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ABSTRACT

Line strengths were measured for four transitions of the HO radical
near 2.93 ym in the fundamental vibration-rotation band using a tunable
infrared diode laser coupled to a molecular modulation spectrometer. The

hydroxyl radical was produced by modulated photolysis of 03 at 2537 Z

in the presence of H, O, and its number density obtained from numerical

2

simulation of the complete photochemical system. The strongest line

observed was at 3407.607 cm-l with a measured line strength of

20 -1

3.3 £ 1.5 x 10 cm2 molec:ul-e.l cm .



%o

INTRODUCTION

The spectroscopy of the hydroxyl radical has been studied extensively

over the last several decades because of its critical role in many diverse

?

chemical systems including interstellar space, the earth's

' . . 5 .
>" and combustion environments. The first spectroscopic

atmosphere,
studies of HO were done on the AZZ « Xzﬂ system in the 2800 - 3200 A

region, because of its high absorption and emission intensities and the

convenient wavelength range. This band system has been utilized

‘extensively both in absorption and emission to probe HO concentration in

a variety of enviromments, and several analyses of this system have been
3

ddgé. - ré;;eu;v;;rknﬁg Céi&ﬁ;;paﬁd Giiiiég giveé line positions

aﬁd intensifies fbf this band at temperatures relevant t§ stfatﬁséheric
and combustion studies (240 K and 4600 K, respect?vely). Results of
studies in this region have been used in détermining spectroscopic
constants for the in electronic state.

10,1 . . ..
»11 of infrared vibration-rotation emission

The discovery by Meinel
from vibrationally excited HO originating in the upper mesosphere and

lower thermosphere from the exothermic reaction

11~:-o3->0}1(v.<.9)+o2 (1)

produced more spectroscopic information about the 2Tr‘ground electronic
state of HO and increased interest in the role of this radical in upper
atmospheric photochemistry. Since then high resolution emission spectra
of HO from intense sources were observed, and accurate line position

data for transitions in the 0.9 - 3.7 nm region obtained.12 These data

2

were combined with line position data from AZZ + X“m band studies and



microwave data on A splittings of low J in levels to produce good

13

i

molecular constants and term values for the ini state for v £ 5.
Although transition frequencies for the fundameﬁtal vibration band
are known accurately from experiment and theory, line intensity informa-
tion has been restricted to results of theoretical calculationsla and
inference from emission studies.15 No direct measurement has been made
due to the difficulty of preparing ‘large radical concentratiomns, the
relatively weak.oscillator strength of these transitions and, previously,
the lack of a suitable narrow-linewidth tunable spectral source. In
this study a tunable diode laser was coupled to a molecular modulation

spectrometer to measure the integrated absorption of four vibration-

rotation transitions of HO, which was pfoduced by the moduléted

photolysis of an 03/H20 mixture. Line strengths were determined from
these measurements by calculating the component of the HO concentration
which was observed during the modulated absorption measurement. These

results now provide a method for measuring absolute HO concentrations.

EXPERIMENTAL
Moecular Modulation Spectrometer System

The experimental apparatus used for this study has been described
pfeviously.22 It consists of a quartz-walléd mﬁltipass absorption cell
in a White configuration,16 which serves as a photochemical reactor,
and a combination UV and diode laser IR spectroscopic detection system.

Several features of the apparatus which were illustrated but not

described in reference 22 require some explanation.



The diode laser detection system can be operéted in several modes.
To make direct absorption measurements, the laser frequency is scanned
slowly (v 0.01 - 0.1 cm_l min_l) over a selected region by ramping the
diode current, using the internal ramp generator of the Laser Control
Module (LCM). The IR detector signal is carrier demodulated and sent
to an x-y recorder whose x axis is driven by the ramp function of the
LCM. This produces a direct record of the absorption spectrum of the
reaction cell contents. To detect small absorptions (< 10%), first or

second derivative detection works best.17 A modulation (AV) of the

laser frequency is produced by feeding a 5 kHz sinewave to the LCM

input, with AV set to be about 1/2 a typical absorption linewidth. The
laser's center frequency is slowly écanned as before by the RCM ramp.

Demodulation of the detector signal at the modulation frequency (5 kHZ)

or at twice the‘frequency (10 kHz) produces a 31gna1 approx1mately
proportional to the first or second derlvatives of the absorptlon llne.18
These signals can be recorded on the x-y recorder. This technique has
high sensitivity and is good for determining line positioms, but is
difficult to calibrate for absolute absorption measurements.

