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Vacuum Ultraviolet Spectroscopy of the Carbon Molecule G in Matrix Isolated State:
Experiment and Theory

1. Introduction

Since the first observation of the 4050 A band system in the
spectra of comets in 1884and the identification of the carrier
molecule G seventy years latérgarbon clusters gained growing
experimental and theoretical interest. Reviews on smaller carbon
species were given by Weltner and van Zard, for the more
recent developments, by van Orten and Saykaluring the
past decades, the role of carbon molecules in astrophysics an
combustion chemistry was recognized to an increasing dé§ree,
and recently, fullerenes, i.e., large, closed cage carbon molecules,
gained considerable attentiéf.

The carbon cluster {Js the dominant constituent of carbon
vapor generated by heating graphite to about 3000 K. Under
these conditions, the vapor consists approximately of atomic C

G. Monninger,” M. Forderer,' P. Gurtler, * S. Kalhofer, S. Petersert, L. Nemes$
P. G. Szalay! and W. Kratschmer**

Max-Planck-Institut fu Kernphysik, Postfach 103980, D-69029 Heidelberg, Germany, Hasylab at Desy,
Notkestrasse 85, D-22603 Hamburg, Germany, Chemical Research Center, Research Laboratory for Materials
and Enironmental Chemistry, Hungarian Academy of Sciences, PusztadsZ&9i&i7, H-1025 Budapest,

Hungary, and Department of Theoretical Chemistryt:Bs Lorand University, P. O. Box 32,

H-1518 Budapest, Hungary

Receied: Nawember 19, 2001; In Final Form: March 19, 2002

Carbon molecules were produced by evaporation of graphite and matrix-isolated in solid neon and argon.
Using synchrotron radiation, the absorption spectra of the carbon clusters were recorded from 1100 to 5600
A, and the fluorescence or phosphorescence spectra were recorded from 1200 to 9000 A. We observed an
intense, broad absorption band system centered at around 1600 A in neon and 1700 A in argon. By measuring
the excitation spectrum of the3al, — X X, phosphorescence and checking the intensity correlation with

the known'IT, — X X*j absorption band, we could show that the observed VUV band system is the allowed
I3+, — X =14 electronic transition of the £molecule. At the blue and the red side of the band system,
distinct progressions can be observed which most likely correspond to a symmetric stretch of,adsout

1100 cm! and a bending mode of about ~ 550 cnt?, respectively. In the band center, however, a
complicated superposition of several vibrational progressions appears indicating that besidgs #hate

also other states seem to contribute to the absorption. Quantum chemical MR-AQCC calculations suggest
that these contributing states di@, states which are close in energy to &, state and can interact via
vibronic coupling, a conjecture supported by preliminary calculations of synthetic spectra in which such
coupling was included. Furthermore, the calculations show that3heenergy decreases upon bending,
leading to a complex landscape of energy surfaces which include avoided crossing type features, and rendering
more detailed spectral calculations difficult.

temperature, the transitions emerge exclusively from the elec-
tronic and vibrational ground state. This simplifies the absorption
spectra; however, the interaction of the molecules with the
matrix introduces some artifacts; that is, it shifts and broadens
the absorptions.

The ground-state configuration ofz@xhibits completely
filled orbitals ...(%ru)*(30u)%(Ltg)°. The most prominent absorp-
&ion in the near UV is the “cometary” band at 4050 A assigned
to alll, — X =g transition in which an electron in thesd
orbital is promoted into the emptyz} orbital. Because of matrix
interactions, the “cometary” absorption is shifted toward 4070
A'in solid neon and 4100 A in solid argon. In emission, a strong
Cs; phosphorescence at about 5900 A was observed and
tentatively assigned by Weltner and co-workers to the lowest

. » Y 5 .
(10%), G (20%), G (70%), and a rather small fraction of larger  t"iPI€t transition &1, = X 7¢'3 The assignment was later

species €1%)2-11 Many groups investigated the spectra gf C

confirmed by Bondybey and Englifhand supported by

by the matrix-isolation technique, in which carbon molecules dt@ntum chemical calculations (see, e.g., ref 17). A recent work

are trapped along with an excess of an inert gas (e.g., argon o
neon) on a cold (515 K) substrate (see, e.g., ref 3, 4, and

12—-16). The advantages of this technique are that no molecular
rotations occur in the matrix and that, because of the low

on the G phosphorescence can be found in ref 18.

