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the coordination number of Ca?* is indeed strongly concentration
dependent in the solution and for / ~ 1 is as low as six; alter-
natively, Ca?*-Ca?* interactions occur within the inner sphere,
leading to a reduction in #ic,o directly. We think this latter
suggestion is implausible; it is, however, of interest that, of the
five molten divalent metal chlorides so far studied, a short cat-
ion—cation bond length occurs orly in molten CaCl,. Biggin and
Enderby® found that Fc,c, was 3.58 A and, in spite of the double
charge on the calcium ion, was some 4% less than Fec; (3.73 A).

(39) Biggin, S.; Enderby, J. E. J. Phys. C: Solid State Phys. 1981, 14,
3577.

ARTICLES

Once again, the importance of determining the cation—cation
distribution function in the solution is clear, but the technology
for doing this needs to be further developed and refined.
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Several laboratory measurements of the absorption cross section of NO; in the visible region near 662 nm have been reported.
Two recent studies have indicated a possible temperature dependence for this cross section. This paper describes the results
of measurements of the peak absorption cross section (O'NO ) and the integrated area (oko,) of the 662-nm NO; band as a
function of temperature from 215 to 348 K, using Fourier transform spectroscopy. Within the error limits of this study,
no dependence of UNo, or U}qo on temperature could be seen. It is recommended that temperature-independent values of
2.08 (£0.38) X 1077 cm? molecule™ be used for the peak cross section of the 662-nm band (15106 cm™) and 1.95 (+0.18)
X 107" cm? molecule™ cm™ be used for the integrated band intensity (14910-15290 cm™). When possible, the integrated
area of this band should be used to quantify NO; because there is less uncertainty in the integrated band strength as compared

to the peak height.

Introduction

The NO, radical has been identified as a key reactant in the
NO, chemistry of the atmosphere and, as such, has been the
subject of a number of laboratory and field studies. In many of
these studies the concentration of NO; has been determined
through its absorption maximum near 662 nm. Since the accuracy
of the N O, concentration determination is dlrectly related to this
absorption cross section maximum (UNo ), it is crucial that it be
accurately determined.

The visible absorption spectrum of NO; was first recorded by
Jones and Wolf! and has subsequently been shown by Ramsey?
and by Marinelli et al.? to be completely free of rotational structure
even at very high resolution. The anomalously long lived
fluorescence observed* and the photodissociation quantum yield
of zero at wavelengths longer than about 630 nm’# rule out
predissociation in explanation of the diffuse spectrum. Nelson
et al.® have suggested that this diffuseness and the long lifetime
of the excited state can be attributed to mixing of the excited-state
electronic levels with high vibronic levels of the ground state.

Schott and Davidson,” using thermal decomposition of N,O;
as the NO, source, were the first to determine an NO, absorption
cross section. Subsequent determinations have used a variety of
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TABLE I: Results of Previous Determinations of the Cross Section
for the Peak of the NO; Band near 662 nm (58 ) and the Integrated
Cross Section from 14910 and 15290 cm™ (uNo )

ref source temp, K of3°  olo,
10 NO, + O, 298 148 1.83
8 NO, + O, 208 171 1.99
11 NO, + 0, 208 121 2.06
3 NO, + O, 208 190 2.02
12 F + HNO; (DF) 298 178 188
16 Cl + CIONQ, (P9) 298 1.63
13 F + HNO, (DF), 298 185 1.82

Cl + CIONO, (P)

14 F + HNO, (DF) 298 190  1.94
14 F + HNO, (DF) 240 231 222
14 F + HNO; (DF) 220 2.71 2.42
15 Cl 4+ CIONO, (FP*) 298 2.28
15 Cl + CIONO, (FP) 250 2.62
15 Cl + CIONO, (FP) 230 2.70
15 F + HNO, (DF) 298 1.83
this work NO, + O, 215-348 206  2.02

2em? molecule™, X107, ®e¢m? molecule™ em™!, X10!5, ¢Discharge
flow. 9Photolysis. ¢Flash photolysis.

NO; sources including NO, + 0,,>%10!1 F + HNO,,'>!5 and Cl
+ CIONO,.!>!516  The most recent measurements of (a%3,) are

(1) Jones, E. J.; Wulf, O. R. J. Chem. Phys. 1937, 5, 873.
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Figure 1. Schematic diagram of experimental apparatus used in mea-
surement of the NO, absorption cross sections in the 662-nm region.

in good agreement although several different sources of NO, were
employed (Table I).

