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Electronic absorption spectra of linear HC,,,;H* (n=2-7) were recorded in 6 K neon matrices
following their mass-selective deposition. Four new electronic band systems are identified; the

strongest E ZHg,u<—)Z 2Hu/g lies in the UV and the second most intense C an/u<—>’<‘ ZHu/g is located

in the visible range. The known A 2Hg,u<—)z 21'Iu/g absorption is an order of magnitude weaker than

C ZHg/uHX ZHU,g. Transitions to the B and D states are also discussed. The wavelengths of the
HC,,, H" (n=2-7) electronic systems obey a linear relation as a function of the size of the cations,
similar to other carbon chains. The B *S =X 3Eg_ transition in the UV of neutral HC,,,H
(n=4-17) has also been identified upon photobleaching of the cations trapped in the matrices.

© 2010 American Institute of Physics. [doi:10.1063/1.3455208]

I. INTRODUCTION

Highly unsaturated hydrocarbon molecules, C,H,,
(m=1,2), are important intermediates in terrestrial environ-
ments, such as in combustion under oxygen deficient condi-
tions and discharges.l They are of astrophysical interest too
as it is a well-established fact that the C,H,, (m=1,2) chains
are constituents of the interstellar medium (ISM).2’3 Further-
more, they are perhaps building blocks of larger organic sys-
tems such as polycyclic aromatic hydrocarbons. CnH,4_7
C,H (n=8),>'% and H,C, (n=6) (Refs. 11-13) have been
detected by their microwave transitions in many astronomi-
cal objects. Polyacetylenes, HC,,H (n=2,3), are also present
in the ISM as their infrared bands were detected in carbon-
rich protoplanetary nebulae."

Particularly interesting are the n=o0dd members of the
HC,H series, because they are open-shell and their lowest
energy electronic transition falls in the visible and near in-
frared. HC,,,;H have been studied in the optical domain by
direct absorption in neon' and nitrogen16 matrices and in the
gas phase by cavity ring—down”’18 and resonance enhanced
multiphoton ionization methods."” They were also studied by
ab initio methods.”*>*

Much less is known about the HC,,, H* ions. Apart
from a few theoretical investigations on the smaller members
of the HC,,,;H* homologous series (n=2-4) (Refs. 25 and
26) there are only two reports on the spectroscopic studies of
the lowest energy electronic transition of HC,,, H*
(n=2-7).">%" Recently, we explored higher energy elec-
tronic transitions of HC,,H* (n=2-7) in neon matrices.”®
The results had encouraged us to come back to the spectro-
scopic studies of HC,,,;H*. In this contribution the higher
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energy electronic transitions of HC,, . ;H* (n=2-7) and the
UV transition of neutral HC,,;H (n=4-7) in neon matrices
are reported.

Il. EXPERIMENTAL

The apparatus used in the past27 for mass-selective depo-
sition of charged species into neon matrixes has been modi-
fied. All rubber seals in the matrix chamber were replaced
with Cu gaskets and diffusion pumps by turbo ones. This
improved the vacuum in the matrix chamber by more than
one order of magnitude; the pressure is now below
1 X108 mbar at room temperature. The monochromator
and the photomultiplier/Si diode detectors have been re-
placed by a spectrograph with a focal length of 0.3 m,
equipped with three gratings and a thermoelectrically cooled,
open electrode charge coupled device (CCD) camera. The
electronic absorption spectra are collected in several overlap-
ping sections. The spectral width of a single section depends
on the dimension of the active area of the CCD and reso-
lution of the grating used.

The general idea for the detection of species trapped in a
neon matrix remains nevertheless the same. Broadband light
from a halogen or xenon lamp is focused on the entrance slit
of the matrix and propagated ~2 cm through it in a “wave-
guide” mode. Light coming out of the matrix is focused onto
a bundle of 50 optical fibers 1.0 mm in diameter. The output
is shaped into a slit form (0.1 X6 mm), which illuminates
the entrance slit of the spectrograph.

In the present arrangement the light that probes the ma-
trix during the recording of spectra has intensity several or-
ders of magnitude higher than previously, where instead of
broadband radiation, monochromatic light was used. There-
fore, care was taken to minimize photoconversion of the spe-
cies during the measurement. This was achieved by means of
appropriate short-wavelength cutoff filters and by minimiz-
ing the exposure time of the matrix. The absorption spectra
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of the species were detected in several sections covering
220-1100 nm. The measurements were always started from
the longest wavelength and they were continued into UV.
The spectrum was then recorded again to test whether pho-
toconversion of the species had taken place.