Besides the transition leading to the 4050 A band, one expects
an allowed, i.e., rather stron§st, < =*4 absorption system
of C3 to occur at considerably shorter wavelength. This band,
already predicted by Pitzer and Cleméhiin their classical

* To whom correspondence should be addressed. E-mail: kraetschmer@article of 1959, should originate from the promotion ofa, 1

mpTi-hd-mpg-dE- , , electron into the empty s, orbital. Early quantum chemical
. Mgglgg”;ksgigt“t fo Kemphysik. calculations were carried out by Willia#®and Ranelt et al?!
§ Hungarian Academy of Sciences. The later authors used the MRD CI method to calculate the
' E¢tvos Lorand University. excitation energy of théX*, state to be about 8 eV. Experi-
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Figure 1. Experimental setup of the station HIGITI at Hasylab. Abbreviations: filter wheel (FW), slit (S), planar mirror (P), Torroid ellipsoidal
mirror (ET), sample holder with MgFsubstrate (SH), liquid helium cryostat (C), lens (L), fiber optic (FO), photomultiplier (PM), filter holder of
the Seya monochromator (FH). When the synchrotron radiation beam is elongated through lseibdgfate, the transmission spectra are recorded
behind the sample holder (SH) with a photomultiplier (TR). For further details, see text.

mental evidence for this band was provided for the first time in transmission spectra are limited to 1150 A because of the
1982 by Chang and Graham who isolated carbon vapor in anabsorption of the Mgfsubstrate, whereas for emission spectra,
argon matrix 88 K and assigned a spectral feature near 1890 the absorption of the rare gas matrix (neon or argon) defines
A (6.6 eV) to this transitio#? The assignment was supported the lowest detectable wavelength.

by intensity correlations with the knowAll, — X X%, This station was described in detail in ref 26 (see Figure 1).
absorption band system and from spectra obtained®dy  In brief, synchrotron radiation is dispersed by a primary
substituted species. However, the band position appears to benonochromator. Several filters (MgRjuartz, and BK7) select

in conflict with more recent theoretical predictions, which locate a wavelength range and cut radiation of higher order grating
the transition between 7.15 and 8.14 #¢#! The MRD ClI reflections. After passing the MgBubstrate (SH), the radiation
calculations of ref 21 suggest that the intensity of thg, — hits a BK7 viewport which is coated toward the inside of the
12*4 absorption of linear €should be distributed over a quite  chamber with sodium salicylate to convert the radiatiors
large energy range. Thus, the spectral feature observed by Chang000 A into visible light. An external photomultiplier (TR)
and Graham might be part of a still broader absorption band. detects the converted radiation and thus indirectly monitors the
The position of the'>*, — X*, band system can also be transmitted synchrotron light.

estimated from trends of the homologous series of electronic  QOptical spectra can be recorded with three different systems.

absorption spectra of linear carbon chaing.€(n = 2—7) in The primary monochromator which disperses the synchrotron
neon matrixes, which were measured by Maier and co-workers. radiation was used for measuring transmission spectra of the
An extrapolation would yield a wavelength for the", — X%, sample in the spectral range of 1138600 A with a resolution
transition of G near 1700 A5 up to 0.3 A, a Seya-Namioka monochromator (resolutior-2.5

To investigate this strong and thus important transitionof C - 150 A) which covers the vacuum-ultraviolet (VUV) to ultraviolet
in more det.aill, we performed vacuum uItravqolet Spectroscopy (Uv) wavelength range between 1100 and 3000 A, and a Spex
of the matrix-isolated carbon species both in argon and neonmonochromator (resolution 3 A) for the ultraviolet to visible
using synchrotron radiation. In addition, in a theoretical part of range (2000 and 9000 A; Detection: photomultiplier or liquid

our contribution, we try to interpret the data and give an at least nitrogen cooled CCD array). The latter two instruments were
preliminary explanation of the basic structure of the observed employed for emission spectroscopy.

absorption band system. 2.2. UHV Compartments and Experimental Procedures.

