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Absorption Cross Sections of Formaldehyde at Wavelengths from 300 to 340 nm at 294 and
245 K
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Absorption cross sections for the,—X1A1 electronic transition of formaldehyde have been measured by
ultraviolet (UV) laser absorption spectroscopy in the tropospherically significant wavelength rang@4800

nm, over which HCHO is photochemically active. Absorption cross sections are reported at two temperatures,
294 and 245 K and at a spectral resolution of 0.0035 nm (0.35)c#t this resolution, greater peak absorption

cross sections are obtained for many of the sharp spectral features than were previously reported. To simulate
atmospheric conditions in the troposphere, the effects of adding a pressure of nitrogen of up to 500 Torr and
of reduced sample temperature were investigated. The overall magnitudes of peak absorption cross sections
are largely unaffected by the added pressure of nitrogen, but a modest degree of pressure broadening (0.2
0.3 cnmtt atnT?) is evident in the line shapes. Computer simulations of spectra have been optimized by
comparison with wavelength-dependent formaldehyde absorption cross sections for each major vibronic band
in the chosen wavelength range. Experimental and computer simulated spectra at 294 and 245 K are compared
to test the reliability of the computer simulations for quantification of the effects of temperature on absorption
cross sections. All experimental absorption cross section data and tables of input parameters for spectral
simulations are available as Supporting Information.

1. Introduction concentrations both in the upper troposphere and in the boundary
layer8° Photolysis of formaldehyde and subsequent reaction of
the radical products, H and HCO, with oxygen is an important
additional source of HQwhich must be correctly incorporated
into current models of the chemistry of these regions.

Absorption of ultraviolet (UV) radiation by formaldehyde in
the wavelength range 2660 nm occurs via an electronic
transition from the ground state to the first excited singlet state,
S1 — S, giving rise to the AA,—X!A; band system, which
consists of an extended progression of vibronic bands. As a
consequence of electric dipole selection rules, this electronic
transition is symmetry forbidden but can become allowed
through vibronic coupling; hence the-A band of formalde-
hyde has relatively small absorption cross sections for an
electronic transition. In addition to possible quenching and
radiative decay of the excited state, there are two competing
dissociative channels following absorption, leading either to
molecular or radical products:

Formaldehyde (HCHO) is a naturally occurring atmospheric
compound with an active and important role in the photochem-
istry of the troposphere. It is formed as an intermediate in the
oxidation pathways of many biogenic and anthropogenic volatile
organic compounds (VOCs) and is a source ofiHOH and
HO,), thus playing an important part in the interrelated
chemistries of ozone and the H@nd NQ (NO and NQ)
cycles. A global tropospheric background of HCHO is present
as a result of oxidation of methane (which has a tropospheric
average mixing ratio of~1.72 parts per million by volume
(ppmv))! and other non-methane VOCs including isoprene, the
dominant hydrocarbon released by many plant spéchs-
thropogenic sources of HCHO include vehicular and industrial
emissions. Measured concentrations of HCHO range fr&®
pptv (parts per trillion by volume) in clean Antarctic tropo-
spheric air in winteg to 15-20 ppbv (parts per billion by
volume) in the London urban aréand <70 ppbv in the Los

Angeles ared.There are two major loss pathways for HCHO, .
photolysis and reaction with the hydroxyl radical (OH), which HCHO+hw —H, + CO (. < 360 nm) (1)
account for the atmospheric lifetime of HCHO being on the HCHO + hy — H + HCO ( < 330 nm) 2)

order of a few hour§.

The HQ, family is central to the photochemistry of the
troposphere, and its primary source is the reaction dbP(
atoms, formed from ozone photolysis, with water vapor. Water
concentrations in the upper troposphere are low, however, and
HOy production via this route is thus expected to be small in
magnitude. Predictions from models containing only ozone
water, and methane chemistryiowever, underestimate HO

The wavelengths in brackets are derived from threshold energies
for the opening of each dissociation chanHelhere is an
additional decay channel occurring at wavelengths below 283
nm, forming radical products H- H + CO, but it is not
important in the troposphere. In the case of channel 1, the
' threshold energy corresponds to the barrier height on the S
state potential energy surface (PES), and for channel 2, it is the
S Aator g " p— " asymptotic energy for €H bond breaking via the,JPES. Both
117 9‘55%ref??réﬁiﬁ”l‘i?c&g%%ﬁ a.orr-ewing@bris.ac.uk. Fad4 photolysis channels have significant atmospheric conse-
f Current address: Jet Propulsion Laboratory, M/S 183-901, 4800 Oak duences: channel 1 is a source of CO, and the reaction of the
Grove Drive, Pasadena, CA 91109. atomic and radical products from channel 2 with @oduces
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Figure 1. Schematic diagram of the experimental apparatus.