The HC,,, H* cations (n=2-7) were generated in a hot
cathode discharge source from a mixture of diacetylene with
helium; the ratio varied from 1:3 for the smaller cations
(n=2,3) to 1:1 for the larger ones (4=n=7). The cations
were separated in a quadrupole mass filter and the resolution
of one mass unit was achieved for all ions but HC,sH*. In the
latter case the resolution was slightly reduced to get suffi-
cient ion current for the depositions. A picoammeter was
used to measure the current during the matrix growth and by
integration the total charge of the trapped HC,,, ;H* ions was
evaluated. Under the best experimental conditions this was
29,10, 13, 12, and 4 uC for n=2-06 for the deposition times
3.8,2.3,4.5,5, and 5 h, respectively. For technical reasons,
the ion current of HC;sH* could not be counted.

In order to suppress neutralization of the cations during
deposition, a mixture of chloromethane with neon in a ratio
of 1:20000 was used to produce the host matrix. Chlo-
romethane has a high electron affinity (~3 eV) and captures
electrons efficiently forming CI™ ions and CHj radicals.”
The latter remain in matrix cages and due to the very low
concentration they do not interfere with trapped cations,
while CI™ anions reduce the space charge. Moreover, neither
of these species (CH;Cl,CH;,Cl7) has absorption in the
200-1100 nm spectral range.

Il. RESULTS AND DISCUSSION
A. A I, —X 1,4 transition of HC,,,{H* (n=2-7)

Deposition of the HC,,, ;H* cations (n=2-7) with neon
led to the detection of several electronic band systems that
extend from near infrared to UV. Figure 1 shows the lowest
energy A I, — X I, transition of HC,,, ;H*, where a=u
and b=g for n=even and vice versa for n=o0dd. This band
system has already been reported,ls’27 but is included here
for two reasons. First, a higher signal-to-noise ratio was
achieved and consequently more detail is seen in the spectra,
e.g., vibrationally excited levels of HCsH* and HC;H*. The
second was to compare its relative intensity with those of the
newly observed transitions.

The A II,—X2[I, band systems of HC,,, H*
(n=2-7) are similar in appearance. The origin band and a
progression of ~2000 ¢cm™! that corresponds to the excita-

tion of a C=C stretching mode in the A state are character-

istic. Wavelengths of the bands in the A ZHb<—)Z 1, system
are given in Table I. The origin band of HC,,, H" shifts
monotonically by ~90 nm toward longer wavelengths as the
size of cations increases, as shown earlier.”” Another pattern
observed is that the integrated intensity of the band system
normalized to the same ion charge (1 uC) increases from
0.06 through 0.14, 0.32, and 0.37 to 0.86 in the series
n=2-6.

The smaller members of the HC,,H* series (n=2-4)
have been studied by ab initio methods.”?® The calculated
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FIG. 1. The A ZHE/UH)? 2Hu,g electronic transition of HC,,, \H* (n=2-7)

in a neon matrix measured following deposition of mass-selected cations.

energy of the first allowed A IT, < X *I1, transition is over-

estimated by 0.1-0.3 eV. The A 2IT,« X 2II, transition of
HC,,.;H" can be classified as weak on the basis of its pre-
dicted oscillator strength (f=0.004, 0.002, and 0.007 for
n=2-4, respectively). However, the calculations predict the
f-values less accurately, e.g., the experimental integrated in-
tensity of HC;H* is 2.3 times larger than HCsH* rather than
two times weaker according to theory.

B. Visible spectral range

The HC,, H* cations exhibit much richer electronic
spectra than reported previously.ls’27 Apart from the

A ZHbH)Z 2l_[a transition, new absorptions are apparent in
the visible and UV. The relative intensities of the bands seen
in the visible (Fig. 2) for a given mass remain the same in
experiments carried out under different conditions and they

correlate well with the intensity of the A *TT,«— X *II, sys-
tem (Fig. 1). This leads to the conclusion that absorptions
seen in Figs. 1 and 2 originate just from one isomer, namely,
linear HC,,, H*.

