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1.2.3. Cavity Ring-Down Spectroscopy Technique
1.2.3.1.  Principle of CRDS

The Cavity Ring-Down Spectroscopy Technique is a direct absorption technique. It
generally consists in measuring the decay rate of a laser pulse (having the wavelength 1)
sent into a rigid optical cavity made of two highly reflective spherical mirrors separated by
the distance L and having respectively a reflection coefficient R at the wavelength of laser.

The Figure 1-5 shows the principle of the CRDS technique.

Tunable Optical cavity with

. ' Li(A,t)
probe laser spherical mirrors

To«(A,0)

I 1 t()\, ,t 1 )
Ly(A,t2)
I3¢(A,t3)
I4t(}\, ,t4)
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Ilaser

Lne(A,tn)

70

Figure 1-5: Scheme of the description of the so-call “Photon bullet model” of the pulse
CRD technique.

Each time the pulse laser reaches the mirror’s surface, there is a reflection and a
transmission. If we suppose that there is no absorption and scattering losses in the cavity,

the intensity 1,,(1,0) of the first pulse passing through the cavity could be written as, T
being the transmission coefficient:
IOt (}"’O): IlaserT2 (1'5)

After one round trip, the intensity of the second pulse is given:

L, (A t,)= 1, TRRT = I,,(1,0)R? (1-6)

— Tlaser

with t;=2L/c= At being the round trip time. One more round trip takes place, the third

pulse’s intensity will be:
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I2t(}L t ) laser (RR) - Il,t(;\"tl) RZ

whereby t> = t1 + At =2 At

(1-7)

So, after n+1 completed round trips, the intensity of pulse on the detector will become:

In+1,'[ (7\" tn+1) laser (RR)n+lT (X’tn) RZ
in which th+1 = tn + At, then:

In+1,t (7“’ t, + At): In,t (7‘3 t, )Rz

2L
Since At :T <<1 we have:

(2t
dt

(X’tnﬂ) n+1t(}Lt +At) t(/l )

n+lt

di (At
In+lt(}"’tn+l)_ Int(x"tn): %At - I )(Rz )

dlnt(/l’tn) _ (R2 _1)

= dt
1(At,) At
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(1-8)

(1-9)

(1-10)

(1-11)

(1-12)

(1-13)

(1-14)



According to the calculation,

|t<ﬂ,t)=no,tu,o>exp[— W)j 115)
with
At oL
o= = ci-R?) (1-16)

Here 10 is called the ring-down time and corresponds to the surviving mean time of the

photons in the empty cavity. It is also called mean lifetime of photons in the cavity.

On the detector, generally a photomultiplier tube (PMT), in the case the round trip time
At=2L/c of the pulse in the cavity is longer than laser pulse time — width &t, we observe a
series of peaks separated with the same round trip time At and with exponential decay
decreasing intensities. In the case that the round trip time At=2L/c of the laser pulse in the
cavity is smaller than laser pulse time-width &t, we observe a continuous exponential decay

(see chapter 4 for more details).

Because, in this technique, the reflection coefficient R is generally very close to 1, the

transmission T=1-R is very close to O:

)=t ek L 117
T l-@-T)?) c@-@-2T)) T (17
7,(4) = L (1-18)

c(l1-R)

As an example, to give order of magnitude: if the length of the cavity L = 100 cm and the
reflection coefficient R=99.99% (typical value generally easily reached in the red), we
obtained a ring down time value of 1o = 33.3 s corresponding to an impressive effective

mean distance done by the photons of Left = ¢ o= 10 km.
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If we suppose now that absorbing species with an absorption coefficient o)) at the A

wavelength fill the cavity, following to the Figure 1-6.

Tunable Optical cavity with
probe laser spherical mirrors

> T0

Figure 1-6: Cavity ring-down spectroscopy with absorbing species filling the cavity.

According to Beer-Lambert law, we can express now the intensity 1,,(1,0) of the first pulse

passing through the cavity as:
15 (2,0)= 1, Te™'T (1-19)

After one round trip time, at the time t1:

L, (L t)=1,,, Te“" Re“ " Re* 1T (1-20)

L (1) =15, (At )R%e ™t (1-22)

So, after n+1 completed round trip, the intensity of pulse on the detector will become:

Lt =1 (Lt +At)=1_ (At )Rt (1-22)
n+lt n+l n+l,t n n,t nt
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d|nt((j7tv,tn)At _ Im(}”’tn)(Rzefza(x)L _1) (1-23)

1-R2e-20(M)L ]t

1 (2.t)= IOt(X,O)e[ "

(1-24)
10u0)= 1,0.0) (1-25)
And also
0y =— 2 At (1-26)

1 _ R 2e72(x(1(%,) = 1 _ (Re —a(ML )2

If the reflection coefficient R of mirror is very close to 1 and if the losses represented by

2a(M)d are much smaller than 1 (i.e. weak absorption), also:

At At 2L
(%)= 2 ~ = (1-27)
1-1-T)"1-2a(A)d) 1-(1-2T)Q1-2a(A)d) c(2T +2a(A)d)
Ring-down time is also given:
(4)= - 1-28
T +a()d) (1-28)

When there is some absorbing species in the cavity, the intensity decreases also with an
exponential decay, but the ring-down time is smaller, due to the absorption coefficient. The
photons absorbed by the species are lost for the laser pulse and because of these additional

losses the ring-down time is smaller.
From equation (1-18) and (1-28) we can extract the value of:

1 1  c@-R+a(l)d) c-R) ca(i)d
(1) 1,(A) L L L

(1-29)

If the cell is entirely filled by the absorbing species (L=d), the absorption coefficient of the

species at A wavelength is also easily deduced by the formula:
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11 1
(A= E[r(/l) T (/”L)J (1-30)

Because we are able to extract from this technique the 2 ring-down time values (1) and
7,(1) respectively with and without absorbing species, we are also able to give the absolute

absorption coefficient of the species at the wavelength A.

1.2.3.2. Advantages and disadvantages of the CRDS technique

% Advantages of the CRDS technique

Like the classical absorption technique, CRDS is a noninvasive quantitative absorption

technique.

a(A)=No(4)= %(T& > 2/1)) (1-31)

If the absorption cross-section of the species is known for the wavelength A, we can also
extract the number density N of the species from the absorption coefficient measured with
this experiment. On the contrary, if the density N of the species is known, we can extract

froma(4), the absorption cross-section of the species.

The minimum detectable absorption in CRDS can be provided as below:

)= aati)= v o s ) ) T ) e

The smallest absorption coefficient which can be determined is proportional to the mirror
transmission and inversely proportional to the length of cavity. It is directly positively

. : L A :
proportional to a constant fractional change in time 2T Therefore, it can also be asserted

(1)

that the absorption coefficient is independent of the intensity fluctuation of the source.
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With a simple CRDS set-up, a minimum absorption coefficient of 4 10° cm™ can be easily

achieved with for example R=99.9 %, L=50 cm and Az _ 10 %.