HO, radicals 320 nm) atT = 294 K. Ambient pressure and short (subnano-
second) excited-state lifetimes might serve to broaden the lines
H+0,+M—HO,+ M 3) further.
Measuring HCHO absorption cross sections at a resolution
HCO+ O,—HO, + CO (4) higher than 1 cm! increases the likelihood of finding suitable

absorption lines for atmospheric monitoring in a spectral window

(which rapidly interconvert with OH, the major atmospheric that is free from other absorbers. The higher resolution data
oxidant). There are two important elements to the experimental are also essential to quantify precisely the impact of HCHO
characterization of HCHO photochemistry in the troposphere. photochemistry on atmospheric K@nd are thus part of a study
The first is measurement of accurate absorption cross sectiongurrently underway in our laboratory to measure quantum yields
(the subject of this paper) and the second is determination of of the radical products following HCHO photolysis, under
quantum yields for channel 2. These measurements are neededtmospherically relevant conditioAWe report here absorption
at high wavelength resolution to capture the consequences ofcross sections obtained at an instrument resolution estimated
the fine rovibronic structure in the HCHO, S- S, absorption to be 0.35 cm?, measured by absorption of a UV laser beam
spectrum. Precise absorption cross sections as a function of Uvtuned over the wavelength range 3@%0 nm, and under
wavelength are also necessary for interpretation of atmosphericconditions of low partial pressure of HCHG-L Torr). The
retrievals of HCHO made using spectroscopic methods, whether,effects of reduced temperature angliNduced pressure broad-
for example, by ground-based DOAS or by satellite spectrom- ening are also quantified over the same wavelength range.
eterst—14 Preliminary measurements for the wavelength range-328

Dieke and Kistiakowsky were the first to study the extensive nm were reported previously but are greatly extended #ere.
progression of bands in the!A,—XA; electronic absorption ~ Spectral simulations of the main vibronic bands of tHé\A-
spectrum of HCHG® which is the simplest carbonyl-containing  X*A; electronic transition of HCHO at the two experimental
molecule and exhibits resolved rotational features in its UV temperatures are also described and provide a means of
absorption spectrum. The first measurements of formaldehydecalculating absorption cross sections at temperatures other than
absorption cross sections in the UV region were made by 294 and 245 K.
McQuigg and Calvert in 196% Since then, several groups have
measured these absorption cross sections including Basd'et al., 2. Experimental Methods
Cantrell et al1® Rogers!® and Meller and Moortga? but at
resolutions at or in excess of 1 ¢i(0.01 nm at 320 nm) that The experimental setup has been described in detail previ-
were limited by the instruments employed. The spectrometer ously and key features are summarized If#&/€The apparatus

resolving powers were not sufficient to observe much of the is shown in Figure 1. A custom-designed spectrometer was used
rotational fine structure present in the absorption spectrum of to measure HCHO absorption cross sections and consisted of a

the HCHO molecule. High resolution (0.027 th Fourier tunable UV laser source and a chamber evacuated by turbo-
transform UV spectra and HCHO absorption cross sections weremolecular and rotary vacuum pumps. The 60@®00 x 300
reported by Co et & but spanned only the long wavelength mm rectangular vacuum chamber (which is also equipped with
absorption region from 354356 nm. The current study employs ~ cavity ring-down spectroscopy facilities for HCO quantum yield
UV laser absorption spectroscopy methods to measure HCHOMeasurements) was fitted with thermocouple temperature sen-
absorption cross sections from 300 to 340 nm at superior SOrs and pressure gauges.

resolution to any of the preceding measurements over this Tunable UV laser light was generated from either the
region. The measurements resolve additional sharply structuredrequency doubled output of a dye laser (Sirah Cobra Stretch)
rotational features in the vibronic absorption bands; in the limit pumped by the 532 nm second harmonic of a Nd:YAG laser
of Doppler broadening, the full widths at half-maximum height (Continuum Surelite Ill), or a Nd:YAG pumped optical para-
(fwhm) of lines corresponding to transitions between individual metric oscillator (OPO) (Spectra Physics MOPO 730-10). The
rovibrational levels would be 0.07 cth(7 x 1074 nm atA = manufacture-specified line widths of the fundamental visible
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beams from the dye laser and OPO are 0.0018 nm (0.044 cm were used to measure the temperature inside the chamber. The
at 640 nm) and 0.130.19 cn1?! (depending on wavelength), signals from the photodiodes monitoring the laser intensity at
respectively. Frequency doubling was achieved using a KDP various points in the apparatus were digitized using an oscil-
crystal that was angle-tuned to maintain efficient UV generation loscope (LeCroy 6030) and transferred to a PC running LabView
using an auto tracker and UV energies in ead® ns duration software via a GPIB interface for data accumulation and
laser pulse were typically-11.5 mJ. A<10% fraction of the analysis. The wavemeter was connected directly to the computer
UV laser beam was separated from the main beam using avia an RS232 serial port.