The spectra of HCsH* and HC;H* shown in Fig. 2 are
similar in appearance. Two bands (labeled B and C) domi-
nate. They are separated from each other by 2813 and
2268 cm™! for HCsH* and HC,H*. This spacing is too large
to be assigned to vibrational excitation. Therefore, bands B
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TABLE 1. Observed band maxima (A 0.1 nm) in the electronic absorption TABLE 1. (Continued.)
spectra of HC,,, H* (n=2-7) and HC,,,;H (n=4-7) in 6 K neon matrices

with their suggested assignments.” N 7 AT
Species (nm) (cm™) (cm™) Assignment®
A 7 Av
Species (nm) (cm™) (em™) Assignment” 301.7 33 146 2234 2y,
299.0 33445 2533
HCsH* 500.8 19 968 0 09 A I, X 11, 295.5 33 841 2929
4900 20408 440 2ug 269.5 37106 0 09 E 21, X 11,
483.9 20 665 697 V3 266.6 37 509 403 vs
481.5 20768 800 4y 260.6 38373 1267 vy
475.8 21017 1049 2,
471.8 21195 1227 21, HC,H 241.0 41 494 0 0B S, X735~
458.3 21 820 1852 vy
4495 22246 2278 vy + 204 HC, H* 789.7 12 663 0 09 A 211, X 711,
442.1 22619 2651 vy +4vg 681.9 14 665 2002 vy
3618 27640 0 0 B I, X °I1, 598.3 16714 4051 2
3552 28153 513 Qv 621.3 16 095 0 0y B *E, X I,
352.7 28 353 713 Vs 605.6 16513 418 Ve
3500 28571 931 2wy 615.1 16 258 0 0§ C I, —X I,
345.7 28 927 1287 2, 547.2 18275 2017 s
344.2 29 053 1413 2 533.4 18 748 2490
339.0 29 499 1859 vy 492.9 20 288 4030 21,
3313 30184 2544 vt 366.3 27300 0+6 09+6D 20 X I,
328.1 30 479 0 0y C I, X I, 353.6 28 281 981 vs
323.0 30 960 481 2w 346.8 28 835 1535 vy
3203 31221 742 vy 34222 29 223 1923 3
316.9 31556 1077 2y 317.5 31496 0 09 E 11, X 11,
314.1 31837 1358 2vy 314.0 31847 351 Ve
3126 31990 1511 2v; 310.2 32237 741 2
309.1 32352 1873 vy 307.9 32478 982
3023 33080 2601 Vot vy 305.5 32733 1237 vs
2925 34188 3709 21, 302.3 33080 1584 Vs+ g
~ _ 299.6 33378 1882 vy
HC,H' 599.8 16672 0 05 A I, X I, 2042 33990 2490 205
535.8 18 664 1992 v,
4484 22302 0 09 B *I, —X °I, HC, H 2664 37538 0 0)BS, X5,
4375 22 857 555 v, 254.8 39 246 1708 v,
428.7 23326 1024 2,
4222 23 685 1383 HC,;H* 876.9 11 404 0 09 A M1, X 11,
411.4 24307 2005 v 749.6 13 340 1936 vy
407.0 24 570 0 0y C I, X 11, 659.2 15 170 3766 2v,
398.0 25126 556 vy 690.5 14 482 0 0y C I, X ™11,
375.7 26 617 2047 v, 672.5 14 870 388 vy
368.0 27174 2604 T 664.0 15 060 578
231.8 43 141 0 09 E 11, X 711, 609.6 16 404 1922 vy
542.5 18 433 3951 2u,
HC H* 694.9 14391 0 09 A I, X I, 490.1 20404 5922 3y
609.9 16 396 2005 s 677.9 14751 0 0y B ’E, X ™I,
545.1 18 345 3954 2 597.6 16 734 1983 vy
553.5 18 067 0 00 B *E,—X I, 4060 24631 0+6 09+8D 20 X ™I,
539.3 18 543 476 vs 393.3 25426 805
529.1 18 900 0 0y C I, X I, 390.8 25589 958 Ve
517.2 19 335 435 vs 382.0 26 178 1547 vs
491.1 20 362 1462 378.1 26 448 1817 vy
4807 20803 1903 v3 3662 27307 0 0§ E I, X °II,
4774 20 947 2047 v 362.3 27 601 294 vy
467.7 21381 2481 vy + s 359.2 27 840 533
455.3 21964 3064 352.6 28 361 1054 Ve
437.9 22 836 3936 2 350.7 28514 1207
434.7 23 004 4104 2w, 347.7 28 760 1453 vs
426.8 23430 4530 2uy 45 343.4 29 121 1814 vy
399.0 25063 6163 3y, 340.4 29 377 2070 3
3235 30912 0+6 09+6D 20 —X I, 337.1 29 665 2358 v3+ vy
319.1 31338 426 vs 334.9 29 860 2553 s+ g
316.7 31576 664 331.6 30 157 2850 2vs
3123 32020 1108 v, 3255 30722 3415 V3t vs
3084 32425 1513 v+ v 3137 31878 4571
304.4 32852 1940 vy 303.4 32960 5653
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TABLE I. (Continued.)
A v AT
Species (nm) (cm™) (cm™) Assignment®
HC,;H 290.0 34 483 0 0B S, X735~
276.0 36232 1749 v
HC,sH* 959.4 10 423 0 09 A 11, X 11,
812.7 12305 1882 v, or vs
702.7 14231 3808 2, or 2vs
784.1 12753 0 09 B 2E, X I,
711.3 14 059 1306 Ve
680.9 14 686 1933 v
603.8 16 562 3809 2,
759.1 13173 0 0y C I, X I,
743.5 13 450 277 vg
728.1 13 734 981
667.0 14993 1820 vs
661.0 15129 1956 v
590.3 16 941 3768 g+ vs
585.8 17 071 3898 2,
575.7 17 370 4197 Qv+ vy
443.6 22543 0+6 0)+8D 20X ™I,
438.5 22 805 262 vy
4293 23294 751 v,
4252 23518 975 vy+ g
405.4 24 667 2124 vy
398.8 25075 0 09 E I1, X 21,
393.5 25413 338 vy
389.8 25 654 579
384.7 25994 919 v,
381.0 26247 1172 2X579
378.8 26 399 1324 Ve
375.3 26 645 1570
371.6 26911 1836 vs
368.3 27152 2077 v
363.6 27503 2428 v+ vy
354.0 28249 3174 vs+ g
344.8 29 002 3927 vyt vs
332.7 30 057 4982
HCH 313.1 31939 0 00 B S, X735~
297.8 33580 1641 vs