7(2)
+» Disadvantage of the CRDS technique

The highly reflective mirrors possess a narrow bandwidth. Indeed, the reflection coefficient
R of the mirrors depends on the wavelength: R(A). Normally, the mirrors’ bandwidth is
about 50 nm in the visible region (see Figure 1-7). However, when the reflection coefficient
R of the mirrors becomes bigger in value, the bandwidth will be narrower, leading to the

fact that we will only be able to measure in a smaller range.

30 T——1——

25

20

15

10 4

Ring Down Time (us)

0 I ' I ' I ' I ' I ' I ' I ' I ' I ' I

—— .
425 435 445 455 465 475 485 495 505 515 525 535 54
Wavelength [nm]

Figure 1-7: Ring down time’s curve obtained for the OPO laser coupled with Ring-Down
Cavity. This OPO laser (MOPO-730 from Spectra-Physics) has a bandwidth of about ~0.25
cm. The huge range of scan is from 430 nm to 540 nm.
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Another disadvantage is that in case the range of the absorption features is unknown,

exploration may not be performed by CRDS due to the limited scan range.

The mirror contamination will (dramatically) reduce the sensitivity of this technique due
to the necessary high reflection coefficient R of the mirrors, which puts constraints on the

sample cell.

The higher the reflection coefficient R of the mirrors is, the more expensive the price of

the mirrors will be.
% Some typical values:

AT

fL=1 R=99.99 %
m, 99.99 % and ()

=1% (the lowest achievable variation detection in

conventional CRDS) , according to formula 1-32, it is easy to obtain owmin ~2 10® cm?,
comparing to the result achieved by the direct absorption technique, at best 10* cm for
L=1 m. Besides, if N = 2.4 10 cm® (P = 1 mbar) is given, and omin ~ 10® cm™, then
according to formula 1-31, we can calculate the absorption cross-section of the sample Gmin

~5102% cm?.

With typical molecular electric-dipole allowed rovibronic transitions the absorption cross-
section is ¢ ~ 10*® ¢cm? , according to formula 1-31 the detectable number density

(molecules per unit volume) of the absorber is Nmin ~ 10'° cm= and corresponds to ~ 0.5

ppbv.

Typical molecular electric-dipole forbidden but magnetic-dipole allowed rovibronic
1 N 3 _ . ;

transition as for example the O> molecule on its b Zg(—X Zg transition or typical

molecular high vibrational absorption overtones transition if ¢ ~ 102° cm?, we can then

obtain Nmin = 10*” cm™ (corresponding to Pmin ~ 5 mbar).
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ABSTRACT: Overtone (Sv; and 6v;) and combination (4v,
+ vy and 4v, + v,) vibrational bands of gaseous HC;N, located
in the visible range (14 600—15 800 and 17 400—18 600 cm™"),
were investigated by cavity ring-down absorption spectroscopy.
The Sv; + v; and Sv; + v, combinations as well as the 6v; + vs
— Us hot overtone band have also been identified, on the basis
of previous overtone assignments. Absolute integrated intensity
values and the ensuing oscillator strengths have been measured
here for the first time; f values are typically confined between 4
X 1072 and 7 x 107'%. For the even weaker Sv; + 1,
combination band, the oscillator strength was estimated as 9
X 107"%. The values concerning CH-stretch overtones (nv,) are
similar to those found in the literature for HCN and C,H,, the
molecules with sp-hybridized carbon atoms. Data presented
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here may prove useful for studying the photochemistry triggered with visible or near-IR radiation within the atmospheres of

certain Solar System bodies, including Titan.

B INTRODUCTION

HC;N  (cyanoacetylene, cyanoethyne, propynenitrile) is a
molecule of astrophysical interest. It has been detected in the
interstellar medium'~* and cometary atmospheres,” in the
atmosphere of the biggest Saturn’s moon Titan,” and also in
extragalactic sources.” As the first member of the cyanopolyyne
family, HC;N plays an important role in the complex network
of chemical reactions taking place in these diverse environ-
ments penetrated with UV and cosmic rays; cyanopolyynes are
related to a whole range of unsaturated free radicals, and also to
large chemical structures, like the polymeric ones present in the
Titan’s atmosphere (tholins), responsible for its characteristic
orange haze.

Overtone frequencies strongly depend on the attractive part
of the potential energy surface (PESs), whereas overtone
intensities depend on its repulsive part.” Experimental studies
of highly excited vibrational states can therefore provide
information on the shape (anharmonicity) of a PES at a
considerable distance from its minimum, as well as on
phenomena like internal vibrational redistribution or unim-
olecular reactions. Emission from highly excited vibrational
states has been observed for hot (T > 1500 K) astronomical
objects, including some gaseous disks surrounding young stars.”
Moreover, overtones are of importance for the Terrestrial
atmospheric photochemistry,'’ and supposedly also for the
atmospheres of other Solar System bodies, including Titan.
Cross sections for electronic absorptions (ie., typically, those
involving UV quanta) are usually orders of magnitude higher

-4 ACS Publications  © Xxxx American Chemical Society

than for vibrational overtone transitions; these latter, however,
may provide the gate toward the photochemistry triggered with
visible or near-IR radiation (of note, the maximum of solar
emission lies in the visible).

The cavity-ring down spectroscopy (CRDS) technique has
already been used to measure, for some molecules, the absolute
absorption cross sections of high vibrational overtones, in
particular those of CH stretching modes, located in the visible
range. To our knowledge, Romanini et al."! were the first to
record, with CRDS, the nvcy (n = S, 6, and 7) overtone
transitions and related combination bands in the case of the
HCN molecule (17 500—23 000 cm™" range). Romanini et al."”
also measured the (Svcy + Vc—c) combination band of
acetylene, near 17 500 cm™". Kleine et al."* have investigated
the 61y overtone of benzene, at 16 550 cm™’, and measured
the corresponding oscillator strength. DeMille et al.'* obtained
the oscillator strength for the 6v ¢y overtone bands of propane,
n-butane, and neopentane. The phase-shift CRDS technique
has been employed by Lewis et al.'>'® to measure the absolute
absorption strength corresponding to the Svcy and/or 6vcy
overtone bands of ethylene, ethane, propane, n-butane, n-
pentane, isobutene, and neopentane. For all above listed Svcy
and 6vcy bands, oscillator strengths on the order of 107" to
107'° have been found.
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Many spectroscopic investigations devoted to gaseous HC;N
have been carried out during the last decades, but quantitative
data concerning absolute integrated intensities of vibrational
overtone transitions, located beyond IR range, are missing.

In the following section (Previous Studies) we sum up the
characteristics of vibrational absorption bands already reported
for HC;N. The instrumentation and theory employed in this
paper are described in the Experimental and Theoretical
Methods. Respective spectra, data analysis procedures, and
ensuing quantitative results are presented in the Results and
Discussion.