wedged beam splitter and entered and exited the vacuum

chamber midway along, and perpendicular to, its long axis via 3. Results and Discussion

wedged quartz windows mounted on opposite sides to form the - Apalysis of incident and transmitted laser intensities was
double-pass absorption spectroscopy arrangement ShOwn in.arrieq out using the BeeiLambert law to determine formal-

Figure 1. The internal path Ier)gth of the laser beam was 66.5 dehyde absorption cross sectionsat each wavelength of the
cm. The 0.8 wedges on the windows ensured that there were |y |3ser:

no fringe patterns arising from interference effects underlying

the absorption spectra. Independent fast photodiodes, operated | =1, exp(—al[HCHOY]) (5)

in photovoltaic mode, were used to measure the intensity of 0

UV laser light entering and exiting the vacuum chamber, ) ) . .

enabling quantification of both fluctuations in the laser power Ineq _5’| andlo are, respectively, the nor_mahzed intensities (as

and the change in intensity resulting from passage through the€XPlained below) measured by a photodiode (PD2) located after

spectrometer. This latter intensity change is a consequence ofthe exit window, with an(_i without HCHO present. [HCHO] is

absorption by HCHO gas, scattering losses from the vacuumthe known number density of HCHO, ahds the_path length

cell windows, and Rayleigh scattering from added pressures of of 66.5 cm through the sample. Another pho.todlode.(PDl)_ was

nitrogen bath gas. All wavelength scans were repeated in thelocated before the vacuum ghamber to monitor the intensity of

absence of HCHO but under otherwise identical experimental every I_aser pulse. Ea(;h signal recorded by_ PD2 was first

conditions to distinguish absorption losses from those Causednormahzed f_or fluctuating laser power by division by the

by scattering and absorption. Quartz wedge3 y@re used to equwglent signal .from PD1. Scatterlng processes (such as

split a fraction (-5%) of the UV beam into each photodiode Raylglgh scatter in the presence of nitrogen bath gas) and

without introducing fringing from interference effects as the laser adqlltlonal IOS.SeS caused by the c_h_am_ber windows cancel when
. . taking the ratio of the two intensities in eq 5.

wavelength was scanned. Quartz diffusers were placed in front The use of the BeerLambert law is onlv valid to evaluate

of the photodiodes to average out the effects of any spatial y

. - absorption cross sections if the absorbance is a linear function
structure in the UV laser beam and to ensure a linear response

- . - . of the column density (the product of HCHO number density
of the output signals to changes in the laser intensity. A . ; - .
. and optical path length). Of the previous literature studies of
wavemeter (Coherent Wavemaster) and an Etalon (with free B 17and R 19 | d ke
spectral range of 2.05 crhand transmission fringes monitored ~ 2HcHO BaSS etat’ and Rogers'neglected to take into account
by a further hotodiode were used for wavelength calibration the nonlinearity in the absorbance of HCHO as a function of
y P ) 9 HCHO concentration that has been reported by other authors
of the dye laser or OPO fundamental output. The wavemeter

itself was calibrated by comparing to a simultaneously recorded (Cantrell et al.;*Meller and Moortga¥). Cantrell et al noticed
. y paring y that deviations from the BeetLambert law typically occurred
laser induced fluorescence (LIF) spectrum gfvhpor. The

ority of ab i " dertak .__at the peak intensities of vibronic bands, and to account for the
majority ot absorption measurements were undertaken USInglnonlinearity, Cross sections extrapolated to values at zero number
<10uJ of UV energy per laser pulse (with pulse duratio@

but to check f bl broadeni £ ” density were reported. In the current study, wavelength-
ns), but to check for possible power broadening of lines (vide dependent absorption cross sections for strong spectral features