Since field measurements of atmospheric NO;,!7-% laboratory
measurements of the N,Os; = NO, + NO; equilibrium con-
stant,>?>2728 NO,78 and N,0:**?° photodissociation quantum

yields, and NO; kinetic studies'*3* depend on ¢%3,, these too

(2) Ramsey, D. A. Proc. Collog. Spectrosc. Int. 1963, 10, 583.

(3) Marinelli, W. J.; Swanson, D. W.; Johnston, H. S. J. Chem. Phys.
1982, 76, 2864.

(4) Ishiwata, T.; Fujiwara, L.; Naruge, Y.; Obi, K.; Tanaka, 1. J. Phys.
Chem. 1983, 87, 1349,

(5) Nelson, H. H.; Pasternack, L.; McDonald, J. R. J. Phys. Chem. 1983,
87, 1286.
; (6) Nelson, H. H.; Pasternack, L.; McDonald, J. R. J. Chem. Phys. 1983,

9, 4279.

(7) Magnotta, F.; Johnston, H. S. Geophys. Res. Lett. 1980, 7, 769.

(8) Graham, R. A.; Johnston, H. S. J. Phys. Chem. 1978, 82, 254.

(9) Schott, G.; Davidson, N. J. Am. Chem. Soc. 1958, 80, 1841.

(10) Johnston, H. S.; Graham, R. A. Can. J. Chem. 1974, 52, 1415.

(11) Mitchell, D. N.; Wayne, R. P.; Allen, P. J,; Harrison, R. P.; Twin,
R. J. J. Chem. Soc., Faraday Trans. 2 1980, 76, 785.

(12) Ravishankara, A, R.; Wine, P. H. Chem. Phys. Lett. 1983, 101, 73.

(13) Burrows, J. P,; Tyndall, G. S.; Moortgat, G. K. J. Phys. Chem. 19885,
89, 4848.

(14) Ravishankara, A. R.; Mauldin, R. L. J. Geophys. Res. 1986, 91, 8709.

(15) Sander, S. P. J. Phys. Chem. 1986, 90, 4135.

(16) Cox, R. A.; Barton, R. A.; Ljungstrom, E.; Stocker, E. W. Chem.
Phys. Lett. 1984, 108, 228.

(17) Noxon, J. F.; Norton, R. B.; Henderson, W. R. Geophys. Res. Lett.
1978, 5, 675.

(18) Platt, U. F.; Perner, D.; Winer, A. M.; Harris, G. W ; Pitts, J. N.
Geophys. Res. Lett. 1980, 7, 89.
; (19) Noxon, J. F.; Norton, R. B.; Marovich, E. Geophys. Res. Lett. 1980,

, 125,

(20) Naudet, J. P.; Huguenin, D.; Rigaud, P.; Carioelle, D. Planet. Space
Seci. 1981, 29, 707.

(21) Platt, U.; Perner, D.; Schrdder, J.; Kessler, C.; Toennissen, A. J.
Geophys. Res. 1981, 86, 11 965.

(22) Rigaud, P.; Naudet, J. P.; Huguenin, D. J. Geophys. Res. 1983, 88,
1463.

(23) Noxon, J. F. J. Geophys. Res. 1983, 88, 11017.

(24) Platt, U. F.; Winer, A. M,; Biermann, H. W.; Atkinson, R.; Pitts, J.
N. Environ. Sci. Technol. 1984, 18, 365.

(25) Perner, D.; Schmeltekopf, A.; Winkler, R. H.; Johnston, H. S.;
Calvert, J. G.; Cantrell, C. A,; Stockwell, W. R. J. Geophys. Res. 1985, 90,
3807.

(26) Norton, R. B.; Noxon, J. F. J. Geophys. Res. 1986, 91, 5323.

(27) Tuazon, E. C.; Sanhueza, E.; Atkinson, R.; Carter, W. P. L.; Winer,
A. M,; Pitts, J. N. J. Phys. Chem. 1984, 88, 3095.

(28) Burrows, J. P.; Tyndall, G. S.; Moortgat, G. K. Chem. Phys. Lett.
1988, 119, 193.

(29) Swanson, D.; Kan, B.; Johnston, H. S. J. Phys, Chem. 1984, 88, 3115.

(30) Ravishankara, A, R.; Wine, P. H.; Smith, C. A.; Barbone, P. E;
Torabi, A. J. Geophys. Res. 1986, 91, 5355.