Carbon vapor molecules were produced in a water-cooled UHV
chamber by resistive heating of graphite rods using DC current
2.1. Spectroscopic InstrumentationOur measurements were  (typically 120-180 A at 5-8 V).18 The MgF, substrate was
carried out at the storage ring DORIS Ill at Desy (HASYLAB) facing the rods at a distance of about 700 mm. To reduce the
in Hamburg. The setup of the HIGITI station is dedicated for deposition of rest-gas molecules such a®HCO, and CQin
optical spectroscopy of matrix isolated species using synchrotronthe solid noble gas matrix, all parts of the source chamber were
radiation in the wavelength range from 400 to 5600 A and is baked out at 120C before each experiment. For the same
optimized in radiation intensity and spectral resolution between reason, the carbon rods were heated to temperatures close to
600 and 2500 A (resolution 0-310 A). In our experiment, the evaporation condition before sample preparation. A magneti-

2. Experimental Section
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cally borne turbo molecular pump in combination with a A I L E A S S A AL
membrane pump system provided oil-free conditions and 4| ]
evacuated the carbon source to pressures smaller thah05°
mbar.

Between the cluster source and matrix deposition-compart-
ment, another chamber with a liquid-nitrogen-cooled shield was
placed. A small aperture (diameter 7 mm) in the shield reduced
the radiation transfer of the heated carbon rods to the cold
substrate in the matrix chamber. A UHV valve separated the
carbon cluster source and sample compartment.

The UHV matrix-deposition compartment was equipped with
a He-flow cryostat, which was moveable and rotatable under T
UHV conditions p < 1 x 109 mbar). At the cryostat tip, a °or e . . ]
sample holder with the MgFsubstrate was located. The helium 1500 2000 2500 3000 3500 4000 4500
flow through the cryostat and in addition a resistance heater Wavelength [A]
mounted on the cryostat just above the coldfinger were Figure 2. Electronic absorption spectrum of carbon vapor trapped in
employed for temperature control (Lakeshore Temperature solid argon at 10 K in the vacuum ultraviotetisible wavelength range.
Controller model 330). Commercially available gases with a The band systems around 4100 a}nd 3080 A are assigned to the carbon
purity of 99.999% for argon and neon have been used for matrix E\“?Sters Gand to linear G, respectively. The strong feature near 2470

. . R is a superposition of an absorption of Mulliken system) and of
preparation without fu_rther purification. o linear G. The structured and broad absorption pattern between 1400

Carbon-argon matrixes were prepared by depositing argon and 1900 A originates from the electronic transitiait,—X 1=+, of
at a rate of 15068000 A/min and carbon vapor (produced under C,. The spectrum is recorded at a resolutidriLdA in the VUV and
various conditions) onto the low-temperature substrate at 18 K was background-corrected for clarity.
for 1080 min. We prepared samples for which the carbon
cluster concentration was rather low (i.e., the molar rare-gas-
to-carbon ratio was more than 1000). Under these conditions,
mutual cluster-cluster reactions were small, and the matrix
contained mainly the cluster distribution prevailing in the vapor.
The deposition process was monitored by measuring absorptions
spectra.

