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Summary 

Absorption cross-sections of the monomer and dimer of formic acid 
vapor at 302 K have been determined at 1 nm intervals from 195 to 250 nm 
by non-linear least-squares analysis of the per cent transmission of 29 pres- 
sures of formic acid at each wavelength. The observed blue shift of the ab- 
sorption maximum of the dimer with respect to the monomer and the lack 
of vibrational structure in the spectrum of the dimer are discussed in terms 

.of the effect of hydrogen bonding on n-n* transitions. 

1. Introduction 

The longest-wavelength absorption band of formic acid, beginning at 
about 260 nm and peaking at about 210 nm, is characterized as an n--?r* 
transition [l - 31 with the band at immediately lower wavelengths being 
suggested as a n-s* transition [ 1, 33. Gaseous formic acid consists of a mix- 
ture of monomer and dimer, the latter having a cyclic doubly hydrogen- 
bonded structure [4]. We have been investigating the gas phase photochem- 
istry of formic acid at 222 nm in the n-n* transition, and have determined 
the quantum yield [ 5] of production of OH from and its subsequent reac- 
tion [6] with the monomer and the dimer. In the determination of quantum 
yields, the absorption cross-sections were required at this wavelength for the 
monomer and the dimer of formic acid. With the exception of spectra at 
three pressures with undefined contributions from the monomer and dimer 
given by Calvert. and Pitts [ 21, and absorption cross-sections in the region 
226 - 240 nm obtained by Ramsperger and Porter [7] 60 years ago from a 
limited set of data, there are no values of absorption cross-sections in the 
literature for this wavelength region which is of interest to photochemistry. 
Our preliminary measurements at 222 nm and a few other discrete wave- 
lengths differed significantly from the values of Ramsperger and Porter and, 
in addition, indicated that the ratio of the cross-sections of the monomer 
and dimer changed significantly with wavelength. In order to validate our 
previous measurements of the cross-sections, we designed experiments to 
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measure the cross-sections at 1 nm intervals over the wavelength range 
195 - 250 nm by measuring the transmission of a large number of total 
pressures of formic acid at each wavelength, and treating the data by non- 
linear least squares. The absorption cross-sections should be useful in photo- 
chemical studies, especially since we have established that the quantum yield 
of OH is essentially unity for the monomer and near zero for the dimer of 
formic acid [ 51. 

2. Experimental details 

Spectra were obtained on a Varian Cary 210 spectrophotometer with 
Suprasii cells 10 cm long in the sample and reference beams. The sample 
cell was connected directly (glass blown) to a glass vacuum system, so that 
the cell could be evacuated and filled in situ. The pressure of formic acid 
was measured directly during the scans of the spectra with MKS (0 - 1000 
Torr range) and Vacuum General (0 - 10 Torr range) capacitance mano- 
meters. A microcomputer interfaced with the spectrophotometer recorded 
the transmission readings at 1 nm intervals. The spectral bandwidth was set 
at 1 nm, although a few spectra were scanned at a bandwidth of 0.25 nm. 
The data were transferred to a VAX computer for further processing. 

Formic acid (Aldrich, 98%) was degassed by freeze-pump-thaw cycles. 
Gas chromatographic analysis of the liquid on a column of Porapak T 
confirmed the presence of 2 mol.% water, which is present as a stabilizing 
agent. The presence of this amount of water is tolerable because the vapor 
above a solution of formic acid and water is significantly enriched in formic 
acid. For a 98 mol.% solution of formic acid, the vapor pressure of water is 
only about 0.1% that of formic acid, according to an interpolation of the 
data in ref. 8. 