(31) Ravishankara, A. R.; Eisele, F. L.; Wine, P, H. J. Phys. Chem. 1982,
86, 1854,

(32) Kircher, C. C.; Margitan, J. J.; Sander, S. P. J. Phys. Chem. 1984,
88, 4370.

(33) Cantrell, C. A_; Stockwell, W. R.; Anderson, L. G.; Busarow, K. L.;
Perner, D.; Schmeltekopf, A.; Calvert, J. G.; Johnston, H. S. J. Phys. Chem.
1988, 89, 139,

The Journal of Physical Chemistry, Vol. 91, No. 23, 1987 5859

may be regarded as potentially well characterized. A question
that remains is whether an absorption cross section determined
near room temperature can be used without correction in mea-
surements at other temperatures.

Two recent studies by Ravishankara and Mauldin'4 and San-
der!s have observed a strong temperature dependence with aﬁ%}
increasing with decreasing temperature. If verified this dependence
would have to be incorporated into field and laboratory mea-
surements.

In this study, the NOj; cross section was measured in the
wavelength range from 600 to 700 nm and temperature range from
215 to 348 K. The NO; source used was O; oxidation of nitric
oxide, and the NO; concentration was modulated by passing a
flow of NO, in an excess of O, alternatively through a heated or
a cooled inlet. When the flow was through the heated inlet, the
shift in the N,O; += NO, + NO; equilibrium drove nearly all the
NO, to NO;. While the flow was through the cooled inlet, nearly
all the NO, existed as N,0s. By measurement of the change in
the N,Ojs signal in the infrared and that of NO; in the visible,
o%3, was deduced.

Experimental Section

The apparatus used in this study is represented schematically
in Figure 1. It consisted of a temperature-controlled flow tube
with internal White-type cell optics, a BOMEM DA3.01 Fourier
transform spectrometer capable of operation in either the infrared
or visible region, and a prereactor in which O; and NO were
reacted to produce N,O; and NO;.

The design of the temperature-controlled White cell will be
described in detail elsewhere.’* Briefly, it consisted of three
concentric stainless steel tubes; the innermost with a volume of
about 47 L housed the White-type cell mirrors. A tempera-
ture-regulating fluid (ethanol or ethylene glycol) was circulated
through the annular space between the two inner tubes; the third
tube provided an evacuable Dewar jacket. The long path cell had
an optical base path of 2.000 (£0.002) m and employed mirrors
in the Hanst configuration.3> The mirrors themselves were gold
plated for maximum infrared reflectivity and were adjusted for
48 passes, giving an optical path of 96 m. The reduced reflectivity
of gold at shorter wavelengths limited these studies in the visible
to wavelengths longer than 600 nm.

The mirrors were maintained at a fixed spacing and in align-
ment by means of three quartz rods against which the mirror
mounts were held by stainless steel wires maintained under tension
by springs. Once aligned, little degradation of the signal was
observed when the cell was cooled to 215 K or heated to 348 K.
At reduced temperatures, the temperature within the cell was
found to be uniform (as measured by six thermocouples in the
innermost tube) to 0.2 K, well within the stated accuracy of the
thermocouple (1.7 K). At the highest temperatures employed,
the uniformity was less but always within 0.5 K.

The BOMEM Fourier transform spectrometer, capable of
0.02-cm™! resolution, was operated with 5-cm™ resolution in this
study. It and the transfer optics were evacuable, which eliminated
interference due to water vapor in the 1600- and 3800-cm™ re-
gions. The dynamic beam splitter alignment feature of this in-
strument permitted rapid changeover between the infrared and
the visible regions. All absorbances reported here are base e.

The prereactor consisted of two tubes, one heated to about 410
K and the other cooled to about 260 K. The residence times in
the inlets were about 12 and 5 s, respectively. The NO; and N,05
signals were modulated by changing the flow of a 2.57% mixture
of NO in Nj; in an excess of ozonized oxygen from one tube to
the other. The chemistry of the inlet reactors can be summarized
in terms of the simplified mechanism:

NO, + O, — NO, + O, Q)