Argon matrixes showed relatively low scattering at low
deposition rates and at an elevated deposition temperature (1
K). These features may be related to the crystallization of solid
argon?’ After preparing the sample, the substrate was cooled
to T = 10 K, where all spectra were taken. To investigate a
possible correlated behavior of the known electronic transition ‘ L
1, < X =*, of Cz and the new band system at around 1700 T TV S U PSP R
A, the sample was thermally annealed up to 34 K for several 19002000 2800 00 SS0D 4000 4S00
times. After each temperature step, the absorption features were Wavelength [A]
recorded again at 10 K. By heating the samples, diffusion of Figure 3. Electronic absorption spectrum of carbon vapor trapped in

smaller molecules in the matrix was possible, leading to solid neon at 4.3 K in the vacuum ultraviotetisible wavelength range.

. . Because of the high dilution (Ne/€ 2500), the spectrum reflects more
reactions between carbon molecules and/or atoms. This mOIec'closely the carbon cluster distribution of our carbon source. The two

ular growth process forms larger and consumes smaller carbongjectronic transitions of £at 1600 and 4070 A are the dominant
species and thus changes the intensity of the observed absorptiofeatures.

lines in the measured spectA distinct intensity correlation
of two spectral bands is a hint to a common molecular origin.
Neon matrixes were prepared by co-depositing neon at a rate
of 4500 A/min and carbon vapor onto the low-temperature
substrate at 4.3 K for nearly 60 min. Neon matrixes showed
less scattering in the vacuum UV than argon matrixes. Sample
preparation conditions were chosen so that the absorption of
C; was the dominant feature in the recorded spectra.
To check for vacuum ultraviolet absorption features of
contaminating molecules in the matrix, we inserted fresh
graphite electrodes into our evaporator and outgassed the rod

up to our standard evaporation temperatures. The progressio
o?the CO AT — X 1% transition vrx)/as the dominapnt %and vacuum UV, at least to about 1400 A. When samples were
c)produced under different conditions, we noticed that the

e e e P e adona speca fatres betyeen 1400 ad 1300/ coreted

monitoring the CO absorptions became difficult. in intensity with the.1600/1700 band system. This observatlon
suggested that {night also be the carrier of the bands in the

1400-1300 A region, which perhaps belong to Rydberg states.

The excitation energy of the £, — 3s) states’IT, and 'T1,

3.1. Vacuum, Ultraviolet, and Visible Carbon Cluster were calculated to be at 9.35 (1330) and 9.51 eV (1303 A)

Absorptions. Absorption bands of argon and neon matrix- respectively?!
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isolated carbon clusters are shown in Figures 2 and 3,
respectively. These figures are an overview of spectra recorded
in different wavelength ranges, merged, and background cor-
rected. For wavelengths larger than 2000 A, the absorption
features in argon are in good agreement with spectra reported
by different other group&®-34 Our data for the first time show
the entire’=t, — =%, absorption feature of £centering at
around 1700 A in argon and 1600 A in neon. The fraction of
this band system between 1700 and 1890 A was already
bserved by Chang and Graham in an argon matrix at?8 K.
owever, the whole band system extends much further into the

3. Experimental Results and Discussion
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0.6 T T T T T T TABLE 1: Positions of Observed Band Maxima of thelx*,
b — X1X*y System in Solid Argon at 10 K and Solid Neon at
05 a) ] 4.3 K2
AA] viem™] A vlem™] AMA] vlem™]
T 04T ] A. Peaks in the Argon Matrix
'E' 1913 52274 1707 58582 1522 65703
g o3 b 1892 52854 1692 59102 1499 66711
g 1872 53419 1685 59347 1491 67069
202} ] 1855 53908 1678 59595 1476 67751
2 1837 54437 1669 59916 1468 68120
ol 1 1821 54915 1662 60169 1451 68918
’ 1801 55525 1650 60606 1442 69348
[ 1787 55960 1643 60864 1434 69735
00, . L L L L o 1781 56148 1635 61162 1421 70373
1300 1400 1500 1600 1700 1800 1900 1773 56402 1620 61728 1413 70771
Wavelength [A] 1769 56529 1609 62150 1395 71685

1764 56689 1604 62344 1382 72359
1754 57013 1594 62735 1378 72569
1749 57176 1583 63171 1360 73529
04 b) y 1738 57537 1576 63452 1355 73801
1735 57637 1569 63735 1338 74738