B PREVIOUS STUDIES

Infrared Spectroscopy. The first infrared study of HC;N
was carried out by Turrell et al.'” in 1957; they have measured
the low-resolution absorption spectrum in the 450—3400 cm ™"
frequency region. The first high-resolution IR data were
obtained by Mallinson and Fayt,"® who recorded the origins
of bands corresponding to all seven fundamental vibrational
modes (four stretches and three doubly degenerate bending
modes). They have also measured the ro-vibrational absorption
spectra of overtone, combination, and hot bands in the 1800—
6500 cm™! range. Mallinson and Fayt’s results concerning the
central wavenumbers of fundamental vibrational bands are
reported in Table 1.

Table 1. Fundamental Vibrational Modes of Gaseous HC;N,
after Mallinson and Fayt'®

mode vibration symmetry IR band center (cm™)

vy C—H str. c 3327.372
v, C=N str.” o 2273.996
v C=C str.” o 2079.306
Uy C—C str. c 863.5

78 HCC bend. n 663.209
Vg CCN bend. b2 498.5

vy CCC bend. P 222402

“Highly delocalized modes.

Yamada et al. have appended the high-resolution results of
Mallinson and Fayt'® with new data concerning the
fundamental and hot bands of the z,'**" and v,”' modes, as
well as the v and v fundamentals.”” Arié et al.” analyzed 22
ro-vibrational bands including v, v4 and the associated hot
bands. Later on, Yamada et al.** recorded the 2u5 (or 5% this
notation, preferentially used throughout the paper, indicates the
mode number together with respective initial and final
vibrational quantum numbers) overtone band and several hot
bands in the 450—730 cm™! range, whereas Winther et al®
reinvestigated the v, band system around 3327 cm™, carefully
analyzing 12 hot bands. All above listed IR spectroscopic
studies have been accomplished with the classical absorption
technique, at room temperature.

Near-Infrared and Visible Spectroscopy. At higher
frequency values (above 9500 cm™, ie., in the near-IR and
visible ranges), the first absorption study has been reported in
1984 by Hall™® In this impressive and complete work, Hall
recorded, at room temperature, the visible absorption bands
due to 1} overtones (n = 3—6) and several associated
combination bands for a range of HCCR derivatives (R = H,
CN, CH,, CD,, CF;, and (CH,);). To ease the discussion for
this series of molecules, he chose to use a nonstandard
numbering of the stretching modes (different from that

adopted in Table 1), namely v; for C—H, v, for C=C, 14
for C—C, and v, for C=N. Spectra were measured with the
photoacoustic technique; the achieved resolution of 0.01 cm™
was imposed by the bandwidth of the applied dye laser. Of
note, photoacoustic measurements do not allow for the
absolute, direct determination of transition strengths. Gambogi
et al”’ have investigated the 13 band of HC;N in a molecular
beam, with a much higher resolution (5 X 107* cm™),
employing a sequential, infrared/infrared double resonance
excitation technique. By adding their value found for the origin
of the 1} band to the 1{ band center (v; = 3327.372 cm™, as
reported by Mallinson and Fayt'®), they have indirectly
obtained 9666.703 cm™" as the center of the 13 band, a value
very close to the one (9666.3 cm™") obtained by Hall* in
photoacoustic measurements. More recently, the same 13
overtone of HC;N has been reinvestigated and analyzed at
room temperature by Cané et al.”® with Fourier-transform and
intracavity laser absorption spectroscopy (ICLAS) techniques.
The band center of the second overtone of C—H stretching
motion has been found at 9666.687 cm™".

Table 2 presents the wavenumbers corresponding to the
centers of all identified fundamental, combination, overtone,
and hot bands of HC;N, in a broad range, extending from IR to
green light. The listed values, extracted from the above-
mentioned publications, were acquired with resolutions
between 5 X 107* and 4 X 107> cm™.

The lowest vibrational levels (v, g, vs) are non-negligibly
populated in the usual experimental conditions; a simple
Boltzmann law-based estimation indicates that only about one-
third of HC;N molecules are, at 300 K, in the ground
vibrational state. Consequently, the observed fundamental,
overtone and combination vibrational transitions may be
accompanied by hot bands. This is well illustrated by a
complicated system of spectral features around 3327 cm™, in
the vicinity of the fundamental v, band (1) investigated by
Winther et al.*> Corresponding entries are highlighted in Table
2; the observed hot bands were found to originate in nv;, v,
and v and in the combinations of v and v, i.e.: 157" (n = 1—
4), 1361, 135}, 136171, 136175. The separation of these bands
from 1§ was smaller than 3.5 cm™, with the exception of 155},
where it amounted to ~20 cm™’, indicating a strong coupling
between v; (CH stretch) and v (CCH bend) modes.

Integrated Bands and Oscillator Strengths. Several
studies have been devoted to measuring, for HC;N, the
absolute integrated intensities of IR absorption bands in the
region of fundamental vibrational transitions—indispensable
for quantitative astrophysical considerations. The first measure-
ments have been carried out in 1974 by Uyemura et al.”’ with a
10 cm pathway and a resolution of 1 cm™!, at room
temperature. They reported on integrated intensity of the 4
fundamental stretching modes and verified the linearity of these
quantities versus pressure. Later on, Uyemura et al.’® obtained
the integrated intensity for the 3 fundamental bendings, at T =
273 K. Khlifi et al.>’ have measured (with a Fourier-transform
instrument, at 308 K) the integrated intensity of the main
bands of HC;N in the 300—3500 cm ™' range, with a resolution
of 4 cm™.. The work was then completed”” by studying the
variation of v, v, Vs, and v bands strength with temperature
(225—325 K range). More recently, Jolly et al.> reported on a
comprehensive study at a resolution of 0.5 cm™, where the
integrated intensities of 12 overtone, hot, and combination
bands have been measured in addition to 6 fundamental modes.

DOI: 10.1021/acs jpca.5b05884
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Table 2. Assignments and Wavenumbers for Fundamental, Combination, Overtone, and Hot Band Centers of Gaseous HC;N

within the 220—18 500 cm™' Range

band band center (cm™)
75 222.402°

6) 498.5,% 498.8022," 498.8015°
6574 497.898—498.158]"

[

[497.86—498.6458—498.7854—498.7852]°
6 [499.411-514.399]"

[499.38063—499.38046—514.37083]°

[

51 649.78166—669.8163]°

55 663.209,” 663.22203," 663.21458°

5071 [662.80930—663.724—663.724—664.151]°

5061 [663.154—663.160—663.726]¢

5573 [663.618—663.620—664.246]¢

6575 720.73770¢

45 863.5%

5 1301.449087

4473 1309.29¢

472 1310.06277

52 1312.991921¢

5%6! 1313.531477

5371 1314.23951

3473 2074.579%
[2074.57319—2074.57334—2074.58991]¢

336} 2076.203“

3574 2076.941¢ [2076.94077—2076.94039]°

35 2079.306," 2079.30606,° 2079.305"

135971 [2262.842—2262.424]°

155? 2264.129¢

2461 2267.371," 2267.37605°

273 [2267.48669—2267.51565—2267.51605]¢

2551 2268.112°

272 2269.649°, 2269.65867%

2071 2271.810, 2271.81254%

28 2273.996,% 2273.99539%

272 [2492.411-2490.595]“

275 24942207

3065 2574.703%

band band center (cm™")
2565 2764.827°

157} 3104.961°

20457} 3133.362°

2048 3132.973°

18! 3307.354," 3307.3516"
1574 (3324.1921-3324.1802]"
156172 3324.8790"