o, frequencies (in cm™") in the ground electronic state of HC,,, H* cal-
culated with DFT/B3LYP/cc-pVTZ: HCsH* 3383, 2052, 783; HC,H* 3400,
2135, 1698, 572; HCoH* 3413, 2155, 2064, 1275, 450; HC, H* 3430, 2156,
2143, 1791, 1070, 373; HC3H* 3436, 2195, 2124, 2057, 1461, 917, 317,
HCsH* 3441, 2223, 2128, 2075, 1820, 1289, 802, 276.

= and ©: either I1 or ® symmetry (see text).

and C are assigned as the origins of two different electronic
systems. MRD-CI calculations predict the excitation energy
to the (2) 2Hg and (3) 2l_[g electronic states of HCsH™ at 3.75
and 3.85 eV, and at 3.14 and 3.17 eV to (2) *II, and (3) *TI,
of HC7H+.25 These values are quite near the energies of the B
and C bands (3.43, 3.78 eV and 2.77, 3.05 eV) of the respec-
tive cations. However, the predicted oscillator strength to the
(2) 21T state is 250 and 90 times smaller than to the (3) °II
state of HCsH* and HC,;H", respectively, while the inte-
grated intensity of system B is about two times lower than
that of C for both cations. Weak bands lying on the high-
energy side of B and C are assigned to vibrational excitation
within the electronic transitions (Table I).

The absorption of HCyH* in the visible range is more
alike those of the larger cations in the series than the smaller

J. Chem. Phys. 133, 024304 (2010)
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FIG. 2. Visible section of the spectra recorded following mass-selective
deposition of HC,,,;H* (n=2-7) into a neon matrix. Two band systems

marked with B and C are assigned to the B ZHE/UH)? 11
c 2l_Ig,u<—X ZHu/g electronic transitions, respectively.

we and

ones. A regular intensity distribution of the strongest bands
(C in Fig. 2) is apparent. The most intense band lying on the
lower energy edge of the spectrum is assigned as the onset of
a new electronic transition. Other absorptions are due to two
fundamental modes of energy 1903 and 2047 cm~! and their
overtones, active in the excited electronic state. These are
attributed to the v; and v, totally symmetric vibrations of
HCyH* on the basis of DFT/B3LYP/cc-pVTZ calculations of
the ground state frequencies for this cation, carried out using
the GAUSSIAN 03 program suite.*® Calculated energies of the
o," modes of the HC,,, H* series (n=2-7) are included in
the footnote of Table I.