infra), restr_icted regions O.f the absorption_spectrum were also from a sample containing 1 Torr partial pressure of HCHO were
scan_ned W.'th pulse energies of 0,25 (obtglned by replacing compared with those obtained by extrapolating to zero pressure
a prism with a quartz-wedge beam splitter). The UV pulse o ¢ross sections measured at a range of HCHO partial pressures
energies were measured using a calibrated power meter.  f4m 0.5 t0 4 Torr. The extrapolated and 1 Torr spectrum cross
HCHO was prepared according to the procedure of Spencesections were found to be in quantitative agreement (to much
and Wild?* paraformaldehyde (Aldrich prills, 95%) was heated petter than the uncertainties in cross section values specified
to temperatures above 383 K to generate gaseous monomerigater), thus validating the use of the Bedrambert law for data
HCHO. The resultant gas was collected in a liquid nitrogen trap. analysis under conditions of 1 Torr vapor pressure of HCHO.
Purification was achieved by passing the gas through a dry ice/ Cross sections measured at 2 and 4 Torr were, however, found
acetone trap (195 K) to remove thermal decomposition impuri- to be lower than those from extrapolation to zero Torr. The use
ties with vapor pressures lower than that for HCHO such as of a static sample of gaseous HCHO, at fixed partial pressure
acetone and acetaldehyde, and then trap-to-trap distillation wasin the absorption chamber, was tested and justified by noting
performed with liquid nitrogen to remove any residual @ that measured absorption intensities remained unchanged for 1
N2. HCHO was admitted to the main vacuum chamber via PTFE h periods. Hence, the effects of wall losses and photodegradation
tubing by warming of the cryogenically trapped sample. and repolymerization of HCHO gas under low UV laser power
Calibrated capacitance manometer gaugesi@and 6-1000 conditions were negligible over the timescales of individual
Torr, Edwards Barocel pressure sensors) were used to measurgpectral scans. Spectra were typically accumulated over 0.7 nm
the pressure of HCHO gas and added nitrogen bath gas. Reducediavelength intervals, with an overlap of adjacent spectra of 0.1
temperatures in the chamber were achieved by passing coolechm.
fluid (a mixture of triethoxyalkylsilanes) from a thermostat The line widths of the fundamental visible beams from the
(Huber Unistat 360) through internal loops of copper piping. dye laser and OPO were determined by comparing experimen-
Two type-K thermocouples (placed at separate points along thetally measured low-pressure molecular iodine LIF spectra to
laser beam axis to check there were no temperature gradientscomputer simulations. The expected optimum UV bandwidths,
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Figure 2. Absorption spectrum of the A,—XA; band system of HCHO recorded at the estimated Gaussian wavenumber resolution of 8.35 cm
(0.0035 nm) in the wavelength region 36840 nm.

estimated asv/2 times the measured line widths of the tion cross sections for thel2} and 2 43 bands (whereM?
fundamental beams, were thus determined to be 0.1Z&m2D denotes a vibronic transition with quanta of vibration in the
cm for the dye laser and OPO systems, respectively. Most of upper (A'A,) state and quanta in the lower (¥A,) state, and

the absorption spectra were obtained using the OPO becausé/ defines the vibrational mode) were also recorded using the
of its wide wavelength tunbility. Spectral simulations of the dye laser system, with frequency doubling of the output beam
absorption bands (see later), however, required incorporationusing the same KDP crystal; spectral resolutions and absorption
of a line shape function with greater width to match the cross sections were essentially identical for this and the OPO
experimentally observed spectral lines. Two different line shape UV source.

functions successfully reproduced experimental band contours |, 4| the spectral simulations reported hereafter, the line shape
and the intensities of resolved rotational structure when incor- ¢,ntions used are a convolution of a 0.45drtor wider, where
porated into spectral simulations. The first of these, as used specified) fwhm Lorentzian function and a 0.2 chfwhm
previously 1by Pope et &Fis a Lorentzian function with fwhm  Gayssjan function. The resultant Voigt profile was chosen
0f0.45 cn*. The second line shape was constructed by addition e, se it js conveniently generated in the spectral simulation

of two Gaussian functions of equal areas, centered at the Sam%rogram and gives very satisfactory reproduction of experi-

point, but with fwhm values of 0.3 and 2 cth This latter,  \enia)ly observed band intensity contours and the shapes of
composite function closely resembles the Lorentzian line shape,Sharlo spectral lines.

with the broader of the two Gaussians providing the extra width 3.1. Absorption Cross Sections at 294 KEigure 2 shows

in the profile wings that is characteristic of a Lorenztian line . .
shape P 9 the composite room temperature (294 K) absorption spectrum
. - ~An o1 NV
The line broadening over and above the expected contribution of H?Hotharlsmg 3ggam40the '222323 ;‘91 4%)60'tat'10n bltn' thg

from the laser bandwidth was previously attributed to lifetime wavelength range nm ( cm ) obtaine .

broadening of the predissociated rovibrational levels of the A n th.e curr.ent study, plotted as absolute absorptpn cross sections

state. Lifetimes of these levels sfL1 ps are required to account against air wavelength. There is a small gap in the spectrum

for >0.45 cnr? of line broadening and are not consistent with from 33.6_338 nm that was not scanned begause o_f the weak
absorption in this region. The spectrum is dominated by

previous reports of fluorescence lifetimes of a few ns or loAger. s i th hi ! ) )
The experimentally observed line widths might, therefore, be a progressions in t ef:O stretching V|brat|orn/2_, with the most .
ssions coming from a series of b-type rovi-

consequence of the true bandwidth of the UV from the frequency Prominent progre A
doubled OPO output, or broadening induced by the power of Prational bands, labeled 5@43 and %4, The v; mode,

the UV laser pulses. The latter effect is a particular concern which is smultaneously_exc_lted, correspont_nls to the out-of-plane
because of the possibility of optical pumping from the rovibra- bend. The c_iata plotted in Figure 2 are available in tabular form
tional levels of the Astate into the diffuse levels of the'&''- as Supporting Information.