(34) Shetter, R. E.; Davidson, J. A,; Cantrell, C. A.; Calvert, J. G., Rev.
Sci. Instrum., in press.
(35) Hanst, P. Adv. Environ. Sci. Technol. 1971, 2, 91.
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Of course there are other reactions that occur to a small degree
in this system as part of the classical N,Os-catalyzed decompo-
sition of O; (see for example reference 36). Certainly the reactions
of NO and NO, with NO; as well as the self-reaction of NO; are
very important in the inlets; however, these are of minor impor-
tance in the cell. Using recommended rate constant and equi-
librium constant parameters’” and the fact that the inlets were
maintained at 620 Torr, we can qualitatively investigate the
mechanism of the modulation. As the flow is changed from the
cold (260 K) to the hot (410 K) inlet, the most pronounced change
occurs in the rate constant for reaction 4, which increases about
107 times. In effect, the heated reactor drives reactions 4 and 2
until much of the N,Os and nearly all of the NO, are consumed.
Upon entering the absorption cell, thermal equilibrium with the
cell is readily established as evidenced by the consistent ther-
mocouple readings at both ends and in the middle of the cell.
Reaction rates that are characteristic of the cell temperature are
also quickly established. In the cell small quantities of N,Os are
formed by the combination of NO; with most of the remaining
NO,. The concentrations of NO,, NO;, and N,O; are within 1%
of their equilibrium values soon after entering the cell as estimated
by using computer simulations incorporating all the reactions
pertinent to this system.

When the flow is through the cooled inlet, nearly all of the NO,
formed in (2) combines with NO, with little subsequent disso-
ciation. Upon entering the cell, thermal equilibrium is again
quickly established, with the formation or dissociation of N,O;
depending on the temperature of the cell relative to that of the
inlet. In all experiments O, was present in excess over NO, by
at least a factor of 20, and from 1-20% of the O; was consumed
in the hot inlet.

Typically, a 5.0 sim (standard liter per minute) flow of ozonized
O, was mixed with from 2 to 20 sccm (standard cubic centimeters
per minute) flow of a NO in N, mixture [2.57(£0.12)% v/v]. This
concentration was determined by comparison of this mixture to
pure nitric oxide using infrared spectroscopy as well as an in-
strument based on NO-O; chemiluminescence. These two
techniques gave very consistent results [2.54(£0.12)% and
2.60(£0.07)%, respectively] and thus were averaged for the final
concentration used in calculations for this study. The concentration
of ozone in the cell with the flow through the cold inlet was in
the range of (1.1-1.8 X 10'5 molecules cm™. The residence time
in the cell was about 12 s with a total pressure of 4-24 Torr. In
one set of experiments (at 215 K) the residence time was increased
by a factor of 4 and no significant difference in the value of o%3,
was found, thus indicating no problems with homogeneous or
heterogeneous decay of NO; or N,O; down the length of the cell.
If decay did occur, it would not affect the cross-section deter-
mination as long as odd nitrogen (NO + NO, + NO; + N,Os)
was conserved. However, if odd nitrogen was lost, a systematically
low value for the NO; cross section would be obtained.

In a normal experiment the first data taken were in the infrared
region with the gas flow through the heated inlet at low NO flows.
The rationale was that under these conditions low levels of HNO,
could be detected readily, if present. Any HNO; formed (pre-
sumably through the reaction N,O; with water on the cell walls)
would interfere with our determinations by contributing to the
N,Os signal as measured by the integrated band intensity from
1675 to 1775 and by reducing the total NO, available as NO,
or N,Os. This reduction in total NO, would also give system-
atically low values for the NOj; cross section; thus it was critical
to check for this problem and eliminate the cause when necessary.
In those few cases where HNO; was observed, the cell was con-
ditioned with high NO and Oj; flows until no HNO; could be

(36) Johnston, H. S,; Cantrell, C. A.; Calvert, J. G. J. Geophys. Res. 1986,
91, 5159.

(37) Demore, W. B.; Margitan, J. J.; Molina, M. J.; Watson, R. T;
Hampson, R. F.; Kurylo, M. J.; Golden, D. M.; Howard, C. J.; Ravishankara,
A. R. JPL Publ. 1985, No. 85-37.
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Figure 2. Sample spectra of N,Os in the infrared spectral region at a cell
temperature of 215 K, showing modulation of the signal through hot
(lower) and cold (upper curve} inlets. Integrated areas of these bands
were used in the NO; cross-section determinations.
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Figure 3. Sample spectra of NOj; in the visible spectral region at a cell
temperature of 215 K, showing modulation for flow through hot (upper)
and cold (lower curve) inlets.

