as evidenced by the lack egDQlarent peaks results. Two runs were carried out in which-880% of the
at m/z 86, 88, and 90. The adduct peaks are the only HOCI was photolyzed in the presence of propene to generate

unambiguous indicators of the presence ofCCI chlorine atoms, which were trapped by reaction with thel{
HCl is likely to be only a minor impurity because it is rapidly  to form chloroacetone. The loss of HOCI due to photolysis was
removed in the HOCI solution: measured using API-MS in the MS/MS mode. On the basis of
our measured yield (63%) of chloroacetone in thetCC3Hg
HOCI, + HCly — Clyq ) + HOy, (13) reaction under these conditions and after correction for loss of
chloroacetone by photolysis (16%), the concentration of HOCI
The major peaks observed for HCI in air alone arenat= in the gas stream diverted into the Teflon chamber containing

35 and 37, as well as a¥'z= 68 and 70 (@ -HCI) with slightly the propene was estimated to be 867 (20) ppm. In these
lower intensity. HCI in the presence of other chlorine sources studies, however, the HOCIfNpassed through a flowmeter
(HOCI and CHCY)), though, is more predominantly recognized between the bubbler and Teflon chamber, and this was found
as the Ct+-HCl adducts atw'z= 71, 73, and 75. In the spectrum in subsequent studies to decompose significant amounts of
of pure HCI (in air or in the presence of other chlorine sources), HOCI. Correcting for the loss through the flowmeter, measured
no signal is observed at those masses which have been attributethdependently using API-MS, the concentration of HOCI in the
to either HOCI or CJO. On the basis of experience with this N, stream exiting the bubbler was estimated to be 3021
synthesis of HOCI in previous studigsHCl is present at levels  ppm (2; the error reflects those in chloroacetone measurements
<1%. only so that the true error, which includes variability in the
2. Quantification of HOCI. Two methods were used to flowmeter losses, is larger), in excellent agreement with the El-
determine the concentration of HOCI. The first is based on the MS measurements.
heterogeneous reaction (13), where gas-phase HOCI reacts with 3. Application of API-MS to Atmospheric Measurements
condensed phase HCI present in excess in an watematrix. of HOCI. Because HOCI does not have a strong parent peak in
A reaction probability of~0.3” has been calculated on the basis API-MS, ion adducts are likely to be most useful in its detection
of results from flow tube studies. EI-MS was employed to and measurement in the atmosphere. One possibility is the O
quantify the C} formed in this reaction and thus to measure adduct aiw'z= 84, 86. Another is the creation of new adducts
guantitatively the HOCI concentration. The integrated ion signals such as those of the bromide ion generated in the corona
for both HG*'CI (m/z = 54) and®’Cl, (m/z = 74), recorded disharge through the addition of organobromine compounds to
simultaneously, are shown in Figure 5. Upon switching the gas the airstream. This has the advantage that an additional isotopic

flow from the bypass to the U-tube, signalsrafz = 51—-54 signature due to bromine is found in the adduct, providing
disappear quantitatively within the time scale of two integration further specificity to the measurement.
steps, i.e., 10 s. At the same time, rapid production ofi€lI For example, Figure 6 compares the API-MS for HOCI using

observed. When the flow is switched back, the recovery time ambient air or CHBg, respectively, in the ion source. The
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80 - - 60 suggesting that HOCI should be detectable at concentrations of
' ~16 ppb, which is useful in laboratory studies of HOCI reactions

at atmospheric pressure. However, greatly improved sensitivity

60 - T30 and specificity for the HOCI adducts can be obtained by

4

§ adjustment of the ionization and CAD gas conditions and by
4 use of MS/MS. For example, Spicer et3alhave measured
= 40 0 HONO at 1 atm pressure by formation of the Gdduct, with

g detection limits of~0.5 ppb. It is expected that optimization
c

of the analytical conditions would lead to similar detection limits
for HOCI.

There are no field measurements of HOCI in the troposphere.

20

0 % A ket TR0 e Peak concentrations of HOCI in the marine boundary layer are

0 40 80 120 160 predicted from modeling studi¥s'”-2to be in the range of a
Integration step, s / 5 few to several hundred ppt, with the higher value based on

Figure 5. Integrated mass signals of H@I, lower trace vz = 54), model predictions using measurements of (@l the marine

and 3Cl,, upper trace fVz = 74), simultaneously recorded in a boundary layef?Itis therefore not clear whether API-MS will
heterogeneous titration experiment. Each data point represents thede sufficiently sensitive for the identification and quantification
integrated peak area of a selectad region in the TOF spectrum after ~ of HOCI under atmospheric conditions. Further studies directed
100 mass spectra have been acquired. At the time indicated by thetg optimizing detection of HOCI in the presence of the other
arrow, the HOCI flow was stopped and; Mas flowed through the  chjorine compounds found in air need to be carried out to

U-tube. address this issue.
35 1 .
Br—= -+ HOCI Conclusions
30 .
< API-MS has been shown to be a powerful technique for
© 25+ | ambient air detecting gas-phase HOCI at atmospheric pressure. Though
g_ 20 J — CHBrg ioni_zation at atmospher_ic pressure is readily a_nd efficiently
o achieved with a corona discharge, molecular species can undergo
£ 1.5 - a number of reaction processes to form ions, depending on the
% nature of the gases present. Hence, the spectrum produced is
= 10+ rather complex. lorneutral adduct formation, however, greatly
0.5 - facilitates identification of such species as HOCI angQClin
0 - . \ ol ambient air, HOCI and @D form adducts with Cl and OCI

i ! ' R and, when bromoform is added to the source, with.BtOCI
129 130 131 132 133 134 135 136 also forms an adduct with O. Impurities such as gland HCI
m/z are readily discernible since,;Ogenerated in ambient air under
Figure 6. Q1 scan of 100 ppm HOCI upon the addition of bromoform the influence of the corona discharge undergoes charge transfer
to the ion source region. Peaksnatz = 131, 133, and 135 correspond ~ With Cl,, producing C4~, and adduct formation with HCI,
to the formation of Br adducts of HOCI. producing Q@ -HCI; in the presence of other chlorine atom
sources, HCl also forms the CHCI adduct. With optimization

addition of bromoform to the corona discharge by bubbling N of the ionization and collisionally induced dissociation condi-
through the liquid room temperature into the ion source producestions, this approach may also prove useful for ambient air
peaks atm/z = 131, 133, and 135, corresponding to the studies.
formation of the adducts BFHOCI. The relative signal intensi-
ties are consistent with a compound containing one Br and one  Acknowledgment. T.E.C. thanks the Camille and Henry
Cl (3:4:1). MS/MS product scans using CHgire very similar Dreyfus Foundation for financial support as a Dreyfus Envi-
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