(*By) state via an electric-dipole allowed transition. This There are several potential sources of uncertainty in the
excitation is resonant at the wavelengths of the UV light and determinations of the absorption cross sections, including the
will shorten the lifetimes of levels of the Atate, resulting in precision of the calibrated pressure gauge (specified as 0.15%
spectral broadening. This possible broadening mechanism carand therefore negligible), the uncertainty in the absorption path
be discounted, however, because spectra obtained with 0.25 andength (also negligible), the purity of the HCHO sample, the
10 uJ per pulse of UV energy were identical in their spectral effects of non-BeerLambert absorption behavior (see above),
resolution. We thus conclude that the frequency doubling of and the stability of the UV laser intensity. To test the purity of
the OPO fundamental visible output generates UV radiation with the HCHO, infrared absorption spectra were taken and showed
a larger than optimum expected bandwidth of 0.3 &nThe no evidence of bands other than those of HCHO. Uncertainties
pedestal in the UV bandwidth function, described by the second, in absorption cross sections were therefore quantified by
broader Gaussian contribution, may result from UV generation comparing the results of between 3 and 5 separate measurements
from additional frequency components underlying the narrow of spectra for each vibronic band. Values plotted in the figures
bandwidth part of the fundamental OPO output. HCHO absorp- and listed in the supplementary data are the average of these
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Figure 3. Comparison of the HCHO absorption cross sections obtained Figure 4. Comparison of the data of Cantrell et'&With the current

at a resolution of 0.35 cni (this study, top panel) with two previous  results processed to reduce the spectral resolution. Top panel: spectrum
studies. Spectra were measured using a FT spectrometer with resolutiorof Cantrell et al. measured at a resolution of 1.0 &nBottom panel:

of 1.00 cn7? (0.011 nm at 330 nm) (middle panel, Cantrell e)‘al data from the current study convoluted with a 1.0 &fwhm Gaussian

and using a diode array spectrometer with stated resolution of 0.028 function.

nm at 320 nm (bottom panel, Meller and Moortg#t).
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data sets. Rather than analyze variations at all wavelengths in
the spectra, we selected representative lines of intermediate
strength (peak absorption cross sections from>0.6071° to

1.3 x 10719 cn? moleculel) and determined the standard
deviations of the cross sections at several points across thec
central part of each spectral feature. Uncertainties€kpressed

as percentages of the peak absorption cross sections of the,
chosen lines, evaluated as the average for three lines per
vibrational band) were 9% £22), 10% (2 43), 5% (2 5, 4%

(25 40), 8% (%40, 9% (2 40), 6% (%4)), and 10% (24y),

with the larger values arising for wavelength regions where the §

UV laser operated less stably. If, as the above analysis suggests,g 31

1.0 -

molecule’

2

ion/107" cm
o
i3

cross sect|

o]

the major source of uncertainty is fluctuations in the laser §

intensity, in combination with weak absorptions under our < o0 —— My
experimental conditions, with no significant sources of system- 3285 3290 3205 300 305 B0 PS5 320
atic error, rebinning or convolution of the spectral data into Air wavelength / nm

reduced resolution intervals wi.lllserve to redyce the'uncertaint@esFigure 5. Expanded view of the spectra displayed in Figure 4
_because of the effects of additional averaglng._Thls sgggeshonencompassing the 128 vibronic band. Top panel: spectrum of

is supported by the smaller (6-8%) uncertainties in the  canrell et af® measured at a resolution of 1.0 chmBottom panel:
integrated band intensities presented in the following section. data from the current study convoluted with a 1.0-&fwhm Gaussian
Although use of higher partial pressures of HCHO would function.

improve the signal-to-noise ratios in our data, the derived

absorption cross sections would be less reliable because offeatures. The current measurements provide a more complete
systematic errors introduced by deviations from Bdeambert (but still instrument limited) resolution of the highly structured
law behavior. bands that make up the HCHO-AX absorption spectrum.