In addition to the strong band system, the spectrum of
HCyH" exhibits several weak absorptions at the low-energy
side. In the visible spectral range, ab initio MRD-CI calcu-
lations locate three excited electronic states of symmetry
(1) 2®g, (2) 2Hg, and (3) 2l_[g that are dipole accessible from
the X °II, ground state of HCoH*. The energies to these
states are 2.48, 2.72, and 2.81 eV.% The strongest transition
is to (2) 2Hg with an oscillator strength of 0.2. The transi-
tions to the (1) 2<I)g and (3) 2Hg states are predicted to be
much weaker, with f~0.0004 and 0.0001, respectively. The
origin band of the strong absorption system lies at 529.1 nm
(2.34 eV) and the onset of the weaker one at 553.5 nm
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(2.24 eV). The discrepancy between the calculated and ex-
perimental energies of the visible transitions of HCoH* is
larger (~0.5 eV) than for the smaller members of the same
family. Because the energy levels of HCoH* are predicted
less accurately than for HC,,,;H* (n=2,3) and as the (2)
and (3) 2Hg states of HCoH™ lie close to each other accord-
ing to theory, it is likely that their order is also reversed. In
other words, the transition moment to the lower energy state
(2) 2l_[g is lower than to (3) 2Hg. Therefore, we assign the
strong band system of HCoH* (C in Fig. 2) to the same

C 2Hg/u state as for the higher energy transitions of
HC,, H* (n=2,3).

The absorption spectra of HC;3H* and HC,sH* in the
visible (Fig. 2) look much alike HCoH*. Two band systems,
the strong C one and the other, much weaker B, are discern-

ible. The onset of the weak system B changes with respect to

the origin band of the strong one C passing from HCoH™ to
HC,sH*. In the case of HCyH™ it lies on the long-wavelength
side of the origin of C, while for HC3H* it is blueshifted, for
HCsH* it is again to the red. The electronic spectrum of
HC,,H* (Fig. 2) has a peculiar appearance in comparison to
the other members of the HC,,,H* series. The band at
547.2 nm dominates and a weaker one at 492.9 nm (sepa-
rated by 2013 cm™') accompanies it. If one plots the wave-
length of the origin band of the strong transition of HC,,;H*
in the visible range as a function of the number of carbon
atoms, a linear dependence is observed, as has been noted for
the A 2[l,«X2II, transition and for other carbon
chains.’'*? The band at 547.2 nm of HC,,H* departs consid-
erably from this linear plot. This suggests that it is not the
onset of the C transition. A common feature of the C band
system of all the HC,,, H* cations is the appearance of a
strong progression due to excitation of the C=C stretching
modes. In this regard HC;{H" is not an exception, because a
vibrational band of energy 2013 cm™' is observed at 492.9
nm. Closer inspection of the moderately intense group of
bands redshifted from the strongest (547.2 nm) locates a
band at 615.1 nm, which is separated from the 547.2 nm
peak by 2017 cm™!. Therefore, the absorption at 615.1 nm is
assigned as the onset of the C transition of HC,;H*; the peak
at 547.2 nm corresponds to the excitation of a fundamental
and that at 492.9 nm is the overtone. The moderately intense

group of bands around 620 nm is assigned to the weaker B
transition. Proximity of the two electronic states B and C
leads to interaction between them and as a result, weaker B
transition gains in intensity. The B system of HC;H" is
therefore much stronger than observed for the other members
of this series, while the origin band of C transition becomes
exceptionally weak in comparison to the other HC,,,, \H* cat-
ions.

The strong C system of HC,,, H* (n=5-7) is assigned
to the (3) an<_>2 ’T1, transition by analogy to the smaller
members (n=2-4) of this series, where a=u and b=g for
n=even and a=g and b=u for n=0dd. The weaker system
B can be assigned to the (2) *II, < X *II, transition; how-
ever, calculations for HCoH* predict (1) 2¢>g close to

J. Chem. Phys. 133, 024304 (2010)
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FIG. 3. Wavelengths of the origin band of electronic transitions of
HC,,,,H* and HC,,,;H (n=2-7), plotted against the number of carbon
atoms of the absorbing species.

(2) *I1,.%° The symmetry of the B state is thus left open and
the state is marked by = in Table I, where E denotes either

IT or ®. The wavelengths of the onset of the B and C tran-
sitions of HC,,,;H* as a function of the number of carbon
atoms lie on least squares fitted lines shown in Fig. 3. The

linear fit for the B and C transition is somewhat worse than

in case of A IT,«— X °II, (regression coefficient R is 0.9958
and 0.9962 versus 0.9995). A reason could be interactions of

B and C states due to their proximity.

C. UV spectral range

The UV section of the absorption spectra of HC,,,, ;H* is
shown in Fig. 4. For each cation but HC;H" two spectra are
shown: the upper one was recorded after deposition of mass-
selected ions and the lower one after irradiation of the matrix
with UV photons from a medium-pressure mercury lamp.
One can distinguish absorptions that diminish upon irradia-
tion and ones (marked by stars) which grow in intensity. The
latter are due to neutral species.