1573 [3324.9612—3324.9453]"
10617} [3325.6761—3325.6773]"
1373 3325.763," [3325.7750—3325.7616]"
136! 3326.4702"

137! 3326.560," 3326.5674"

13 3327.372,% 3327.37085"
1173 (3548.035—3547.584—3547.133]"
1372 [3548.512—3548.035]

1578 3548.950¢

1568 3825.271¢

1858 3970.563

32 4146.692°

22 4529.233°

1371 6550.870"

13 6551.9807

13 9666.3, 9666.703; 9666.687"
1334 11 737

1328 11 950

13 12 695.7°

1344 13 5452

1334 14 738’

1324 14 960’

13 15 640°

1§ 18 450°

“In ref 18. ¥In ref 22. “In ref 23. “In ref 24. °In ref 20.7Tn ref 19. €In ref 21. "In ref 25; these values, concerning the v, band system around 3327 crn__1
(bold font), are thoroughly discussed in the text. ‘In ref 26; band center positions derived from the intersections of P and R rotational envelopes. ’In

ref 27. ¥In ref 28.

Table 3 presents all reported integrated intensities values for
the fundamental, combination, overtone, and hot absorption
bands of HC;N. The ensuing oscillator strengths, derived with
eqs A4 and AS (Appendix), are also provided. It should be
recalled that the observed fundamental, overtone, and
combination vibrational transitions are accompanied by hot
bands, and that the used resolution (0.5—4 cm™) is not
sufficient to distinguish the inner substructure of these latter.

Theoretical Investigations. The best quantum chemical
predictions regarding the fundamental vibrational frequencies
of cyanoacetylene have been given by Botschwina.”* Systematic
theoretical studies on IR intensities of fundamental vibrational
transitions in the homologous series of cyanopolyynes
(including HC;N) have also been performed.” Overtones
and combination modes of HC;N required the application of a
more advanced theoretical approach;***” frequencies and
intensities have been given for the first, second, and third v,
overtone (the intensity of the latter was predicted as 3.1 X 1073
km mol™!). Holme and Hutchinson,”® who investigated, with
SCF calculations, the anharmonic interaction of 13 and 133343

modes, concluded that it could not be treated as a classical
Fermi resonance case, given the weakness of coupling between
the two modes. The proposed interaction mechanism®”
involved the potential extracted from available spectroscopic
data; other vibrational states, mainly 1823, 1349, 1320, and 1345,
were indicated as the ones mediating the interaction between 13
and 1{34¢, leading to line broadening and to the loss of

rotational structure.

B EXPERIMENTAL AND THEORETICAL METHODS

Principles of the CRDS Technique. Review papers*’™*

describe the cavity ring-down phenomenon, introduced to
spectroscopy by O’Keefe and Deacon in 1988.** The technique
generally consists in measuring the decay rate of a laser pulse
(having the wavelength v in cm™) sent into a rigid optical
cavity made of two highly reflective spherical mirrors.
Successive reflections from mirror surfaces cause an exponential
decay of light collected at the exit:
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Table 3. Frequencies, Absolute IR Intensities, and Oscillator Strengths for Several Fundamental, Combination, Overtone, and

Hot Bands of HC;N, As Reported in the Literature (Original Values Listed in Bold)

absolute integrated intensity

band band center (cm™) cm ™2 atm™
78 223.5 0.8 + 0.2
65 499.2 36 £5
500 309 + 1.7°
500 52.15—37.04°
498.8 39.0 + 1.97
5 663.7 305 + 46
663 199 + 9°
663 225.79-249.51°
663.2 268.6 + 77
675 711-727 12.1 + 0.7°
720.3 12.1 + 0.9
4 862 0.68 + 0.03
863 ~025
5578 878 0.8 + 0.1°
6% 1013 22+ 0.7°
1013 1.72 + 0217
47 1090 0.32 + 0.05¢
5568 1163 0.11 + 0.027
St 5473 1322—1305 69.5 + 1.8"
1314 70.5 + 3.57
53 1970 0.09 + 0.02¢
34 2068—2085 8.5 + 0.3°
2079 8.0 + 1.0¢
2077 8.0 + 1.0
28 2263-2279 38.3 + 1.1°
2274 40.7 + 2.27
2263-2279 39.84—31.10°
2272 41+6
2478 2494 1.38 + 0.07¢
368 2575 0.71 + 0.047
2859 2665 0.52 + 0.047
2864 2766 1.25 + 0.157
1479 3104 2.6 + 0.257
284} 3133 2.6 + 0.257
13 3318—3336 274 + 15°
3327 249.4 + 12
3318—3336 253.12—215.10°
3327 251 + 38
1373 3549 1.47 + 0.07¢

km mol™ oscillator strength temp (K)
0.18 + 0.04° (34 +08) x107* 273
8.0 + 1.2¢ (1.5 £ 02) x 107¢ 273
7.8 + 04 (147 £ 0.08) X 107¢ 308
9.0-12.7 (1.7-2.4) x 107¢ 225-325
9.5 £ 0.5 (1.8 + 0.1) x 107¢ 296
68.4 + 10.3° (13 £02) x 107° 273
S0 +2 (94 + 0.4) x 107° 308
54.8—60.6 (1.0-1.1) x 107° 225-325
65 +2 (122 + 0.03) x 10~° 296
31 +02 (57 £03) x 1077 308
29 +02 (55 +£0.4) x 1077 296
(1.65 + 0.07) x 107" (31+£01)x 1078 296
~0.06° ~1078 293
0.20 + 0.02 (3.8 +0.5) x 1078 308
0.56 + 0.02 (L0 £0.3) x 1077 308
042 + 0.02 (7.8 £0.5) x 1078 296
(7.8 £0.1) x 107> (1.5 £02) x 1078 296
(2.7 £ 0.5) x 1072 (5.1 +09) x 107° 296
17.6 + 0.5 (3.30 + 0.09) x 107¢ 308
17.1 + 04 (321 + 0.06) x 107¢ 296
(22 £05) x 107 (41 £09) x 107 296
2.15 + 0.08 (40 £02) x 1077 308
1.9 + 02 (3.6 £0.5) x 1077 296
1.93 + 0.29° (3.6 £0.5) x 1077 293
9.7 £ 03 (1.82 + 0.05) x 107¢ 308
9.9 + 0.5 (19 + 0.1) x 107¢ 296
9.68—7.55 (1.42—-1.82) x 107° 225-325
9.92 + 1.49° (1.9 + 03) x 107¢ 293
(34 +02) x 107! (63 +03) x 107* 296
(L7 £0.1) x 107! (32 +£02) x 1078 296
(L3 +0.1) x 107" (24 +02) x 1078 296
(3.0 +£04) x 107! (57 £0.7) x 1078 296
(63 +£0.7) x 107" (12 +0.1) x 1077 296
(63+£07) x 107" (12 £0.1) x 1077 296
69 + 4 (1.30 + 0.07) x 107° 308
61+3 (1.14 + 0.05) x 107° 296
522—61.5 (0.98—1.15) x 107° 225-325
60.4 + 9.1° (1.1 £ 02) x 107° 293
(3.6 +02) x 107" (6.7 + 03) x 107* 296

“In ref 30. “In ref 31. “In ref 32; maximal and minimal integrated intensity values are given, for the temperature range 225—325 K. “In ref 33. “In ref

29.