3.2. Comparison with Previous MeasurementsThe current A gquantitative comparison with previous measurements of
experimental data, measured at an estimated resolution of 0.35HcHo(4) was made by convoluting the current, higher resolution
cm~1 (0.0035 nm) with the dual Gaussian line shape function measurements with an instrument function chosen to mimic that
described earlier, are compared in Figure 3 with the results of of the spectrometer employed by Cantrell et®dfor lack of
the two previously published highest resolution studies, Cantrell more precise information, the instrument function was taken to
et al18 and Meller and Moortga® The stated resolutions of  be Gaussian in form, with a fwhm set to the stated value of
the two preceding studies were 1.00 and 2.73%(0.028 nm 1.00 cntl. Figure 4 shows a comparison of the convoluted
at wavelengths around 320 nm), respectively, although our bestspectrum with the data of Cantrell et'8lacross the whole
simulations of the data of Cantrell et al. require a Gaussian line wavelength region measured in the current work, and an
shape of 1.4 cm; simulations performed wita 1 cnt? fwhm expanded region of theézg band is shown in Figure 5 to
Gaussian function must be further convoluted with a Lorentzian demonstrate clearly the level of agreement. The data from the
function of fwhm 0.45 cm? for a satisfactory match to the current study have also been convoluted to mimic the instrument
experimental data. As is evident from Figure 3, peak HCHO function of the spectrometer used by Meller and Moor#fat,
absorption cross sections become higher as the resolution ofand results are shown in the Supporting Information. Integrated
the spectrometer approaches the widths of the sharpest spectralbsorption cross sections for each band, shown in Table 1, also
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TABLE 1: 294 K Integrated Band Intensities for the Main 25
Vibronic Bands in the 300—340 nm Region of the 20
AA,—X'A; Electronic Absorption Spectrum of HCHO 1.5
Compared with Results from Cantrell et al.X® and Meller 1.0
and Moortgat2° 0.5
0.0

integrated band intensity/
10~ cm? molecule’t cm™

©
3
o
Q<
[=]
£
E
o
o 1504
wavenumber vibrational Meller and =100
interval/ cnt band Cantrell etal. Moortgat  current study s
32781-33023  pi4! 1.227 1.308  1.359t 0.022 g 501
32450-32781 234'8‘ 0.918 1.000 1.140+ 0.028 @ 0.0+
32123-32450  plsgl 0.649 0.655  0.724:0.004 g 25+
31600-31900 234! 1.324 1.371 1.396: 0.010 5 201
31275-31600 2(2)48 0.976 1.022 1.122 0.053 3 :':'.
30425-30750 2241 1.291 1.278 1.285 0.010 § 0'52
30050-30425 2142 0.791 0.804  0.8420.006 < 001 L e A L TV R VN
29403-29611 14! 0.82F 0.803  0.756+ 0.094 3130 3135 3140 3145 3150 3155 3160 3165

Air wavelength / nm

Figure 6. Top: experimental HCHO absorption cross sections for the
23 4% vibronic band. Middle: simulation created using the PGOPHER
program with a Gaussian line width of fwhm 0.07 Thto mimic the

S effects of Doppler broadening. Bottom: simulation created using the
highlight the correspondence between the three data setspGOF,HER program with a Gaussian line width of 0.2-&rand a

Numerical integrations were per_formed using the Trapezium | o .coi iz line width of 0.5 crrt-
rule over the same wavenumber intervals as quoted by Cantrell
et al.18 unless otherwise stated, and specified uncertainties in spectrum that incorporates a Gaussian line width of fwhm 0.07
our values are one standard deviation from analysis of threecm™ (to reproduce the 294 K Doppler broadening of rotational
separate measurements. It should be noted that there is a slighines). In the bottom panel, the Gaussian width has been
discrepancy in vacuum wavenumbers of spectral featuresincreased to 0.2 cm, and convolution with a Lorentzian
between the current study and that of Cantrell et%akhich is function of line width 0.5 cm? has been introduced to reproduce
of the order of~0.2—0.5 cnt? for different vibronic bands. correctly the experimentally observed line widths and resolved
The vibronic band origins obtained from analysis of data from structure. As explained earlier, power broadening by the UV
the current study (see below) agree very well, however, with laser pulse and lifetime broadening by rapid predissociation of
those reported by Clouthier and Ramgay. the A-state levels do not account for the extra line width, which
3.3. Spectral Simulations The spectral simulation program is instead attributed to a 0.35 cifwhm Gaussian UV
PGOPHER? was used to simulate the major vibronic bands of bandwidth function with an underlying broader component. A
the AA,—X'A; electronic absorption spectrum of formalde- noteworthy feature of the central panel of Figure 6 is just how
hyde, using the most comprehensive and recent sets ofmuch larger the peak absorption cross sections of HCHO should
vibrational-level-dependent rotational consta§t¥he asym- be if measured with an instrument of resolution equal to, or
metric top band simulations included all available rotational and higher than, the line widths imposed by Doppler broadening.
centrifugal distortion constants, a thermal Boltzmann distributon =~ PGOPHER fitting of the simulation file to the experimental
of populations over rotational levels of the ground state, and data was employed to refine spectroscopic constants, by
the effects of the statistical weights of nuclear spins of the matching numerous individual spectral lines in the experimental
identical H atoms. As mentioned earlier, each band was and simulated spectra and floating various excited-state spec-
simulated at the desired temperature, with inclusion of a troscopic constants. This fitting procedure had the effect of
Gaussian line width of 0.2 cnd to mimic the effects of Doppler  slightly altering values of the excited-state constants from those
broadening and the optimum expected laser line width, and reported in the literature. Previously, unrefined simulations of
inclusion of a further Lorentzian line shape component with the 234} and 2 43 vibronic bands were publishéd,and we
fwhm ranging from 0.450.7 cnt! depending on the vibronic ~ present here refined simulations of these bands, and new
band (as summarized in Table 2 of the Supporting Information). simulations of all the major vibronic bands between 300 and
Figure 6 shows two simulations of the 2} vibronic band of 340 nm at 294 K in the form of Supporting Information, along
HCHO using spectroscopic constants from Clouthier and with tables of new or refined rotational and centrifugal distortion
Ramsay?® compared with experimental measurements (top constants. Figure 7 shows a comparison between experimentally
panel). The middle panel of the figure is a simulation of the obtained HCHO absorption cross sections for t@éojzand 25