3. Results 

Sample spectra of formic acid at resolutions of 0.25 nm and 1 nm are 
given in Fig. 1, which show the nature of the absorption band and the 
vibrational fine structure. For the determinations of the cross-sections, 
spectra were obtained at 302 K for 29 pressures of formic acid (0.5 - 22 
Torr) at 1 nm intervals between 195 and 250 nm at a resolution of 1 nm. 
Because the sample and reference cells were not perfectly matched, it was 
necessary to calculate the ratio of the transmission spectra of formic acid 
to the transmission spectrum of the evacuated cell. Spectra of the evacuated 
cell were obtained after every four to seven formic acid spectra, and the pairs 
of evacuated cell spectra bracketing a series of formic acid spectra were 
averaged and used to obtain the ratios for the bracketed spectra. The 29 
ratioed data sets (corresponding to 29 pressures) were each composed of 
56 transmission readings (corresponding to 56 different wavelengths). These 
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Fig. 1. Examples of spectra of formic acid: -, 0.25 nm resolution, 10 Torr; ----..., 1.0 
nm resolution, 8 Torr. Absorbance = log(l,-,/l). The spectrum at 0.25 nm resolution has 
not been corrected for the absorbance of the evacuated cell. The crosssections were 
determined with a resolution of 1 nm. 

data sets were reorganized to give 56 data sets (corresponding to 56 different 
wavelengths) of 29 transmission readings (corresponding to each pressure). 
Each of the 56 data sets was used in a non-linear least-squares routine, which 
used Marquardt’s algorithm [ 9, lo], to fit the cross-sections o&., and (TD of 
the monomer and dimer to the equation 

I 
- = exp(--I(aM[monomer] + o,[dimer])) 
10 

(1) 

at each wavelength (I is the length of the absorption cell). 
Beer’s law was found to be valid to within about 10% in an experiment 

at 222 nm (KrCl laser) in which the optical path length was varied from 10 
to 89 cm for 5 Torr formic acid, corresponding to 76% - 10% transmission. 
The partial pressures of monomer and dimer were calculated from the equi- 
librium constant 

K= 
[monomer] * 

= 1.07 X 1Ol7 molecules cmW3 
[ dimer] 

at 302 K taken from Halford’s analysis [ 111 of vapor densities reported by 
Coolidge [12]. This value of K is in good agreement with the values extra- 
polated from higher temperatures from the work of Barton and Hsu [13] 
and of Biittner and Maurer [ 141 which are within +15% and -8% respec- 
tively of Halford’s value. 



212 

Examples at several wavelengths of the transmission as a function of 
pressure of formic acid, together with the lines calculated from eqn. (1) 
Using the fitted VdUeS Of (TM and (TD, are given in Fig. 2. The values of (JM 
and on between 195 and 250 nm are given in Table 1 and plotted in Fig. 3. 
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Fig. 2. Examples of transmission as a function of total pressure of formic acid at several 
waveiengths (0, 195 nm; 0, 205 nm; A, 225 nm; V, 230 nm; a, 235 nm; 0, 245 nm). The 
lines are the non-linear leastsquares fits of eqn. (1). 
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Fig. 3. Absorption crosssections of the monomer (0) and dimer (0) of formic acid as a 
function of wavelength. 
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TABLE 1 

Absorption crosssections for the monomer ((TM) and dimer (CID) of formic acida 

Wavelength OM -. 

(nm) (x lo-'9cm') (x10-'9cm2) 