— 100 exp| =5
I(t,v) = I(0,v) @(T(D)] 0

where I(0,v) is the laser intensity at t = 0 (i.e., intensity of light
entering the cavity) and 7(v) is the lifetime of photons within
the cavity, also called the ring-down time constant. When the
cavity is empty (i.e, there is no absorption and no light-
scattering), the corresponding ring-down time constant 7o(v)
depends only on the speed of light ¢, and on two parameters:
the mirror reflectivity R(v) and the cavity length L:

L
(1 - R()) )

To(l/) =

When an absorbing species is filling the entire cavity, the ring-
down time decreases due to the extinction of light:

(v)

" {1 - R@) + a()L)

©)

where a(v) is the extinction coefficient of the species at a given
wavelength v (equivalent to the absorption coefficient, if
scattering of light can be neglected; a(v) can then be
substituted by the product of the absorption cross section
o(v) and the number density of absorber molecules N). Finally:

1 1
) - @) = a(v)c = 6(v)Nc @

By measuring the ring-down time constant 7,(v) for an
empty cavity, the time constant 7(v), and the pressure of
absorbers in a filled cavity (proportional to the number density
in a given level), it is therefore possible to obtain the absolute
absorption cross section (/). Importantly, the technique is not
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Figure 1. Experimental setup for room-temperature absolute intensity

measurements of weak absorption bands.

sensitive to any shot-to-shot laser intensity fluctuations, as these
do not alter the measurement of light decay corresponding to a
single laser pulse. These features make it a technique of choice
for quantitative studies of extremely weak vibrational overtone
and combination absorption bands.

Probe Beam. Our experimental setup is shown in Figure 1.
We used a pulsed XeCl (308 nm) excimer laser (Coherent,
CompexPro; typical pulse energy of 300 mJ, pulse width of 15
ns, repetition rate 10 Hz) to pump a dye laser (Lambda Physik,
LPD 3002), the latter operating with the following dyes
(Exciton): DCM in methanol or ethanol for the range around
660 nm, Rhodamine 610 in methanol around 630 nm, and
Coumarine 540A in ethanol for the 550 nm region. The dye
laser pulse energy at the CRDS cavity entrance, after about 20
m propagation from the laser output, was about 0.5 mJ. In this
configuration, no spatial filtering of the probe beam was
necessary because all transverse electromagnetic modes, except
TEM,, were eliminated due to their divergence. Wavelength of
the dye laser pulse was controlled with a wavelength meter
(Angstrom WS/6 High Precision), and the calibration accuracy
was checked by the observation of known atmospheric
absorptions. The measured laser bandwidth was 0.12 + 0.02
cm™
Ring-Down Cavity. Two pairs of CRDS mirrors (Layertec
GmbH, curvature radius R = 1 m) were used, covering the two
regions of interest: 525—575 nm and 620—680 nm, with
reflection coeflicients R not lower than 99.98% and 99.99%,
respectively. The distance between mirrors was fixed at L =

67.5 cm to meet the stability condition for the cavity (g =1 —
(L/R¢) = 0.325€[0—1]).* Homemade mirror holders allowed
for the fine adjustments, without breaking the vacuum. The
highest ring-down time constant 7, reached for the empty
cavity was about 17.5 us for the first set of mirrors (at ca. 560
nm) and about 35 ys for the second one (around 665 nm). The
light leaving the cavity was collected behind the rear mirror by a
photomultiplier tube (Hamamatsu H10721-01). The signal was
processed, without any prior amplification, by a computer
equipped with a high-speed acquisition card (Zteck 4441 PCI,
14 bits, 800MS/s).

Data Acquisition and Treatment. A homemade Lab-
VIEW-based (National Instruments, LabVIEW 8.5) data
acquisition system was used to extract real-time ring-down
time constants corresponding to every single laser pulse. This
was accomplished by approximating the experimental signals
with single-exponential decays y(tv) = Aexp(—t/z(v)), in
time-windows located between 0.27, and 7.57, (corresponding,
respectively, to about 80 and 0.05% of the transmitted light
intensity). Any possible residual offset, due to constant signals,
was subtracted, after averaging the intensity of 100 points
typically located at 157,. The dye laser wavelength was scanned
during the experiment, but each point of the resultant 7(v)
spectrum corresponded to an averaging over several tens of
laser pulses. Such a preliminary treatment of data was fast
enough to be performed during the experiment. Once the
acquisition was completed, the nonlinear Levenberg—Mar-
quardt procedure could be employed to accomplish the post-
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treatment of averaged decay data by fitting them with the y(t,v)
= Aexp(—t/t(v)) + B function, which takes into account, via
the B parameter, possible constant offsets. The use of a
monoexponential function for fitting the average of mono-
exponential decays is justified, provided that the dispersion of
ring-down decay times is small. The latter condition is fulfilled
because, typically, the pulse-to-pulse deviation of the decay
times did not exceed 3% (ie, Az/z(v) < 0.03). The ensuing
high S/N ratio allowed for reaching very low absorption
coefficient values, namely a,;.(v) = [(1 — R(v))/L][Az/
T(W)]min ® S X 107 cm™. When averaged over 100 laser
pulses, the a,,;,(v) further decreased to approximately 5 X 10~°
cm™’; this corresponds to the minimal detectable absorption
cross section of approximately 2 X 107’ cm? for a pressure of
100 mbar (or a number density of 2.4 X 10" cm™).

The Sample. HC;N was synthesized with a slightly
modified method of Miller and Lemmon.*® Gaseous compound
was introduced to the CRDS cavity, via a needle valve, from a
room-temperature container (295 K), where it was present at
the pressure of approximately 480 mbar.” The 50 cm long
cavity (ISO KF DN40 tube) was made of Pyrex glass to
minimize the adsorption of molecules. Inside the cavity, HC;N
pressure was controlled in the range 1—150 mbar, with the aid
of capacitance manometers (Pfeiffer Vacuum CMR363 10
mbar, CMR362 100 mbar, or MKS Baratron 100 Torr). Static
mode (i.e, no inert gas purging the surface of mirrors) was
chosen, to improve the stability of HC;N pressure inside the
cavity. No degradation of mirror surfaces occurred, as was
evidenced by the day-to-day constancy of the 7, ring-down
time.