2 Integrated band intensities for the results of Cantrell ¢ fir a
waveumber interval defined by the current study.

TABLE 2: Integrated Band Intensities for the 300—333 nm Region of the AA,—XA; Electronic Absorption of HCHO at
Temperatures of 294 and 245 K.

wavenumber vibrational 294 K-band intensity 245 K-band intensity
interval/ cnr?t band 10" cn? molecule! cm™ 10" cn? molecule! cm™
32781-33023 2441 1.359+ 0.022 1.379+ 0.002
32450-32781 2§ 4% 1.140+ 0.028 1.055+ 0.014
32123-32450 255 0.724+ 0.004 0.753+ 0.003
31600-31900 24 1.396+ 0.010 1.442+ 0.010
31275-31600 204 1.122+ 0.053 1.099+ 0.023
30425-30750 2% 4 1.285+ 0.010 1.310+ 0.023
30050-30425 254 0.842+ 0.006 0.823t 0.003
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Figure 7. Top: experimental HCHO absorption cross sections for the
22 45 and 2 43 vibronic bands. Middle: simulations created using the
PGOPHER program with refined rotational and centrifugal distortion
constants at = 294 K. Bottom: difference between the experimental
and simulated spectra, plotted on the same vertical scale.
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Figure 8. Absorption cross sections of HCHO for a small region of
the 2 4% band of the AA,—XA; transition, showing the effects of
different pressures of nitrogen bath gas: (a) 0 Torr; (b) 200 Torr; (c)
500 Torr.

43 bands and newly simulated spectra. A Lorentzian line width
of 0.45 cnt! fwhm was included in the simulation to reproduce
correctly the experimentally observed shapes of the spectral
lines.

Some underestimation of the intensity of the absorption cross g
sections, evident toward the high wavelength ends of the bands,’
may be a consequence of the overlap of other weaker vibronic2 |
bands not included in the simulations. Further discrepancies are’s 09 ——— 77—
likely to arise from localized perturbations of!A, state
rovibrational energy levels, some of which are mixed with levels
of the &A, state. Simulations which use a Gaussian resolution
function of fwhm 1.0 cmi! reproduce better the band absorption
cross section profiles measured by Cantrell et'falas a
consequence of the reduced resolution, and the resultant loss
of some rotational fine structure. Full input simulation files for
each vibronic band (at a user-specified resolution) are available
in the Supporting Information or from the authors for use with
the freely available PGOPHER progrd@m.The remaining _ _ _ .
discrepancies between the simulated and experimental absorp='9ure 9. T1°p_ panel: experimental HCHO absorption cross sections
tion cross sections mean that the simulations should be used®" the 4 vibronic band at 294 K with the addition of 500 Torr

- . - . . nitrogen bath gas. Bottom: simulation created using the PGOPHER
with some caution to predict absorptlon Cross sections at program with refined spectroscopic constants from the current work,
temperatures other than those for which experimental valuesand an additional 0.15 cri added to the Lorentzian line width to
are reported, particularly at high wavelength resolution. account for the effects of pressure broadening.

3.4. Effects of N Bath Gas.HCHO absorption cross section
measurements are of greatest use to atmospheric modelers, anroadening (and loss of resolution) is evident in the line shapes.
for spectroscopic retrieval of HCHO mixing ratios, when the This broadening was estimated to correspong@®2—0.3 cntt
effects of ambient gas pressure have been quantified. Measureatmi ™ for N,. There are no isolated lines for excitation to a
ments were thus undertaken of théAA—XIA; rovibronic single rovibrational qguantum state that can be fitted to Voigt
absorption spectrum of HCHO with the addition of different line shape functions for more precise quantification of pressure
pressures of nitrogen bath gas. Pressure-broadening is wellbroadening coefficients. These coefficients are thus estimated
known to reduce peak absorption cross sections of narrowby eye from comparison of experimental data and spectral
spectral lines and cause nearby lines to merge. A small butsimulations, as demonstrated by Figure 9; the top panel shows
highly structured wavelength region was chosen and the effectsexperimental HCHO absorption cross sections for tIﬁ@%Z
of different pressures of nitrogen bath gas were determined for vibronic band measured at 294 K with the addition of 500 Torr
the same partial pressure of HCHO. The HCHO absorption crossof nitrogen bath gas, and the bottom panel is a simulation created