The molecular modulation techniq'uel9 was employed to investigate
HO because it prqvides both the sensitivity of the derivative method
and the quantitative results of direct absorbtion measurements. In
this scheme, the HO radical concentration is modulated about a steady
state value by sinusoidally modulating the photolytic lamp intensity
about a D.C. level with an amplitude comparable to the average intensity.

The flashing frequency chosen is usually a compromise between chemical

modulation amplitude, which decreases with flashing frequeéncy, and



signal-to-noise ratio of the IR detector and electronics, which increases
with flashing frequency, and is t}pically between 0.5 - 50 Hz. The
laser beam is chopped at a carrier frequency of 1800 Hz, passes through
the cell, where it is further modulated by the varying absorber concen-
tration, and finally is converted to an electrical signal by the IR
detector. This sighal is amplified and demodulated at the chopper
frequency to produce a D.C. baseline component, Io, which is recorded
on the x-y recorder, and an A.C. component, AL, due to the chemical
modulation, which is detected by a dual channel lock-in aﬁplifier
referénced to the photolytic lamps., The quantity AI is th; véét§r>sﬁm
of the measured in-phase (A cos ¢) and quadrature_(A sin ¢) components
of the signal

Al = (Azsin2¢ + A2c032¢)1/2 (2)

These observed quantities are related to the HO modulation amplitude

(An) for small absorbances by

ag(v)Anf

AT/T = e 3)

where o(v) is the HO absorption cross section at the laser frequency v
and £ is the absorption pathlength. Since £ is known and An can be
calculated (section IIc), O(V) can be measured directly. . Scanning the
laser over an entire HO absorption line then provides all the information

needed to calculate its line strength

S =f a(v)dv (4)



lines bf using the 3407.826 cm

In addition, the phase angle ¢ between the photolytic lamps and the HO
modulation signal provides information about the HO lifetime in the

photochemical system.

IR Absorption Measurements

The frequency and designation for each of the four HO transitions
investigated are listed in Table I, along with frequencies for the H20

reference lines. The HO transitions are also indicated on an energy

level, Figure 1, which gives both the parity and e/f designation20 for

each state. Nuclear hyperfine splitting has been omitted for clarity.
The intensity of the P(4.5) 1- line was measured ibsolutely by varying
the chemical modulation frequency, and the intensities of the other

three lines measured relative to it.

Run sequence 1 investigated the P(4.5) 1* lines near 3407.8 cm-l.

The monochromator was adjusted to span the expected position of these

1 Hzo line as an absolute frequency

reference and the etalon to measure frequency relative to the HZO line.
This H20 line was observed by first derivative detection, as it is too
weak to observe directly. The chemical conditions were then set to
produce HO radical, éith ﬁhe photolysis lamps flashing at 15.6 Hz.
Diode current was scanned over a 30 ma region ét 1x lO-4 A/s while Io’
A cos ¢, and A sin ¢:were recorded. The resulting mé&ulation amplitude
signal is shown in Figure 2, along with fréquency calibration traces. |
Peaks A and B come up exactly at the frequencies predicted for the

P(4.5) 1- and P(4.5) 1+ lines, indicating that they are hydroxyl radical

signals. A second scan of a 3 ma region near peak A was made at

5

1 x 10 A/s; the resulting modulation phase and amplitude spectra are



shown in Figure 3. Particular note should be taken of the phase spectrum,
which is constant in the absorption region and random elsewhere. The
absorption profiles. were fit to gaussians by a nonlinear least squares
method. Although the lineshapes are slightly pressure broadened and
should be described by a Voigt profile, the signal-to-noise was not

high enough to unambiguously fit that function.

In run sequence 2 the P(4.5) 1- line signal was measured as a
function of flashing frequency. A 3.4 ma region near 3407;607 cm_l
was scanned at 1 x 10-5 A/s while Io was recorded (5s time constant)
simultaneously with the modulation components (4s time constant).
This was done at four flashing frequencies, 7.8, 13.6, 31.3 and 62.5
Hz, performed in random order. To improve signal quality a series of
measurements was made of the chemical modulation signal on a D.C.
(unchopped) beam. Although these measurements give only relative
amplitude information, since the IR detector does not respond to the
D.C. beam amplitude, gooa phase shift measurements were produced.

Run sequence 3 investigated the intensities of the P(3.5) 2+ and
P(3.5) 2~ transitions relative the that of P(4.5) 1+. 1In the 3422.0

cm — region there are four H,O lines suitable for frequency calibratiom.