250 0.0861 kO.0024 0.0012 f.o.0014 
249 0.0855 f0.0021 0.0093 + 0.0012 
248 0.123 eO.003 0.0134 f0.0017 
247 0.118 kO.003 0.0190 f0.0015 
246 0.179 f0.003 0.026-7 f 0.0017 
245 0.173 50.003 0.0337 +0.0015 
244 0.210 kO.004 0.0490 f0.0022 
243 0.198 kO.004 0.0659+0.0022 
242 0.283 kO.004 0.0795 eO.0026 
241 0.273 kO.005 0.102 kO.003 
240 0.379 + 0.004 0.131 + 0.003 
239 0.358 + 0.004 0.163 f 0.002 
238 0.432 f0.005 0.203 + 0.003 
237 0.410 f0.005 0.246 + 0.003 
236 0.540 kO.006 0.295? 0.003 
235 0.524 f0.006 0.358 f 0.004 
234 0.668 kO.006 0.426 + 0.004 
233 0.644 kO.007 0.501*0.004 
232 0.707 kO.006 0.587 2 0.004 
231 0.718 +0.008 0.677 * 0.005 
230 0.812 f0.009 0.778+o.Q05 
229 0.915 LO.010 0.867 *0.006 
228 0.924 +0.012 1.01 kO.01 
227 1.04 kO.01 1.13 *0.01 
226 0.987 +0.009 1.27 fO.O1 
225 1.09 fO.O1 1.41 fO.O1 
224 1.13 kO.02 1.55 + 0.03. 
223 1.19 f0.02 1.70 20.01 
222 1.24 kO.02 1.86 kO.01 
221 1.16 +0.02 2.02 +0.01 
220 1.29 f 0.02 2.18 +0.01 
219 1.35 f 0.03 2.34 f0.02 
218 1.34 f0.03 2.51fO.02 
217 1.36 kO.03 2.67 f0.02 
216 1.37 f 0.02 2.81f0.02 
215 1.50 +0.02 2.94 50.01 
214 1.49 f0.03 3.10 +0.02 
213 1.43 kO.03 3.24 kO.03 
212 1.36 f0.03 3.36 f0.03 
211 1.42 + 0.04 3.46 kO.03 
210 1.44 +0.04 3.55kO.03 
209 1.41 20.04 3.62-cO.03 
208 1.36 f 0.04 3.69 kO.03 
207 1.37 20.04 3.72 20.03 
206 1.36 f0.04 3.74 to.03 
205 1.38f0.03 3.74kO.03 
204 1.25 +0.04 3.73 f0.03 
203 1.25 20.04 3.67 +0.03 
202 1.19 kO.04 3.62+0.03 
201 1.15 *0.04 3.54 50.03 
200 1.07 * 0.04 3.46 f0.03 
199 1.07 +0.04 3.33 +0.03 
198 1.00 +0.04 3.22 +0.03 
197 0.957 20.037 3.08~0.03 
196 0.996 kO.036 2.91fct.03 
195 0.918 kO.037 2.74 f0.03 

aIndicated uncertainties are one standard deviation. 
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4. Discussion 

The accuracy of the fitted values of or,, and un is expected to be poorer 
at the extremes of the wavelength range. At long wavelengths near the onset 
of absorption, the transmission is in the range 97% - 99%, even for higher 
pressures of formic acid. At the shortest wavelengths near 195 nm, the inten- 
sity of the Iamp decreases, resulting in increasing noise levels. This is evident 
in the increasing fractional standard deviations at the extreme wavelengths, 
3% and 20% for oM and on at 250 nm and 4% and 1% at 195 nm, compared 
with the minima of 0.8% and 0.5% at 227 nm. 

The choice of the monomer-dimer equilibrium constant K influences 
the fitted values of the absorption cross-sections. As mentioned earlier, the 
extrapolated results of more recent determinations of K are within +15% 
and -8% of the value adopted for our analysis, and we assume that the 
maximum uncertainty in our adopted value of K is probably less than 25%. 
The maximum uncertainty in cr M and ou resulting from a +25% variation in 
the value of K, determined at selected wavelengths, is as follows for GM and 
on respectively: 195 nm, 13% and 2%; 210 nm, 10% and 2%; 222 nm, 4% 
and 0.8%; 250 nm, 5% and 27%. The influence of the value of K is seen to be 
greatest at the extremes of the wavelength range, and for the species with the 
lower absorption cross-section _ 

The results at 222 nm are 1.24 X lo-l9 cm2 and 1.86 X lo-l9 cm2 for 
[TM and (Jn respectively, which compare well with the values (1.31 * 0.10) X 
lo-l9 cm2 and (1.99 f 0.06) X lo-l9 cm2 determined in our earlier work with 
a KrCl excimer laser (222 nm) [ 51, considering that the laser line is not 
exactly 222 nm and that its width was not determined. The results are also 
in agreement with a non-linear least-squares analysis of the absorbance at 
222 nm at three pressures taken from Fig. 5-6 of ref. 2, which gives (3M = 
(0.74 f 0.37) X lo-l9 cm2 and on = (1.89 + 0.18) X lo-l9 cm2. However, the 
values at 228 nm in Table 1, oM = 0.924 X lo-l9 cm* and DD = 1.01 X lo-l9 
cm2, are significantly larger than those reported by Ramsperger and Porter 
[ 71, 0.11 X lo-l9 cm2 and 0.50 X lo-l9 cm *, determined at 313 K. The latter 
values were obtained, however, with very few data points and by a less direct 
analysis of the data. 