05 T T T T T T

T 1727 57904 1553 64392 1319 75815
s 03¢ 1 1720 58140 1547 64641

g 1713 58377 1533 65232

c

g o2k ] B. Peaks in the Neon Matrix

S 1859 53792 1676 59666 1501 66622
2 1840 54348 1668 59952 1492 67024

01 ] 1823 54855 1662 60169 1482 67476
b 1818 55006 1657 60350 1478 67659
1802 55494 1649 60643 1469 68074

00 ’ ! P —— . v 1784 56054 1642 60901 1456 68681
1300 1400 1500 1600 1700 1800 1900

1772 56433 1637 61087 1435 69686

Wavelength [A] 1764 56689 1632 61275 1415 70671

Figure 4. Absorption spectra of thegg'=*,—X 1=*y) system (a) in 1756 56948 1626 61501 1403 71276

solid argon at 10 K and (b) in solid neon at 4.3 K. The spectra are 1750 57143 1620 61728 1396 71633

recorded at a resolution of 1 A, and no background correction was 1743 57372 1609 62150 1379 72516
applied. 1733 57703 1602 62422 1370 72993

1729 57837 1593 62775 1363 73368

Under the deposition conditions chosen, the clusters embed- i;gg ggggg iggi ggggi ﬁig ;i%g

ded in argon show a higher degree of molecular coagulation, 1715 58309 1577 63412 1335 74906
i.e., show spectral features belonging to carbon clusters larger 1709 58514 1565 63898 1326 75415
than G. There are weak bands of the species linegia€around 1700 58824 1551 64475 1321 75700

3100 A, see ref 29) and lineag @the band system around 2400 iggg gggzg iggg gg;% gég ;ggg?

A, see ref 30) upon which the Mulliken band of &t 2380 A 1682 50453 1516 65963

(see ref 34) is superposed. The argon matrix spectra exhibit a o _ ) _

broad structure at 1320 A which has no direct counterpart in  “A # indicates the band at which the absorptions (Figure 4) have a
the neon data but might be assigned to the already mentioned"@X!Mum-

Rydberg states of £ 3.2. Correlation of Excitation and Absorption Spectra.We

In neon matrixes, the JFeatures are most prominent (Figure searched for new £emission bands but could only detect the
3). Known spectral bands of other carbon molecules are eitherwell-known, strong &1, — X =" phosphorescence transition
weak or could not be observed. Next to the established electronicof Cz at 5900 A. Phosphorescence could be induced resonantly
transition'IT, — X 1=*, of C3 near 4070 A, a broad band system by excitation of the AT, state of G, and also by excitation of
of linear G at 2300 A occurs on which the Mulliken band of the broad VUV absorption band around 1700 A. This experi-
C. at 2320 A is superposed, besides a shift in wavelength just mental result suggests that an excitation of'fig, — X 13+,
like in argon, however, with much lower intensity. The dominant transition results in an intersystem crossing into the triplet
absorption around 1600 A represents #®, — X 1Z*, manifold of states. Nonradiative electronic relaxation then seems
transition of G. It is seen again in both, argon (Figure 4a) and to lead to a population of the vibronic ground level of the triplet
neon (Figure 4b) matrixes, at a resolution of 1.0 A and without states including the #1, state. The detailed mechanism of this
background correction. The influence of the different matrix later process remains to be investigated. In any event, the
materials on the spectral feature of €an be recognized. For  relaxation of the &I1, state to the X=*4 ground state can be
the convenience of the reader, a list of wavelengths (wavenum-observed as phosphorescence at 590®Ain matrix-relaxation
bers) of the bands is given in Table 1a in solid argon and Table studies, the efficient intersystem crossing and internal conversion
1b in solid neon. It is well-known that the matrix effects in were also observed for various other small molecules, ex., C
neon are less severe, and compared to argon matrixes, the spectia NH.35:36
in neon are more like the spectra in the gas phase. Thus, we The HIGITI station allowed us to record the emission of
think that the spectra obtained in neon are superior in quality excited molecules simultaneously in two different wavelength
to those in argon. Furthermore, our data may help to locate ranges, while scanning over the 1700 A feature and monitoring
specific vibronic transitions for closer examination by high- the transmission spectrum. The SEYA spectrometer was used
resolution gas-phase spectroscopy. to record the emission signal of carbon monoxide, which is the
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Figure 5. Absorption and excitation spectra of carbon vapor in an Wavelength [A]