observed. Normally, when the system was not in use, it was
maintained at a pressure above ambient and conditioning was not
necessary. We estimate that, under all conditions where data were
taken, HNO; accounted for less than 5% of the NO,. This is
evidenced by the fact that there is no significant difference in the
o%5, determinations obtained with the 1250- or the 1700-cm™
band of N,0s, although HNO; absorption is significant only at
the 1700-cm™! band. When the system was found to be free of
HNO,, data were taken in the following way. With the flow
through the heated inlet the infrared spectrum of the O,/
N,0;/NO,/NO; mixture was recorded at several NO flows
spanning a factor of nearly 10. The flow was then diverted to
the cooled inlet, and the infrared spectra were recorded at the same
set of flow conditions. Absorption due to NO; in the infrared
spectral region was never observed as a result of its small infrared
cross section, and at most cell temperatures the NO, concentration
was so low as to be undetectable. When the NO, was present,
its concentration was determined by the integrated area of the
1600-cm™ band compared to standard NO, spectra taken at the
same conditions of temperature and pressure. Since Os has a weak
absorption underlying the 1725-cm™ band of N,Os, all features
due to O; were subtracted from the spectrum by using standard
spectra of ozone recorded at the same temperature and pressure
before the N,Ojs integration was performed. The pertinent in-
formation obtained from the infrared spectrum was the integrated
band areas of the N,Os spectrum from 1220 to 1272.5 cm™' and
from 1675 to 1775 cm™!, and the integrated band area of the O,
spectrum from 990 to 1070 cm™'. Typically, the N,Os absorption
increased by about a factor of 2 when the flow was changed from
the heated to the cooled inlet (Figure 2).

The spectrometer was then converted for visible operation by
changing the source, beam splitter and detector. The optical path
followed by the spectroscopic probe was the same as that of the
infrared source. NO; was modulated by switching from the cooled
to the heated inlet at the same flows as used in taking the infrared
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Figure 4. Beer’s law type plot for the peak height of NO; at the maxi-
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yielding the NO, cross section directly.

data. In general, the absorbance due to NO; was weak when the
flow was through the cooled inlet and increased by at least an order
of magnitude when the heated inlet was used (Figure 3). When
NO, was present (at elevated cell temperatures), the weak bands
due to it were subtracted from the visible spectrum by using
standard NO, spectra obtained under the same conditions of
temperature and pressure. Ozone also has a weak visible ab-
sorption spectrum that could interfere with absorption measure-
ments of NO;. This was taken into account in large part by
collecting the reference spectrum with the O;/O, mixture flowing
through the cell at the same flow and pressure conditions used
for the sample spectra. This procedure effectively corrects for
ozone absorption as evidenced by very small absorbances near
15400 cm™! where NO, has a very small cross section and O, has
a cross section approximately half of that at its peak near 20000
cm™. The modulation of the O, concentration between the hot
and cold inlets was not accounted for through the use of the
reference spectrum. The O; concentrations determined from the
infrared spectra were used to correct the visible absorbances for
this changing O, absorbance. This resulted in an average decrease
in the calculated NO, cross section of 1.5%.

The calculation of ono, depended on the reproducibility of the
NO,; and N,O; concentrations generated following changeover
from the infrared. We anticipated that the reproducibility would
be good since the identical gas mixtures and flow settings were
employed in both parts of the experiment. Indeed, this was shown
to be the case when checked by repeating the infrared measure-
ments in a second cycle. Data taken in this way agreed with other
determinations of oo, to within 10%. Another potential source
of systematic error arises because of the possibility of NO,
photolysis by the broad-band visible spectrometer source. While
this effect would be reproducible, it would interfere with the
determination of ong, by reducing the NO; concentration when
data were taken in the visible while leaving the infrared data
unperturbed. When visible spectra were taken with the spec-
troscopic source intensity reduced by factors of 2, 10, and 20 using
neutral density filters, no increase in the NO; absorbance was
observed. Thus photolysis was not a problem, and all subsequent
spectra were taken without optical filtering.

Results

The analysis of the data is based on Beer’s law in the sense that
the NO, absorbance near 662 nm and the N,Ojs infrared integrated
absorbances must increase linearly with concentration. This
expected linearity can be seen in Figure 4. As shown below, the
analysis does not require an absolute concentration determination
for any of the species (except for NO,, when present); rather, only
the total added NO, is needed. This is determined by the NO
concentration in the standard NO/N, mixture, the mass flow of
this mixture and the flow of O,/O;, which are known to an
accuracy of better than 5%, at the 95% confidence interval, and
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the cell temperature and pressure. Because of the modulation
of N,Os and NOj; through the use of heated and cooled inlets,
the measurement of four signals (for instance, the integrated N,O;
band intensity—hot and cold—and the absorbance of NO, at 662
nm—hot and cold) along with the nitrogen mass balance are
sufficient to determine oo,