Differences in the photochemistry of the monomer and dimer of formic 
acid have been observed by us, notably that the dimer does not produce free 
OH radicals, in contrast to the monomer for which the quantum yield is 
unity [ 5]. As well, several differences in the cross-sections of the monomer 
and dimer are evident in Fig. 3. The maximum value of uM occurs at wave- 
lengths longer than that of on, with the band for the monomer much 
broader and less peaked than that of the dimer. Also, the onset of the tran- 
sition occurs at shorter wavelengths for the dimer than for the monomer. A 
similar effect has been reported for acetic acid [15]. The blue shift of the 
absorption by the dimer with respect to the monomer is consistent with the 
behavior of n-z* transitions. The blue shift of n-m* transitions on going 
from the gas phase to solutions in which the solvent can hydrogen bond with 
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the substrate has been interpreted as stabilization of the non-bonding orbital 
of the ground state by hydrogen bonding. In the n-n* excited state, there 
is one less electron in the non-bonding orbital, so that the hydrogen bond is 
weakened [16 - 181. Theoretical calculations of Iwata and Morokuma 1191 
confirm these earlier considerations, and indicate that the hydrogen-bonding 
energy (per hydrogen bond) is about 5.5 kcal mol-’ less in the n-r* excited 
state than in the ground state (both in the planar configuration). Thus, in 
the gas phase, the greater stabilization of the non-bonding orbital of the 
carbony group in the hydrogen-bonded dimer results in a greater energy 
separation between the ground and excited states relative to the monomer. 
A value of the hydrogen-bond energy could be obtained from the 0,O transi- 
tions of the monomer and dimer (not from the absorption maxima) [17]. 
However, the onset of absorption is difficult to determine, as the onset is 
not abrupt, with weak absorption by the monomer being detected even 
beyond 260 nm El]. 

Despite the low spectral resolution, there is some evidence of more fine 
structure in DM than in (Tn, which appears to be greater than the expected 
random deviations as judged by the absence of any trace of structure in the 
curve for (Jn and by the magnitude of the standard deviations in Table 1. 
The fine structure has been assigned [ 1.1 to excitation of the carbonyl stretch 
(1080 cm-‘) and the OCO bending mode (400 cm-‘). In the spectrum ob- 
tained at 0.25 nm resolution, we have been able to identify most members 
of five of the seven progressions of the carbonyl stretch reported by Ng and 
Bell [l], the remaining members probably requiring greater resolution and 
greater path length to be observable. The lack of vibrational structure in 
the cross-section of the dimer has been indicated previously for formic 
acid [20] and fluoroacetic acid [Zl]. The washing out of vibrational struc- 
ture in the dimer may be due to transitions to a greater number of low 
frequency vibrational modes of the dimer, or perhaps due to a shortened 
lifetime of the excited n--R* state of the dimer caused by crossing to a (cal- 
culated) slightly lower ‘B, state [ 191. In solution, hydrogen-bonding solvents 
remove the vibrational fine structure of n--n* transitions of solutes_ This 
phenomenon has been attributed to the shortened lifetime of the excited 
n--r* state, which is a consequence of the unstable local geometry for hydro- 
gen bonding in the initially formed excited state and rapid reorganization to 
a more stable structure [22]. Such an effect may be less important in the gas 
phase because of the slower rate of collision-induced vibrational relaxation. 

The ratio on/oh? is greater than 1 for wavelengths greater than 229 
nm, and the ratio of the values at the peak absorption for the dimer and for 
the monomer is 2.5, in close agreement with the value of 2 expected from 
the simple consideration of two monomer units in the dimer, and neglecting 
any influence of hydrogen bonding on the transition moment. (In contrast, 
Briegleb and Strohmeier [15] report that the maximum cross-section for the 
monomer of acetic acid is slightly larger than that of the dimer.) The ratio 
(3D /a, varies with wavelength, and below 229 nm it is less than 1, reaching a 
minimum value over the range of measurements of 0.08 at 250 nm. This 
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is just a consequence of the blue shift of the dimer, and implies that the 
onset of absorption is at longer wavelengths for the monomer than the 
dimer . 
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