argon matrix. That the observed VUV absorption is #2& (—X 1Ztg) Figure 6. Absorption spectra of carbon clusters in argon at 10 K before
transition of G molecule is suggested by the agreement of the vacuum and after annealing to 30 and 34 K. All spectra were recorded at 10 K.
ultraviolet absorption (c) and the excitation spectrum of the known The two upper curves are shifted vertically for clarity. The thermally
phosphorescencesl, — X =+, of C; at 5900 A. In trace a, theC activated diffusion results in clustecluster reactions and molecular
phosphorescence was measured by a CCD array, and in b, it wasgrowth. The band of €at 4100 A and the broad VUV structure around
measured by a photomultiplier. The excitation function of the CO 1700 A show a correlated decrease, whereas other absorption features,
phosphorescence (Cameron system) around 2150 A (resolution 150 A)belonging to larger carbon molecules, increase. The band at 4500 A
was also monitored to check for a possible contribution of the CO probably originates from linear ;¢ (ref 25).

absorption to the €spectrum in the vicinity of 1500 A (d). The

contributions of CO appear to be negligible. o T 1 T T T lao

1000 4

Intensity [a.u.}

Absorbance [a.u.]

main potential contamination in our spectra. The progression o, | © 1498Apeak {35
of the CO AT — X X transition extended from 1560 to 1310 ® 1700A band
A in argon and could interfere with thes®and system. To
detect the features belonging to CO, the Seya monochromator
was set to 2150 A (with a resolution of 150 A) in order to record
the phosphorescence signal of thdfh— X X progression of

CO (Cameron system), which is excited by thélA — X 1=
transition. To monitor the phosphorescence af the Spex
monochromator was set to 5900 A (resolution 18 A), and the
intensity was monitored either with a CCD array or a photo-
multiplier (see Figure 1). By this method, the vacuum ultraviolet
excitation spectra (which should reproduce the absorption 0 p s a3 4 5 & 7 8

spectra apart from a scaling factor) of both carbon monoxide int. intensity of 4100A band

and Q‘ could be dete(?ted Slmu_ltan_eously and from the_s_ame Figure 7. Correlation plot of the integrated absorptivities of thg C
matrix. Our data are displayed in Figure 5 and show definitely ang system at 4100 A versus that of a single narrow peak at 1498 A

that the strong and sharp excitation (absorption) bands at arouncing the entire broad 1700 A system, respectively. The narrow peak is
1500 A, which on first glance might be associated with CO, marked by an asterix in Figure 6.

are in fact originating from € The G excitation spectrum
correlates well with the transmission spectrum measured studied. Different initial cluster distributions and concentrations
simultaneously in the same wavelength range. in the argon matrix were obtained, for example, by changing
3.3. Correlation of Absorptions by Matrix Annealing the DC power of the evaporation process and changing the argon
Experiments. Figure 6 shows absorption spectra of carbon deposition rate. In total, there were two annealing runs with
vapor in argon matrixes taken in two wavelength ranges. The nine data points and a few samples without thermal treatment
temperature dependence of carbon cluster aggregation was testealt our disposal. First, we plotted the integrated intensity of the
by annealing. After deposition, the sample was heated to known G absorption at 4100 A versus the integrated intensity
temperatures of 28, 30, 32, and 34 K for about 10 min, while of the entire VUV G absorption feature (“1700 A band” in
spectra were recorded at 10 K after each annealing step. ForFigure 7) which we placed between 1427 and 1846 A, assuming
clarity, only three spectra are shown here vertically shifted. The a linear baseline between these points. The experimental points
lowest spectrum was measured after the deposition; the twoscatter around the straight line fit. The correlation can be
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others were measured after annealingTte= 30 and 34 K, improved when a nonlinear background is introduced which
respectively. In the wavelength range of 3750 A, the better accounts for the scattering of the matrix. Therefore, we
characteristically shapédl, < X =4 “cometary” absorption investigated also narrow peaks, e.g., at 1498 (shown by an