The nitrogen mass balance is

[NO,] = [NO;] + 2[N,0s] + [NO,) (a)

As mentioned above, in most experiments NO, was below the
detection limit; thus for those cases NO, can be neglected. For
each of the four signals measured, a Beer’s law relationship can
be written

[NO3]; = 8% /ono,? (b1)
[NO;]; = Y9 /ono,¢ (b2)
[N;05], = S¥%/on,0,¢ (b3)
[N;0s]; = SY9/ on,0,¢ (b4)

Where the subscripts 1 and 2 refer to the heated and cooled inlets,
respectively, S refers to the measured absorbance (area or peak
height, base ¢), and £ refers to the optical path length. Syo, can
be either the absorbance at 662 nm (about 15106 cm™) or the
integrated absorbance from 14910 to 15290 cm™, and Sy,q, can
be either the integrated absorbance from 1220 to 1272.5 cm™ or
from 1675 to 1775 cm™. Since the total NO, was determined
by the NO flow and is not dependent on the inlet, [NO,], =
[NO,],. Utilizing mass balance (a), a sixth equality exists, namely

[NO;]; - [NOs]; = 2(IN,05], - [N;Os]y) ©)
Substitution of the Beer’s law relationships into (c) yields

NO NO N N0

SOs — §NOs SH0s — §N:0s

=2
O'Noze O'Nzose

or
ASNO:  2A8Nw0s
aN03£ O'Nzose

(d)

where AS refers to the difference in the signal obtained with the
hot and cold inlets, defined as to have a positive value in all cases.
Substitution of (b1) and (b3) into (a) yields

SNo: 25)0s

NOJ = 4 ©
Combining (d) and (e) gives
SN©s
S0 + o ASNOs 1
oNO; = [NO.JZ 7 (f1)

A similar expression can be written for signals obtained when the
flow was diverted through the cooled inlet:

o S;’zos

NO
) 8579 + SN0, ASNOs 8, ”
INO; = [NO,]¢ T ¥ (f2)

Note that the NO; cross section can be calculated from this
expression knowing only the raw signal intensities and the total
NO, added (and of course, ¢).

When NO, is present, its concentration is determined in sep-
arate calibrations and the relationship that must be used is

Sfl‘lzos
SNO; 4 NO,
! ASN20s §
oNO; = = — (gl)
SN2Os $;

[NO,] - [NO]; - —AINO,] (2

Of course, a similar relationship can be written for the cooled inlet
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TABLE Ii: Summary of Determinations of the Peak Cross Section

and Integrated Cross Section for the NO; Band Near 662 nm

(1491015290 ¢cm™) from This Study

Ie

temp, K [NO,])° o562t o

348 0.436 2.06 2.27

348 0.874 1.94 2.10

348 2.62 1.97 2.13

348 3.50 2.28 2.17

348 2.06 £ 0.274 2.17 £0.13¢
323 0.464 1.97 2.02

323 0.928 2.07 2.15

323 1.39 2.20 2.31

323 1.86 2.26 2.28

323 2.79 2.05 2.14

323 3.72 2.24 2.19

323 2,13 £0.22 2.18 £ 0.19
298 0.976 2.03

298 4.07 2.11

298 0.980 2.00 1.95

298 1.54 1.97 1.99

298 2.05 2.01 2.01

298 3.08 2.08 2.12

298 4.11 2.14 2.14

298 0.512 1.80 1.93

298 2.02 £ 0.20 202 +£0.16
271 0.563 1.97 1.97

271 1.12 2.23 2.15

271 1.69 2.13 2.01

271 2.26 2.10 2.07

271 3.38 2.10 1.93

271 4.52 1.96 1.79

271 2.08 £0.18 1.99 £ 0.22
253 0.613 2.32

253 1.23 2.05 2.12

253 1.84 1.79 1.88

253 2.46 1.70 1.79

253 3.69 1.90 1.89

253 4.92 1.74 1.78

253 1.84 £ 0.43 1.89 £ 0.25
232 1.34 2,18 2.08

232 2.02 2.23 1.99

232 2.69 2.10 1.97

232 4.04 2.09 1.88

232 5.38 2.50 2.04

232 2,22 £0.33 1.99 £ 0.15
215 0.585 2.14 2.08

215 1.17 2.20 2.00

215 1.76 1.93 1.89

215 2.34 1.93 1.81

215 293 1.92 1.87

215 2.02 £ 0.24 1.93 £ 0.19
215-348 2.06 £ 0.32 2.02 £0.28

4Molecules cm™, X107'%, ®cm? molecule™, X10'7. ¢cm? molecule™
cm™!, X10'3, 9The last entry for each temperature gives the mean and
20 value for that temperature, for the peak cross section and the inte-
grated area. [Note: Complete data set available as supplementary
material (see paragraph at end of paper regarding supplementary ma-
terial).]

data. Here, A[NQ,] is defined to be [NO,], - [NO,], so as to
have a positive value.