2

A fast scan over the spectral region containing these lines was performed

using second derivative detection while the HZO/OB mixture was being

photolyzed. Figure 4 shows the four H,O lines (A, D, E and F) clearly,

2

as well as the peaks B and C which occur at frequencies corresponding
to HO P(3.5) 2% lambda doublet lines. Next a set of scans over a 6.5 ma
region overlapping peaks B and C was performed as before at a rate of

1x 10"S A/s. Immediately after these scans the laser and monochromator



were reset to the 3407.8 cm-1 region while keeping the chemical conditions
constant and several fast scans made over the 3(4.5) 1+ lines. Although
many sets of laser operating conditions were tried, a laser mode break
persisted right at the P(4.5) 1- line frequency, so only the P(4.5) 1+
line was remeasured at a slow scanning rate. Since the ratio of the
P(4.5) 1% lines had been measured previously, and the ratios of the

P(3.5) 2% lines to the P(4.5) 1+ line were just méasured, all line

intensities could be related directly to that of the P(4.5) 1- transition.

"HO Concentration Determination

HO radicals were produced in this photochemical system by the

mechanism

0. + hv (2537 &) + 0. + o(D) : (5)

3 2

o(lp) + H,0 + HO + HO (6)

Modulation of the photolysis rate induces periodic fluctuation of the

HO concentration, which is the phenomenon being detected by the molecular
modulation technique. Since the complete reaction mechanism describing
this system is complex, time dependent numerical modeling was required

to extract [HO] modulation amplitudes. A complete description of the

34 reaétion mechanism and the rate constants used is given in Ref. 22.

In addition to reaction rate constants, several other parameters are

necessary to perform the calculations. Cell volume and gas flow rates

were measured by standard expansion and water displacement techniques.

Steady state [HZO] under the standard flow conditions was measured by

IR absorption22 to be 6.8 x lOls cm-3. Steady state [03] was measured
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by UV absorption at 315 mm both with and without photolysis occurring

before every run sequence and after sequence 2. This allows calculation

of O3 flow-in rate and the D.C. photolysis flux. The ratio of the A.C.

to D.C. photolysis rate was measured to be 0.65 using the UV photodiode T
which monitors the Hg lamps. With this information the [HO] modulation
amplitude and phase relative to the photolysis lamps was calculated for

the conditions measured before run 1 and both before aﬁd after run 2.

These are listed in Table II, along with observed [03]. The uncertainty

of the derived [HO] modulation amplitude on uncertainites in rate

constants is discussed in the Appendix.

RESULTS AND DISCUSSION

The absolute intensity of the P(4.5) 1- transition was determined

from analysis of runs 1 and 2. Peak absorption cross section ¢ s

wa
peak
calculated from the normalized modulation amplitude (AI/IO) and calcu-
lated [OH] modulation amplitude An by the relation

Anf » (7

(AI/Io)peak = 0peak

where £ is the absorption pathlength. Run 1 gave a value Opeak = 2.21 x
“18 .n? molecule ™ and the 7.8 and 15.6 Hz data of Run 2 gave O
18

10 peak -

2.23 + 0.45 x 10 cm2 molecule-1 (1o). The 31 and 63 Hz data of Run

2 wer; not included because of poor signal/ﬁoise. The linewidths
obtdined By fitting gauséian curves to the measured absorption profiles
showed relatively large dispersion. This is attributed to laser frequency
jitter and uneven current tuning, since all measurements were performed

at the same temperature and pressure, and ali four transitions are

expected to have nearly equal linewidths. Therefore an average linewidth

of 0.0138 * 0.0016 cm_l FWHM was calculated, weighting each measured
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linewidth by the signal/noise of the measurement. This is 38% greater
than the Doppler width at 300 K, and could be accounted for by pressure
broadening by He, if a broadening coefficient of 0.1l1 <:m-l at:m-l FWHM

is used. A separate determinaﬁion of average linewidths for the P(4.5)

1% and P(3.5) 2t doublets indicated that they are equal to better than

1Z. Since the peak absorption cross section, Opeak’ and the FWHM
linewidth, W, were both obtained by fitting experimental profiles to
gaussian curves, the integrated absorption coefficient (or line intensity)

S 'is calculated by

1/2
s=@4 s e (8)

For the P(4.5) 1- transition, the line intensity is calculated to be

-20 cm2 molecule_1 cm-l. Intensities for the other

3.26 £ 0.76 x 10
three transitions relative to P(4.5) 1- were calculated from the results
of Runs 1 and 3. Where several scans were made of the same line, the
results were averaged using the uncertainty from the fitting routine

as a weighting function. The P(4.5) 1+ intensity was calculated from
the P(4. 5) 1+/P(4.5) 1- data of Run 1, and the P(3.5) 2+ intensities
from the Run 3 data, which measure these lines relative to P(4.5) 1+.