Ab Initio Calculations. An all-electron correlation
approach and the CFOUR™ software was applied. Geometry
optimizations were carried out for linear cyanoacetylene
molecules, using the CCSD(T)*¥ ™" variant of the coupled
cluster method (featuring single, double, and triple excitations,
the latter treated perturbatively), with a correlation-consistent
triple-{ basis set (cc-pVITZ).”> Anharmonic (VPT2)>™°°
calculations were performed at the same level of theory. The
energy of a vibrational level was described by

E(ny,n,,..1,)

7 7
; & .
“w{Zelee$)e Zoloe o)
i=1

()

with n; representing the vibrational quantum numbers, h and ¢
the Planck constant and the speed of light, @; the harmonic
vibration frequency of the ith mode (g-fold degenerate), and x;
the anharmonicity constants, these latter measuring the degree
of coupling between modes i and j.

B RESULTS AND DISCUSSION

Spectra. The two panels of Figure 2 show absorption
spectra measured at room temperature in the red and green
ranges (see the figure caption for additional details). Ring-down
times were transformed to absorption coeflicient values with
the aid of eq 4, and to absolute absorption cross sections by
dividing the absorption coefficient by the number density Nj it
was possible to avoid more complicated procedures,””>"
because the observed absorption bands were very broad
compared to the frequency bandwidth (0.12 cm™) of the
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Figure 2. Absolute absorption cross section of HC;N in the ranges of
14 600—15 800 cm™ (panel a) and 17 400—18 600 cm™" (panel b);
spectra recorded at 295 K, with the HC;N pressure of 150 and 80
mbar, respectively. Probe laser scanned with a step of 0.05 nm.

probe laser. Given this lack of fine spectral features, it was in
principle sufficient to scan the laser wavelength with a step of
0.05 nm (1.1—-1.7 cm™"). In fact, the absolute absorption cross
section of Figure 2 should be interpreted as an effective value,
corresponding to room temperature (295 K), assuming the
number density of absorbers equal to N, even for the hot bands.

Spectra presented in Figure 2 exhibit seven differently shaped
absorption bands, their half-width ranging from 35 to 100 cm™,
approximatively. Corresponding absorption cross sections vary
between, approximately, 10726 and 10™** cm® The most intense
feature of Figure 2a, located around 15 600 cm™’, was analyzed
by Hall* in his photoacoustic study, at room temperature,
without absolute intensity determinations. The complexity of
shape, and the half-width of about 62 cm™, advocated for the
presence of intruding combination bands; Hall* suggested a
Fermi resonance between the 13 overtone and 13334,
combination-overtone band. This possible anharmonic inter-
action has also been theoretically investigated by Hutchinson™”
(see Previous Studies section). The most intense feature of
Figure 2b, located around 18 450 cm™, was assigned by Hall to
the 1§ overtone band. The shape of this band is less complex
than the one observed at 15 600 cm™" (suggesting the absence
of an interacting combination band). Its half-width, however, is
huge: about 43 cm™, i.e., much larger than the separation of P
and R branches maxima, expected for a typical allowed,
unresolved ro-vibrational band. Such a separation can be
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estimated™” here as 2.35-(B (cm™))-T (K))'?, ie, 16 cm™ at
room temperature. Broadening of the 15600 cm™ band (and
of the other overtone features observed here) is partly due to
unavoidable hot bands, originating in significant room-temper-
ature populations of the lowest fundamental and combination
levels (see Previous Studies section). Short lifetimes of the
relevant excited states may also contribute to the discussed
broadening.

Noteworthy, energy of the highest overtone band inves-
tigated in this work (1§, around 18 500 cm™) is well below the
lowest dissociation threshold of HC;N corresponding to the H-
loss channel: HC;N — C;N + H. This threshold has been
experimentally estimated as higher than ca. 41000 cm™ by
Titarchuk et al.®® The respective ab initio fission energy,
derived by Luo et al,®" was 45600 cm™.

The details of 13 and 1§ overtone bands are shown in Figure
3. The 13 feature has been recorded with a wavelength step of
0.005 nm (adjusted accordingly to the dye laser bandwidth of
0.12 cm™). For the 1§ feature, where the shape is simpler, the
step of 0.01 nm (0.34 cm™") was much bigger than the laser
bandwidth. Figure 3 provides also the comparison of our CRDS
spectra to those obtained by Hall’® in a photoacoustic
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Figure 3. Detailed profiles of the 13 (panel a; HC,N pressure of 98
mbar, probe laser wavelength step of 0.005 nm) and 15 (panel b; 83.5
mbar, step 0.01 nm) overtone bands (black traces, this work). Red-line
traces, with arbitrary intensity scales (vertically adjusted to match
present CRDS data) correspond to spectral features observed by
Hall® in room-temperature photoacoustic experiments on diluted
HC;N samples [14% vol in 233 mbar of He (a) or 25% vol in 267
mbar of He (b)].

experiment (red line in the figure). Importantly, the bandwidth
of a continuous-wave dye laser employed by Hall, 0.01 cm™,
was by an order of magnitude narrower than in our
measurements (see the figure caption for additional details).
In spite of different instrumental resolutions, our spectra and
the ones obtained by Hall*® are remarkably similar, proving the
intrinsic character of observed band profiles. Moreover, the
measured profiles did not show, within the investigated
pressure range, any signs of pressure broadening. The typical
spectral bandwidth of our probe laser (0.12 cm™), confronted
with the magnitude of rotational constant (B, = 0.152 ecm™)?
in the ground electronic ('=*) and vibrational state of HC;N,
and with the similarity of B(Sv;) and B(6v,) values to that of B,
(the respective vibration—rotation coupling constant @ equals
0.2443 X 107> cm™)** could suggest the possibility of resolving
some individual ro-vibrational lines within 13 or 1§ overtone
bands. This did not prove to be the case; the loss of rotational
structure in 1§ overtone bands, beyond n = 4, has already been
reported by Hall,”® and interpreted as the result of coupling
between the vibrational levels corresponding to involved
stretching modes and the dense bath of other states, at this
very high degree of vibrational excitation, above ~15 000 cm™".
Such couplings are responsible for the internal vibrational
redistribution (IVR) mechanism, leading to the broadening of
spectral bands via decrease of the lifetime of high ro-vibrational
states and, possibly, to the disappearance of rotational structure.

The two weaker bands visible in Figure 2a, located to the red
side of 13, have been assigned to the combination bands: 1¢3)
and 1825. These features were also observed by Hall*® who did
not, however, present the corresponding spectra.

New overtone/combination bands have been detected in the
course of the present study (Table 4). These weak spectral
features could be identified on the basis of previous overtone
assignments. The one located around 17650 cm™' is very
broad; its complex shape, with a steep high-frequency slope and
the pattern of sub-bands, closely resembles the feature located
around 15600 cm™ in which the anharmonic-interaction of
levels 13 and 13334 has been discerned. Indeed, by introducing
an additional v; quantum, the two elements of the 17 650 cm™
group may be tentatively interpreted as an anharmonic
resonance pair 133)/133345. A small band around 17900 cm™
can be assigned to 1324 (a contribution from 1§2§334) cannot be
ruled out).