NOs
NO NO
555+ ASN:20s ASTE &, .
oNO; = =3 (g2)
Sglzos 2
[NO,] - [NO], - WA[NOz] 4

Note that for (f1) or (f2) a plot of the appropriate § versus the
appropriate F yields ono, as the slope, whereas, when NO, is
present, & must be plotted versus the appropriate & values. Such
a plot of the results for the NO; peak height at the maximum near
662 nm is shown in Figure 4. The fraction of the NO, present
as NO, was a function of the total NO,, the cell temperature,
and the inlet used. At the highest temperature studied (348 K),
the fractions ranged from 0.18 to 0.33 for the cold inlet and from

Cantrell et al.
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Figure 5. Plot similar to Figure 4, for the integrated area of the NO,
band near 662 nm. The integration limits are from 14910 to 15290 ¢cm™.

#;

[ ® This Work
& Ravishankara and Mauldin, 1986
o Sander, 1986

w
(=]
T
1

N
3,

F ]
't

Yy

1

»
o

—
——

=
3

()

(cm? molecule;' X 107"
o -
o wn

Yoo 240 280 320 360

Temperature (K)

NO; Cross Section - 662 nm peak

Figure 6. Plot of mean NOj; cross sections (cm? molecule™) at the peak
of the band near 662 nm versus temperature (K) (®). Error bars cor-
respond to 2¢ (standard deviation), and the horizontal line is the mean
cross section for all the data of this study. Also known are the data of
Ravishankara and Mauldin (A) and Sander (O), along with linear re-
gression lines for their data.

0.14 t0 0.15 for the hot inlet. Similarly, at 323 K, the fractions
ranged from 0.09 to 0.23 and from 0.02 to 0.04. Finally, at room
temperature (298 K) the fractions ranged from 0.03 to 0.05 for
the cold inlet and were less than 0.01 for the hot inlet. At all other
temperatures the fraction of NO, as NO, was less than 0.01. This
measurement does increase the overall uncertainty in the cross
sections calculated for these temperature when NO, is present;
however, in the worst case this uncertainty is less than 3%, based
on a 10% uncertainty in the NO, measurement.

The results of this study are summarized in Table II. Four
determinations of the NOj; cross section at 662 nm and the in-
tegrated cross section are made for each set of flow conditions
at a given temperature. These are from the appropriate f or g
equations for data from the two N,Og bands. The numbers in
Table II are the average of these four determinations. Figure 4
shows a plot of & versus F or &, whichever is appropriate, for each
temperature studied. For a given temperature the slope of the
line gives the o§{3_ at that temperature. Figure 5 is a similar plot
for the integrateé cross section of the 662-nm band. The con-
stancies of the peak intensity and the integrated area are shown
by the scatter of the data about the lines (which are the mean
values for the determination at all temperatures). In Figure 6,
the average of all determinations of agfo3 at each temperature is
plotted versus temperature. The horizontal line is the average
of all our determinations. Also shown are the data of Ravish-
ankara and Mauldin, and Sander, along with linear regression
lines of their results. The room temperature values are in excellent
agreement. Except for the lowest temperatures employed, all
determinations agree within the error limits given. The previous
workers concluded that the ag?éj increases with decreasing tem-
perature, whereas the results obtained in this study show no
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apparent temperature effect within the uncertainty of the de-
terminations. It should be pointed out that a slight systematic
wavelength shift was observed in the location of the peak of
662-nm band. The band peak was shifted to higher energies by
a few reciprocal centimeters at 215 K relative to 348 K. This effect
will be discussed in more detail in another report.