Initially we focus on the region where the strongest ab-
sorptions of HC,,,;H" (n=3-7) are. These are marked by
letters a, c, e, g, and i in Fig. 4. Two band systems can be
distinguished in the spectra. The first one (D) lies at lower
wavelength and is weak, whereas the second one (E) bears
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FIG. 4. UV range of the spectra of HC,,,;H* (n=2-7) in a neon matrix.
The ones marked with a, c, e, g, and i were measured after growing of the
matrix. Those marked with b, d, and f were recorded after photobleaching
with UV photons. The spectrum of HC sH* (trace h) was recorded after
matrix growth under continuous irradiation with UV photons from a me-
dium pressure mercury lamp. Stars mark bands of neutral HC,, H
(n=2-7).

large intensity. In the case of HC;H* there is a strong broad
absorption centered at 231.8 nm, which rises steeply from
lower wavelengths and then falls gradually. The short-
wavelength edge of this band is obscured by scattered UV
light in the matrix. For HCoH* band E is shifted by ~38 nm
toward red in comparison to HC;H" and a multiplet structure
is apparent. Band E of HC,H* is shifted bathochromically
by ~48 nm with respect to HCoH™ and the structure is even
more evolved. This pattern is observed also for HC;;H* and
HC,sH*. The E system of the latter cations spans over 60 nm
and has a complex structure. If the wavelength of the E band
of HC,,,;H* (n=3-5) is plotted against the number of car-
bon atoms, the onset for HC,;H* and HCsH* (vertical arrow
on the left of the transition in Fig. 4) lies also on this line
(Fig. 3).

Although the shape of system E changes on passing
from HC;H* to HCsH* one can still assign it to the same
electronic transition based upon the large intensity and the
dependence of the wavelengths with size. For smaller
HC,,, H" (n=2-4) members MRD-CI calculations predict a
strong transition to the (4) °II, state (b=g,u,g) at 7.02,
6.01, and 547 eV, respectively.zs’26 The E band system for
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HCsH* was not observed, because according to the linear
plot (Fig. 3) it should lie at ~188 nm, not accessible in our
experiments. The experimental energy of E band system of
HC;H* is 5.35 eV, and 4.60 eV for HCoH*. Therefore, we

assign the E system to the (4) 2IT,«— X I, transition and

label it as E I, < X II, to be consistent with the nomen-
clature used earlier in the text and in Figs. 3 and 4.

The vibronic structure of the E 2Hb<—)z ’T1, transition
of HC,,,;H" is more complex than for the lower energy
ones. In the case of larger members (n=6,7) the transition
extends 5000 cm™' beyond the origin band. A weak origin
band and the rich vibrational excitation are a signature of a

geometry change in the E 2Hb excited with respect to the
ground state. The suggested assignment to the O'g+ modes
given in Table I is tentative.

A medium intensity band system (D in Fig. 4) lies to the

red with respect to the E transition. The wavelength of this
system versus the number of carbon atoms shows a linear
dependence (Fig. 3) with R=0.9996. MRD-CI calculations
for HC;H* and HCyH" predict several excited electronic
states lying between the C and E states, but the transitions
from the ground state to these are dipole—forbidden.zs’26 Itis

difficult to deduce the D state symmetry and whether the
transition appears because of vibronic interaction or if it is
not adequately described by theory. This is left open and the

D system is designated as D 20,, <X *II,, where 20,
could be ’IT or >® and would have the same (a) or the
opposite (b) to the ground state gerade/ungerade symmetry
depending on whether it is vibronically induced or optically
allowed transition, respectively. In Table I the onset of this
transition is marked as 08+ S, O being the frequency of a
nontotally symmetric vibration, while it equals O for the sec-
ond case.

D. B 3%, X ®3; transition of HC,,,,H (n=4-7)

The bands of neutral HC,,,\H (n=4-7) are identified in
the UV region. They are marked with stars in the spectra
recorded after deposition of mass-selected HC,,  H*
(Fig. 4). They grow in intensity upon UV irradiation of the
matrix. The spectra measured after photobleaching the
n=4-6 members are denoted with letters b, d, and f in
Fig. 4. The one marked h was recorded after continuous UV
irradiation of the matrix during deposition of HC;sH*. The
UV spectra of HC,,,,1H are simple as they exhibit two bands
only: a strong origin and a weaker vibrational band lying
~1700 cm™' above. In case of HCoH only the origin band is
seen in Fig. 4. The wavelengths of the of HC,,,H origin
band of this transition follow a linear dependence as a func-
tion of the number of carbon atoms, similar to the known