The results ére summarlzed‘lﬂ Table III. A éompérison of observed and
calculated HO phase shifts, Figure 5, shows good agreement, indicating
that the measured HO chemical lifetime agfees with that predicted
numerically, and confirms the validity of using calculated OH concen-
trations in this study.

The only other intensity information available on these HO transitions

1 o C o
are the values calculated by Gillis and Goldman. 4 They obtain intensities
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of 1.06 x 10-19 cm2 molec:ule_l crn_1 and 5.95 x 10-20 cm2 molecule-l cm T,
respectively, for each of the doublet lines of the P(4.5) 1t and P(3.5)
2t line pairs, which are roughly three times larger than the values
reported here. Since calculated intensities are usually good to a
factor of tw023 and the experimental value have an uncertainty of 1.5
(20), the two studies are in rough agreement. Theory predicts that two
lambda components of each vibration-rotation transition are nearly
equal (* 0.3%), differing slightly due to a 0.8 c:m-'l difference in
.lower state energy. The observed difference of about 137 for both the
P(4.5) 1+ and P(3.5) 2% douBlets is probably just a reflection of the
experimeﬁtal uncertainty. The intemsity ratio of P(3.5) 2+/P(4.5) 1%*
is predicted to be 0.561lA and measured here as 0.572. Thus the results
on relative intensities agree well wi;h theory.i

The results of this work are applicable in several areas. HO is a
key reactive intermediate in many gas phase chemical systéms, and with

9 cm-l) absorptions,

diode laser systems capable of measuring small (10
radical concentrations of 109 cm.3 should be detectable. This is not

as sensitiﬁe as A * X resonance fluorescence detection, but circumvents
the photochemical disruption which UV excitation can produce.25 In
the st;atosphere HO concentrations have been measured in the 107 cm-3

range,4 which may be detectable in the IR by exploiting the long path-
lengths achieved by solar limb scanning techniques (1-50 x 105 atm-cm),

2
as has been done recently to measure the ClO radical. 6
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Table I. Observed transitions of HO and H.O.

2
Species v (cm-l) Designation Reference
HO 3407.607 P(4.5) 1- 12
HZO 3407.826 21
HO 3407.989 P(4.5) 1+ 12
H,0 3421.739 21
HO 3421.936 P(3.5) 2- 12
HO 3422.,012 P(3.5) 2+ | 12
H,0 3422.272 : 21
B0  3422.333 | 21
H,0 3422.369 21



Table II. Measured O, and calculated’

3
- 0, (da;:) 0, (H,0 : hv)
(107" molecules/cm™)
pre-1 17.18 2,053
pre-2 17.14 2.056
<25
<2>®
<2>?
<2>a
post-2 14.15 2.400
pre-3 18.62 2.334

Mod.
Freq.
(Hz)
15.625
7.8125
15.625
31.25

62.5

OH -modulation behavior.

Calculated

[OH] Modulation

; Amplitude

Phase 11 3

(deg) (10" molecules/cm™)
-19.22 + 0.53 4.56 + 0.34
- 9,53 £ 0.75 3.95 + 0.89
-18.32 £ 1.17 3.82 £ 0.85
-34.43 £ 1.90 3.35 + 0.69
-54.47 + 1.85 2.36 £ 0.44

aListed phase and amplitude are average of results calculated

conditions.

using pre-2 and post-2

LT



Line

P(4.5)

P(4.5)

P(4.5)
P(4.5)
P(4.5)

Table III. HO line intensity results.

Modulation Ampl.

Run (AI/IO)
1- 1 2.98 + 0.26 x 107>
1+ 1 2.62 % 0.74 x 1072
1+ 3 1.82 + 0.42 x 10>
2- 3 1.04 * 0.48 x 102
2+ 3 1.18 + 0.38 x 1073

Listed

uncertainties are two standard deviations.

(cm2

3.26

2.87

2.87
1.64

1.85

Intensity

molecule_1

+

+

+

1.52 x 10

1.58 x 10~

1.58 x 10~

1.22 x 10~

1.32 x 10~

-1
cm

20

20

20

20

20

18
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FIGURE CAPTIONS

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Energy level diagram for the HO molecules. The transitions
observed in this study are indicated, with the notation
following Ref. 12. The number and sign at the end indicate
spin orbit state (Fl or FZ) and parity, respectiyely, of the
lower state. e/f labeling of each state is also shown

(Ref. 20).

Diode laser scan in 3407.8 cm—l region. Upper trace is a

first derivative spectrum of unphotolyzed H20/03 mixture;

peak C corresponds to the 3407.826 c:m—l H.O line. Middle

2

trace is the fringe pattern of Ge etalon (0.0486 cm-l free
spectral range). Lower trace is modulation signal amplitude
during modulated photolysis of H20/03; peaks A and B

1

correspond to HO lambda doublet lines at 3407.607 cm - and

3407.989 cm L, respectively.