The examination of spectra in Figure 2 reveals yet another
weak feature (at 18 330 cm™), located about 120 cm™' to the
red of the expected 1§ overtone. As remarked in the Previous
Studies section, our room-temperature spectra are expected to
contain some hot bands originating in thermally populated vs,
Vg, and v; modes, as well as in the multiples or combinations of
these three, with joint energy not exceeding several hundred
wavenumbers. The gap Agy between ground-state-originating
15 overtones and associated hot bands (the latter stemming
from my; + my; levels, with i, j = 5—7, and m,, m; being either
zero or a small integer value) increases with the anharmonicity
constants x; and xy; and with n:

Agy = xynm; + xynm; = n(xym; + x;;m;) (6)

Given the half-width of overtone bands observed here (at
least 35 cm™), one can derive approximately 7 cm™ as the
lowest x;; and x,; value that still permits for the separation of a
hot band from pure 13 or 1§ overtones. The most important of
the relevant anharmonicity constants have been derived by
Winther et al.”” in the course of their high-resolution infrared
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Table 4. Assignments, Wavenumbers, and Absolute Absorption Intensities for the Identified Overtone and Combination Bands
of Gaseous HC;N, As Presently Derived with the CRDS Technique®

absolute integrated intensity

main contributing transitions  band maximum (cm™)  band origin (em™, ref 26) cm ™2 atm™ km mol ™ oscillator strength f
1334 14 745 14738 (6.5 +05) x 107* (1.6 £0.1) x 107* (29 + 02) x 107"
1328 14957 14960 (8.8 £ 0.6) x 107° (21 +02)x10°° (40 £03) x 1072
1351 *€ 15 500
13 and 133544 * o< 15619 15 640 (146 + 0.1) x 1073 (35+03) x10™* (6.6 £0.5) x 1071
1336 17 661 (L5 £02) x 107* (36 £05) x107° (7.0 + 1.0) x 1072
1324 17882 ~2 % 107° ~5.0 X 107 ~0.9 x 10712
1851 4 18330
1§ 18452 18 450 (21 +03)x 107* (49 + 0.7) x 107° (92 + 1.0) x 1072

“Several band origins measured with the photoacoustic technique are listed for comparison. ®The two listed bands are in an anharmonic resonance.
“Integration limits encompass all asterisked spectral features. “Integration limits encompass both doubly asterisked spectral features.

Table S. Experimental and Theoretically Derived (VPT2-
CCSD(T)/cc-pVTZ) Anharmonicity Constants (cm™")
Related to the CH Stretching Mode () of Cyanoacetylene

this work
Winther et al.* experiment theory
VPT2-CCSD(T)/cc-
pVTZ
x5, —0.8020 + 0.0005 -12
X6 —0.9006 + 0.0002 —14
x5 —20.0192 + 0.0002 —20.0 + 0.5" —14
X4 0.5
X3 —6.1
X1y -19
x1, —50 + 2° -55

“In ref 25. Measurements were accurate enough to reflect a
contribution from second anharmonicity constants yyj. bValue
extracted from the analysis presented in Figure 4a (see text). “Value
extracted from the analysis presented in Figure 4b (see text).

study on the v, band system; corresponding accurate values
describing the couplings of CH stretching motion (v;) with the
lowest frequency modes v, v, Us, are complemented in Table
S with the results of our present ab initio predictions for x; (i =
1—7). An outstandingly high value of x5 is to be noted. For the
described CRDS experiment, these clues allowed us to expect
the presence of two separate bands around the frequency of any
v, overtone, each consisting of multiple, unresolved elements.
The first of these would be due to a pure 1j transition, with
some contribution from vg or v,-involving hot bands. The
second, much weaker band, appearing at a slightly lower
frequency, would then be caused by hot overtone transitions
stemming either from the singly excited s mode or, possibly,
from a combination of that latter with v or v,. Specifically, for
the spectral feature at 18 330 cm™" and for the shoulder around
15 500 cm™!, the expected major contributions are, respectively,
the 1551 and 135] hot bands. This assignment is enhanced by
Hall’s*® tentative identification of the 135! band located about
75 ecm™! to the red of the 1§ overtone, and by our careful
analysis of Hall’s data that led to discerning analogous red-
shifted satellites accompanying the first and second overtones
of v,. Figure 4a illustrates how the 135{ — 1} wavenumber
difference evolves as a function of n. Experimental errors were
estimated by considering the width of involved spectral features
and our capability of finding the positions of true maxima. The
obtained correlation is almost perfectly linear, its slope gives x5
= —20.0 + 0.5 cm™’, in agreement with the value reported by
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Figure 4. (a) Evolution of the gap between pure overtone bands 1§
and their hot bands 155}, as a function of #; data extracted from the
reports by Mallinson et al.'® and Winther et al.>® (black circle) and
Hall* (red circles) and from the present measurement (blue circles).
(b) Wavenumber difference 13 — 15~ ' between the consecutives
overtones plotted versus n; data extracted from the work of Hall*®
(with estimated band origin frequencies; red circles) and from the
present measurements (basing on band maxima; blue circles). See text
for the discussion of errors.

Winther et al.”> A mismatch visible for n = 5 obviously comes
from the interaction of 13 and 1§34y levels, which complicates
the band profile and spoils its resolution from 135]; the
corresponding entry has therefore not been included in the
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derivation of x;5. The key anharmonicity constant x;, was
obtained from the 15 — 1§ energy difference plotted vs n
(Figure 4b). The slope of an ensuing linear relation equals 2x,;,
leading to x;; = —50 + 2 cm™', in very good agreement with
our theoretical prediction (Table 5). Problems with finding the
true origins of relevant bands did not permit us to reliably
estimate minor anharmonicity constants x;, and x;3. A very
small value predicted for x,, suggests virtually no coupling
between the C—H and C—C stretches.

Assuming the Boltzmann distribution of all involved
thermally populated vibrational states, one should anticipate
the 13/155] intensity ratio of approximately 12. Acceptably
close to that is the measured 15/155} value of 9 + 3 (a similar
estimation is not possible for the corresponding Sv; bands,
poorly resolved and overlapped with a Fermi-resonance
component). The combined 1§ + 13S] absolute integrated
intensity (or oscillator strength; Table 4), refers to an effective
value, characterizing all overtone transitions of the nv, family,
originating either in the ground vibrational level or in low-lying,
thermally excited levels.