long-wavelength A 33 ~—X 32g_ transition'® (bottom and
second from top lines in Fig. 3). Although the UV system of
HC,,, H dominates the spectra shown in Fig. 4, the
A%S "X BEg_ transition is barely seen. In the case of
HC,H, where the strongest bands of the A 3EU_H)Z 3Eg_
system are discernible, the ratio of the integrated intensity of
the UV band system to the visible one is evaluated to be
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280 =30. From the change of the intensity of neutral and
ionic form of HC;H upon UV irradiation one can also esti-
mate the relative intensities of the strong UV transition of
these species. They have an almost equal integrated intensity
(HC,;H/HC, H"=0.95*0.1).

HC,,.H (n=3-6,9) have been studied in the gas-phase
by means of a resonant two-color two-photon ionization
technique.19 The wavelength of the origin band of HC;H in
the gas-phase is found at 281.82 nm and at 290.0 nm in a
neon matrix. Smaller members of HC,, .\ H (n=2-4) have
been studied by ab initio CASSCF and MRD-CI
methods.'***?* These predict a strong transition from
X%, to the B *Y, state. MRD-CI excitation to this state
of HCyH is at 5.91 eV, while the present experimental data
give 5.51 eV. The band system of HC,,\H (n=4-7) seen in

Fig. 4 is assigned to the B ’3 ~—X 3Eg_ electronic transi-

J. Chem. Phys. 133, 024304 (2010)

tion. The wavelengths of the observed bands of HC,,,H and
their assignment are colleted in Table I.

E. Comparison of the electronic transitions of
HC,,. H* and HC,,H* (n=2-7)

Even and odd members of the neutral HC, H series differ
considerably in their electronic structure due to the presence
of a half-filled 7 orbital for the latter species. As a conse-
quence, HC,,,H have triplet ground state in contrary to the
singlet for evens. The lowest energy electronic transition of
the odds falls into the visible and near infrared spectral
ranges, while for the evens it lies in the UV. Other conse-
quence is a triple/single bond alternation in the case of
HC,,H and a complex character for odd polyacetylenes. The-
oretical studies reveal that the HC,,, | H series splits into two
subgroups (HC,,,,H and HC,,sH) having similar geometri-

TABLE II. Comparison of electronic transition energies (in eV) of HC,,H* (bold) and HC,,, H* (n=2-7)
observed in a neon matrix with theoretical values (italic). Integrated intensities of these band systems and
experimentally determined oscillator strengths are also included.

Transitions

Species AAI—XT BXM—XT CA—X DA—XM E’M—X2 Label

HC,H* 2.44 .
HC,H* 248 3.43
2.59 3.49
1.7 18
0.000 75 0.0076
HC H* 2.05
HC,H* 2.07 277
2.11 2.88
4.1 44
0.0018 0.019
HC H* 1.74 2.18
HC,H* 1.78 2.24
1.87 2.22
93 11
0.004 0.0046
HC, H 1.51 191
HC, H* 1.57 2.00
1.65 1.95
1 45
0.0046 0.020
HC,H* 133 1.70
HC,H* 1.41 1.80
1.49 1.74
25 41
0.11 0.018
HC H* 1.18 1.54
HC,sH* 1.29 1.58
1.35 1.57
0.031 0.017

3.69 ee
3.78 oe
3.57 oc
51 ii
0.022 f
2.97 ee
3.05 5.35 oe
2.89 oc
90 750° i
0.039 0.32 f
2.50 5.11 ee
2.34 3.84 4.60 oe
2.51 oc
130 32 420 ii
0.057 0.014 0.18 f
2.19 4.50 ee
2.02 3.38 3.90 oe
2.18 oc
58 54 980 ii
0.025 0.023 0.43 f
2.30 4.01 ee

1.83 3.05 3.39 oe
1.96 oc
190 63 1850 ii
0.081 0.027 0.79 f
E 2.03 3.62 ee
1.63 2.79 3.11 oe
1.78 oc
0.265 0.075 1.00° il

“ee: experimental excitation energies of HC,,H* (Ref. 28); oe experimental (this work) and oc calculated
(Ref. 35) energies of HC,,,;H*; ii: integrated intensity (in 10° m mol™') of the systems; f: experimentally

determined oscillator strengths.

bIntegrated intensity of E 2IT—X 2I1 is not corrected for broadening due to light scattering in the matrix.