2.5 4

-1

molecule

tion cross sectio

orp

Abs

0.0
325.6

g T T T T T T 1
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sections for the whole wavelength range, 33340 nm, were
then measured with an added pressure of 200 Torr.dfdth

gas (data are available as Supporting Information). Figure 8
shows the effects of 200 and 500 Torr of bath gas on the
HCHO absorption cross sections for a small region of thé;2
band. There is little discernible change in the overall magnitudes

using the PGOPHER program, with an additional 0.15%&m
included in the Lorentzian line width to account for pressure
broadening.

3.5. Temperature Dependence of the Spectrahe decrease
of temperature with altitude in the troposphere necessitates
knowledge of HCHO absorption cross sections at varying

at the peaks of absorption, but a modest degree of pressurdemperatures, both to understand the impact on HCHO photo-
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Figure 12. Simulated absorption cross sections of the HCH@A-
XA, 2245 bands at 294 K (middle panel) and 245 K (top panel),
together with a difference spectrum (bottom panel) obtained by
subtraction of the 294 K data from the 245 K data.

recorded at temperatures of 294 K (middle panel) and 245 K
(top panel). Comparison of the two data sets, along with the
difference spectrumogask — 0204k, bottom panel), shows that
at the maximum of each absorption band, the temperature effects
are strongest, with lower temperatures giving greater peak
intensities. At the long wavelength side of each band, the
temperature effect is reversed and lower temperatures result in
smaller absorption cross sections. With a reduction in temper-
ature, the intensities of rotational lines are observed to increase
for lines originating from low to mid" rotational levels (up to
J' ~ 11), and to decrease for higH levels (18 and above), as
expected for a Boltzmann distribution of populations. A similar
effect was seen by comparing simulations of each vibronic band
at the two experimental temperatures, as shown in Figure 12 in
the case of the 245 band.

Using the vibrational frequencies for HCHO in the'Ag
state?® the vibrational partition functions and thus the fraction
of all HCHO molecules occupying thé' = 0 vibrational level

and 2 43 bands recorded at the temperatures 294 K (middle panel) Were calculated for the two experimental temperatures. The
and 245 K (top panel), together with the difference spectrum (bottom calculated percentage difference between the two partition
panel) obtained by subtraction of the 294 K data from the 245 K data. functions was found to be negligible, indicating that vibrational
chemistry and for altitude-dependent retrievals of mixing ratios Pand-integrated absorption cross sections should not change over
by UV spectroscopy. As a first step toward determining HCHO the 245-294 K temperature range. If the temperature is further
absorption cross sections at temperatures in the range expecteffduced to 220 K, the calculated percentage difference in the
for the troposphere (down 6208 K), the internal temperature ~ integrated band intensities is still found to be onig%. Table

of the vacuum chamber was reduced to 245 K and spectroscopic? Shows experimental band-integrated absorption cross sections
data were recorded at this temperature in the wavelength rangePbtained at 245 K compared to those at 294 K.

300—-340 nm. The temperature dependence could, in principle, .

be determined from the spectral simulations described earlier; 4 €onclusions

for unperturbed bands, high quality simulations require knowl-  We present high resolution formaldehyde absorption cross
edge of precise rotational constants for the ground and excitedsections for all the major vibronic bands in théAs—XA;
vibronic states, and calibration of the absolute peak intensities electronic absorption spectrum between 300 and 340 nm under
at one temperature. As was, however, evident from the inter- varying pressure and temperature conditions. The absorption
comparison of experimental spectra and simulations, underlying cross sections are measured at an estimated Gaussian resolution
vibronic bands and any perturbations of rotational energy levels of 0.0035 nm (0.35 cnt) fwhm, which improves on previously
must also be characterized for fully quantitative simulations published data (1 cr resolution by Cantrell et at82.73 cnt
(unless working at much-reduced wavelength resolution). The by Meller and Moortgdf). The peak absorption cross sections
experimental data at lower temperature are an additional checkof lines of highly structured bands of HCHO will still be

of the reliability of the simulations prior to their use for underestimated unless the resolution of the spectrometer is
calculation of absorption cross sections for any other required comparable to, or narrower than, the natural widths of the
tropospheric temperature. Figures 10 and 11 show absorptionsharpest spectral features. Spectral simulations can, however,
cross sections of the HCHO™A,—XA; 25 45, 2545, 2545, be used to predict peak absorption cross sections at resolutions
and 2,48 bands, covering the wavelength region 3B33 nm, as high as the line widths imposed by Doppler and pressure
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