Modulation phase and amplitude spectrum for the P(4.5) 1-

HO transition at 3407.607 cm-l.

Diode laser scan in 3422.0 cm-; region. Upper trace is a
second derivative scan of a photolyzed:HZO/O3 mixture; peaks
B and C correSpoqd to the HO P(3.5) 2+ lambda doublet lines
at 3421.936 cm-l and 3422.012 cm_l, peaks A, D, E, and F

correspond to H O lines at 3421.739, 3422.272, 3422.333,

2
and 3422.369 cm-l. Middle trace shows direct absorption

19



Figure 5.

20

signal; lines A, E and F are discernible. Lower trace is of

Ge etalon (0.0486 cm-l'fringe spacing).

Calculated and experimental HO phase shift versus photolytic

flashing frequency.
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APPENDIX — SYSTEMATIC ERRORS

An obvious source of systematic error in this procedure is uncertainty
in the rate constants used to calculate the concentration of hydroxyl
radicals. However, in this experiment the results are dominated by only

four reactions, mechanism I.

1
+ +
1. 0y + hv >0, +0CD)
5. oclp) + H,0 > 2HO
) +
21. HO + 03 -+ HOO 02
° > +
24 HO + HOO HZQ 02

where equation numbers are those of Ref. 22,

For this mechanism the steady-state concentration of hydroxyl radicals

is

[BO] = j,/k (A1)

1" 721

which is independent of the values of k5 and k24’ even though these

reactions occur in the mechanism. The mechanism can be improved if one

calculates the fraction a of 0(1D) that reacts with water
a= kS[HZO]/ka[M] (A2)

where M are HZO’ 03

a is about 0.9 and is weakly dependent on the four additional rate

(two channels), 02, and He. 1In these experiments

coefficients used in its evaluation. Mechanism II includes these four

rate coefficients plus the four of mechanism I and yields the expression:

(HO] = ajl/k21 (A3)
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Although the chain length for ozone destruction by HO, is very short

under conditions of these experiments, it is interesting to add the second

chain step

26. +0, > +
6 HOO + 0, > HO + 0, + 0,

to give mechanism III, which yields the relation

/2 (A%)

2[HO] =R + (R2 + 4Rk26[03]/k24)1

where R is aj1/k21.

Finally, mechanism IV is the set of 32 reactions that includes a 10%

contribution of

3
2. 03 + hv » 02 + 0(°P)

and subsequent reactions of atomic oxygen. Also included are the forma-
tion and reactions of H202, Oz(lA), and atomic hydrogen.

~ The calculated modulation amplitude of the hydroxyl radicals (that
for I + AI minus that for I - AI for slow oscillations of the light
intensity) is given in Table IV for each of the four mechanisms, involving
a typical set of experimental conditions. For the simple four-step
mechanism I the calculated concentration of hydroxyl radicals depends

only on jl and k (Al); the coefficient jl was measured in this

21’

apparatus; and the coefficient k, . is regarded to be z_mcertain27 to a

21
factor of 1.25. 1In units of 10ll molecules cm-3, the concentration of
hydroxyl radicals is 6.4 according to mechanism I; it is reduced to 5.9
by considering the relatively error free factor & (A2); mechanism IIX

gives 5.7; and the full 32 reaction mechanism IV gives 5.1. The

important part of this discussion is that the full 32 step mechanism
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provides merely a 207 correction to the four-step mechanism I (Al) and
only an 117 correction to the niﬂe-step mechanism III (A4). The
expected systematic error due to uncertainties in rate coefficients
depends primarily on two values, jl and k21 (Eq. Al); and it depends
weakly on uncertainties in the other 30 reactions. In this study we

ascribe * 257 uncertainty to this source of systematic error.



Table IV. Comparison of calculated modulation amplitude for hydroxyl
radicals for four mechanisms of difference complexity

(based on one typical experiment).

Calculated modulation

, Number of
Mechanism reactions Eq. No. amplitude of ro/10%1
I 4 Al 6.4
IT 8 A3 5.9
I1I 9 A4 5.7
v 32 - . 5.1
15 16
Concentrations at steady state: 03, 2.1 x 1077 02, 2.4 x 1077
16 18 -3 . .
H,0, 6.9 x 107 "; He, 2.2 x 107 molecules cm ~. Light intensity:

2
DC, 6.7 x 1015; modulation amplitude, 4.3 x 1015 photons cm-2 s-l.

Value of o (Eq. A2): 0.92.
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