Ravishankara and Mauldin used the F + HNO; reaction as
the NO, source and measured the NO, absorbance with a tunable
dye laser. The NO; concentration was determined by titration
with NO. Sander generated NO; by the F + HNO; and C1 +
CIONQ, reactions in a flow system or by the flash photolysis of
CL,-CIONO, mixtures. In the flow system Sander titrated the
NO; with 2,3-dimethyl-2-butene or NO, with the former being
preferred. In the flash photolysis system the initial [NO;] was
equated to the [CIONO,] loss by using published CIONQ, ab-
sorption cross sections. As noted by Sander, all of these systems
have the possibility for systematic error. In the flow systems this
arises because of the possibility of F or Cl atom regeneration
through secondary chemistry. The flash photolysis system suffers
from the reliance on ultraviolet CIONO, cross sections, the
possibility of interfering absorption in the ultraviolet, and the
possibility of interfering secondary chemistry. Indeed, the cross
sections obtained by the two techniques differed significantly with
a room temperature value of 1.83 X 107!7 cm? molecule™ obtained
in the flow system compared with 2.28 X 107'7 cm? molecule™
for flash photolysis. For reasons discussed in his paper, Sander
preferred the higher of these determinations. In both of these
studies it was observed that the absorption cross section increased
with decreasing temperature although Mauldin and Ravishankara
found a somewhat larger fractional increase than Sander.

The apparatus and approach used in the present study has
several advantages: (1) The chemistry involved in the N,Os-
catalyzed decomposition of O; has been well characterized in many
studies made over a 50-year period.* (2) No complications were
introduced in this experiment by the addition of titrants, and thus
the possibility of secondary unknown chemistry was minimized.
(3) Mecasurements in both the visible and infrared regions allowed
detection of all NO, species as well as interfering species (for
example, HNO;). (4) The N,;Os—NO; modulation permits the
determination of oy, without recourse to absolute concentration

determinations for NO, and N,Os, although flow and pressure
calibrations are required. The only possible source of systematic
error that we could identify was the loss of NO; (and/or N,Os)
through formation of HNO, or other unidentified adsorbed species,
and as noted above, efforts were taken to minimize this error. If
irreversible adsorption losses were significant, one would expect
these to increase with temperature decrease and lead to an un-
derestimate of the cross section of NO,. While irreversible ad-
sorption at the walls could account for the lack of temperature
dependence, we feel that it is unlikely.

Due to the fact that the room temperature determinations of
several recent studies all overlasp, we recommend that a tem-
perature-independent value for ¢$$3_ of (2.08 £ 0.38) X 1077 cm?
molecule™ (base e) be employed in fleld and laboratory absorption
measurements of NO;. This value is the average of the present
study and the results at 298 K of the two most recent studies'4!*
and is consistent with most other recent determinations within
their stated error limits. Although one might perceive a small
decrease in a}qos from the highest to the lowest temperature
studied, it is not statistically significant, given the uncertainty
associated with the mean at each temperature. Therefore, we also
recommend a temperature-independent value for a}qog of (1.95
%+ 0.18) X 10715 cm? molecule™ em™ be used. This value is the
average of all values derived from the room temperature mea-
surements of the integrated area (14 910~15290 cm™!) shown in
Table I.
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An analysis is presented of the results of the 3*Cl NQR investigation (frequencies at 77 K) of 63 hydrogen-bonded complexes
of trichloroacetic acid (TCA) with various organic bases (B) from very weak to very strong ones. A characteristic sigmoidal
curve Az = f(ApK,) was obtained by determining the 3CI NQR frequencies for two boundary hydrogen-bond forms: the
covalent and fully ionic ones. The NQR results were interpreted on the basis of the models with one or two minima in the
proton potential energy curve as well as in terms of the charge-transfer theory of hydrogen bonding. The process of proton
transfer in the hydrogen bond was analyzed. Some important parameters determining the hydrogen-bond nature in TCA-B
complexes were obtained. A general applicability of NQR spectroscopy in investigations of hydrogen-bond nature was discussed.

1. Introduction

Hydrogen bonding (A-H--B) is an interaction between a co-
valently bound H atom (A-H), with some tendency to be donated,
and a region of high electron density on an electronegative atom
or group of atoms (B), which can accept the proton.!® The

(1) HadZi, D.; Thompson, H. W., Eds. Hydrogen Bonding; Pergamon:
London, 1959,
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hydrogen bond is said to be intramolecular or intermolecular; that
is whether the atoms (or groups of atoms) A and B belong to the

(2) Pimentel, G. C.; McClellan, A. L. The Hydrogen Bond; W. H. Free-
man: San Francisco, 1960.

(3) Sokolov, N. D.; Chulanovski, V. M., Eds. Hydrogen Bonding; Akad.
Nauk SSSR: Moscow, 1964,

(4) Hamilton, W. C.; Ibers, J. A. Hydrogen Bonding in Solids; W. A.
Benjamin: New York, 1968.
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