Absolute Intensities. To verify the consistency of the
present experimental data, we have analyzed the intensity of
several overtone and combination bands, as a function of
HC;N pressure, in the range 8—108 mbar. Within the limits of
Beer—Lambert approximation, proportionality of the absorp-
tion coefficient defined as a = 1/L In(Iy/I) or of the integrated
absorption [Ja(v)dv = 1/L[}In(I,/I)dv to pressure (or
concentration) of absorbing molecules is to be expected. As
depicted by Figure Sa, the profile of the complex, most intense
overtone band observed here, consisting mostly of 13, 13334y,
and 135}, was found to preserve its shape for HC;N pressures
differing by 1 order of magnitude, thus confirming the absence
of measurable pressure broadening effects. Quantitative
conclusions can be drawn from Figure Sb, where the
corresponding integrated absorption values are plotted against
pressure. The two groups of points (red and black circles) of
Figure Sb correspond to the data sets obtained with two
different manometers (Experimental and Theoretical Meth-
ods), during separate experiments. The two groups can be fitted
with practically the same linear function (slope of 1.44 X 107°
cm™? mbar}, corresponding to 1.46 X 107 ecm™ atm™),
proving the credibility of collected results. At the temperature
of 295 + 2 K, corresponding to our experimental conditions,
the above-given slope value yields (with conversion formulas,
eqs A4 and AS; see the Appendix) the absolute intensity value
of 3.53 X 10~ km mol™" and the oscillator strength of 6.62 X
107", To estimate the involved data acquisition and band
integration errors, the measurement was repeated, at a fixed gas
pressure, in several independent experimental runs; the
resultant integrated intensity values were constant within 5%.
Taking into account this finding, together with the quality of a
linear fit of Figure Sb, we estimate the error to 7%, ie., the
effective value for combined 13, 133345, and 135} is f = (6.6 +
0.5) x 107,

The dependence of integrated intensity on HC;N pressure
has also been analyzed for several other overtone and
combination bands. Respective plots are collected in Figure 6.
Data points can clearly be fitted with straight lines, even though
the scatter is substantial for weaker bands. The resultant
(extracted from the slopes) absolute integrated intensities and
oscillator strengths are listed in Table 4. Relative uncertainties
for the absolute integrated intensities and oscillator strength
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Figure 5. (a) Pressure dependence of absorption coefficient a(v) in
the 13 vibrational overtone region of HC;N. (b) Integrated absorption
coeflicient f a(v) dv for the combined 13 + 133345 + 1351 bands,
plotted as a function of HC;N pressure. Black and red circles mark
data points coming from separate experimental runs, obtained with
two different manometers. The estimated accuracy of integrated
absorption coefficient determinations is 5%.

measurements appearing in Table 4, deduced from the linear
fits, are about 7% for 1333 and 1¢2¢, and for the combined 13 +
153545 + 1351 bands, whereas for 133} and the combined 1§ +
155] bands the expected uncertainty is 13%. Intensity of 132§
was close to the detection limit of our system, not allowing for a
reliable pressure dependence study; it was nevertheless possible
to roughly estimate the strength of this feature on the basis of
the spectrum presented in Figure 2.

Finally, it should be remarked that overtone oscillator
strengths values derived here are similar to those found for
other instances of CH stretches with sp-hybridized carbon
atoms. Published data are scarce yet permit the comparison
with HCN and C,H,, presented in Table 6.

B CONCLUSIONS

Visible vibrational absorption was investigated for gaseous
HC;N with the help of the cavity ring-down spectroscopy
technique. Six overtone and combination bands, located in the
visible range (14 600—15 800 and 17 400—18 600 cm™"), have
been recorded. New overtone/combination bands were
observed here for the first time and identified on the basis of
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Figure 6. (a) Integrated absorption coefficient / a(v) dv for the strongest overtone and combination bands: 13 + 13304y + 135] (red) and 1¢3;
(orange), plotted against HC;N pressure. The estimated relative error of integrated absorption coefficient determination is 7%. (b) Integrated
absorption coefficient for three weaker overtone and combination bands: 1§ + 155} (magenta), 1335 (green), and 1§2§ (blue) plotted against HC;N
pressure. The estimated relative error is 13%. See Table 4 for the ensuing absolute intensity and oscillator strength values.

Table 6. Oscillator Strengths of Acetylene C—H Stretching Vibrational Transitions for the Fundamental (f;) Mode, as Well as
for the Fourth (f,) and Fifth (f,s) Overtones

molecule for/107° fos/107M fos/107M
hydrogen cyanide H—C=N 1.01 + 0.02%" 328 + 0.8 0.490°"
acetylene H—C=C—H 1.32 + 0.01%" 7.1 £ 02" 0.90 + 0.8°"
cyanoacetylene H—C=C—C=N 1.14 + 0.05"" 6.6 + 0.5% 0.92 + 0.10%

“In ref 63 and 64. “In ref 65. “In ref 11. “In ref 66 value affected by a strong Fermi resonance, “In ref 67.7In ref 33. $This work. "Recalculated from

km mol™" (eq AS).

previous overtone assignments. Anharmonic constants have
been obtained by ab initio calculations and compared to the
experimental values. Some of these are reported here for the
first time, including the crucial x,; constant. A strong
anharmonic interaction between the modes v, and v; is
confirmed. A series of weak spectral features has been assigned
to 135} overtone hot bands (n = 5, 6 in the present spectra, and
n =2, 3, 4 in those reported by Hall*®).

Absolute integrated intensities of all observed bands have
been measured, and the observed linear correlation of these
values to HC;N pressure has led to oscillator strengths for five
overtone and combination bands. The latter strengths are
similar to the ones found in literature for the respective
overtones of other molecules featuring acetylene C—H
overtone transitions.

To have a better insight into the potential energy surface
characterizing the ground electronic state of HC;N, it could be
interesting to measure the oscillator strengths of spectral
features in the 1j regions (n = 2, 3 and 4), previously
investigated by Hall*® with the photoacoustic technique, and
probably also of the ones that have still not been explored, i.e.,
n > 6. Experiments employing easily synthesized cyanoacety-
lene isotopologues DC;N or HC;"*N would permit more
reliable spectral assignments, in particular for anharmonic
resonance cases. Furthermore, coupling the CRDS instrumen-
tation to the supersonic molecular jet technique would have the
advantage of producing simpler, hot-band-free overtone
spectra. The expected sensitivity, even though lower than in

typical CRDS experiments, should then allow for studying the
15 and 13 bands, this last one absorbing about 2 orders of
magnitude stronger than 13,

B APPENDIX

Integrated Intensity and Oscillator Strength

It follows from the Beer—Lambert law, in the absence of
saturation effects, that the absolute absorption intensity at a
given wavenumber (cm™') can be expressed as the absorption
cross section:

o)
6=—1In|2
NL \I (A1)

where N is the number of absorbing molecules per volume unit,
L denotes the optical path, and I; and I are the incident and
transmitted light intensities, respectively.

The integrated intensity A of a band extending from z; to v¢is
given by

Y I
A= L / fln(—o) dv
pL Ju 1 (A2)

where p is the partial pressure of absorbing species.
Alternatively

1 7 I,
A= — In| — | dv
CL Jy, 1 (A3)
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with C being the molar concentration of absorbers. Frequently
used A and A’ units are cm™* atm™" and km mol ™, respectively,
with the conversion formula (for T expressed in Kelvin):

EA (cm™%atm™)

A’ (kmmol™) =
(ken mol™) 1218.7 (A4)

The related, dimensionless quantity is the oscillator strength f,
readily obtained from the integrated intensity via
4eym c”
f=10°—2=2-A" (km mol ") = 1.876 x 10~ ’A’ (km mol )
N,e
=1.54 X 107'°T (K) A (cm™*atm™")
(A3)

where N, is the Avogadro’s number, e the electron’s charge, &,
the permittivity of vacuum, m, the electron’s mass, ¢ the speed
of light, and T the temperature in Kelvin.
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