“Intensities are scaled to the strongest electronic transition E2M—X 2H, taken as 1.00.
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cal structure.”™***3 Such behavior can be expected also for
cations of polyacetylenes, where both odd and even members
have doublet ground state resulting from the unpaired 7
electron.”%?+%3 Therefore, it is worthwhile to compare elec-
tronic transitions of even and odd members of the polyacety-
lene cations with each other.

Electronic transitions from the ground to higher excited
electronic states of the even HC,,H* (n=2-7) polyacetylene
cation series have been studied in neon matrices.”® These

cations exhibit A 2IT+ X 2II electronic transition in the vis-

ible and near infrared and a strong E 21X M1 system in
the UV. The intensity of the latter is an order of magnitude
larger than that of the former. Three much weaker transitions

to states ﬁ, 6, and D lie between A and E in energy and have
also been detected in these studies. Cations belonging to the
odd HC,, .| H" series mimic to some extent the even ones.

The strongest electronic transition E 2I1— X 211 lies also in
the UV, the next most intense to state C is located in the

visible range. The A 2T« X *II transition is an order of
magnitude weaker than the latter.

The energies of the electronic transitions of the even
HC,,H* and odd HC,,, H* series are compared in Table II.
There is a striking similarity between the transition
energy of two neighboring cations, e.g., HC,H* and
HCsH*, ... ,HC,,H*, and HC,,,;H*. The origin bands of
each such pair lie near each other. As we pointed out several
years ago,27 this regularity can be explained in the frame-
work of the Hiickel theory where such a pair of molecules
has exactly the same excitation energy. Moreover, homolo-
gous series of linear chain molecules allows one to predict
reliably the origin band of unknown members of the series.
The linear dependence of the onsets of the electronic transi-
tions on the number of carbon atoms in the case of HC,,, H*
does not show any peculiarity that would support a differ-
ence between subgroups HC,,;H* and HC,4,,;H* (Fig. 3).

Recently, a paper on the excited electronic states of the
odd-membered HC,,,, {H* series has appeared.35 Energies of

the first excited A II state for n=2-7 have been compared
with  experimental data for the long-wavelength

A 2T+ X 21 transition of these cations. A good agreement
is apparent. The calculated excitation energies of HC,,, H*
for higher-lying electronic states are also included in Table

II. The predicted positions of the B and C states agree well
with the present experimental data. Similar calculations have
fit even better for the electronic states of the HC,,H*
cations.™

F. Oscillator strengths of the electronic transitions of
HCzn+1H+ (n=2—6)

Counting the total charge of the ions deposited into a
neon matrix allows a comparison of electronic transition in-
tensities. Integrated intensities of the band systems of
HC,, . ;H* (n=2-6) are collected in Table II. The accuracy is
estimated to be ~ * 10% within the same cation, while for
two different species this could be somewhat worse. The
integrated intensity of a given band system is proportional to
the oscillator strength f of the transition. By knowing the

J. Chem. Phys. 133, 024304 (2010)

concentration of the cations trapped in the matrix and the
optical path length, the f-values can be evaluated by using

4gym.c* In 10 o
f:?f e(v)dvp,

where f is the oscillator strength; &, m., ¢, N, and e are
physical constants and &(?) is the molar extinction coeffi-
cient. £(7) can be evaluated from the number of cations de-
posited into the matrix (accumulated charge) and its volume
(2X2X0.015 cm?®). The path length was ~2 cm.

To test how reliable f can be from the experimental data,

the A, B, and C band systems of HCsH* were chosen as for
these the integrated intensities and the theoretical oscillator
strengths resemble each other the most. The values obtained
are f(A)=7.5X 107, f(B)=7.6x1073, and f(C)=0.022,
while calculations give 0.0005, 0.034, and 0.06,
respectively.35 Experiments provide a lower bound to oscil-
lator strengths of cations because losses due to charge neu-
tralization during deposition of the matrix are not taken into
account. It is assumed that this can lower f by a factor of ~2
as the UV band system of neutral HC,,, H has an intensity
comparable to the cationic one in the spectra recorded. The
experimentally determined f-values for all the band systems
for HC,,.;H* are given in Table II.

The strong band systems of HC,,,;H* and HC,,.|H re-
ported in this contribution provide more a sensitive means of
detection of such species in gas-phase experiments and per-
haps in astrophysical environments than it was possible via
their weaker A *IT1—X I or A*S,”—X S~ transitions.
In the case of HC,,,;H* (n=3-5) most appropriate for this

purpose is the B 2IT«— X *II transition, while for the larger
cations (n=6,7) more suitable is the Cal—X 21 system.
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