band of G around 4100 A decreases in intensity during the asterix in Figure 6) 1522, and 1547 A. The data of the 1498 A
thermal treatment of the sample. The broad absorption betweenabsorption are displayed in Figure 7. The correlation coefficients
1350 and 1900 A shows a similar behavior and supports anwere calculated as 0.98 for all three bands, and the intercept
assignment to &€ To establish the degree of correlation for the was consistently zero. These data again support the assignment
two features, the peak heights (or integrated intensities) areof the band as th&t, — X =%, transition of G.

plotted against each other. A positive correlation should result  3.4. VUV Absorption Band System.Our assignment of this

in a straight line with an intercept at zero. For this purpose, the band to thé=*, < X 1=, transition of G is in good agreement
spectra of samples produced under various conditions werewith the available quantum chemical calculatidfg! Romelt
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at al?! estimate that thé&=™, state is located about 8 eV above 82F
the ground state. This value corresponds to 1550 A which is o ol ~—
0k L
close to the observe@ ™, < X X%, band center. These authors & [ \.\
conclude that the antibonding character of this excited state leads] 75 |- ——
to a potential minimum at slightly larger-&C bond length, S T Tt 3 I,
i.e., at 1.390 A compared to 1.308 A in thE*, ground-state. g er -\
Furthermore, potential curves for the symmetric and asymmetric ¢ 74} \'\.
C—C stretch and for the €C—C bending in théX*, state were s '\ . — 13",
calculated in ref 21. The results indicate the presence of a boundf r e -,
linear configuration, i.e., a local minimum at zero bending. The £ ,,| .><'i.__.:'““‘ 211,
potential curve as a function of bending angle is M-shaped i.e., % / T
exhibits a local minimum atin the middle of the M (linear Z 68 - g
case) but also two genuine outer minima at finite bending angles. @ .| /'
These latter minima originate from an avoided crossing of the S R
potential curve with that of a lower lyingly state. This result Weak 1 . L . L . L : L
would imply that G should be bent in the vibrational ground 130 140 10 160 e 180
level of the 1=+, state. The predicted symmetric stretching CCC bending angle (degree)
frequency is quite similar to that of the ground state, e Figure 8. Electronic energies of the states of concern as a function of
1235 cmtl. The antisymmetric stretching frequenay is the bending coordinate. The calculations were performed with a fixed

estimated to be “considerably larger”, and no bending mode C—C bond length of 1.4049 A Only the components withsBmmetry
frequency is given. More recently, Grimme and PeyerimBbff ~ are shown. Notice the crossing of levels (for details, see text).

again calculated th&*, and adjacent excited;Gtates, applying ) . . . )

the TD-DFT method. The new data show that the potential curve Potential. Strongly varying vibronic couplings between tBg

of the 1=+, state is more likely W-shaped, i.e., shows no Ccomponents of théX, and the_ a_djagerﬁﬂg states (not|ce_the
minimum at zero bending but rather declines with increasing divergence of the Bstates originating from, and 31y in
bending angle, thereby approaching a lower lyifid, and Figure 8) and an avoided crossing type of energy minimum in
leading to an avoided crossing type of minimum feature in the the energy surface may be responsible for these complications.

energy surface. Our own MR-AQCC calculation support this Comparing the progressions at the red and blue portion of
finding (see below). the band system in both matrixes, one finds a one-to-one relation

between the bands in argon and neon. However, it is difficult
to correlate the bands observed in both matrixes through the
entire absorption feature. Apparently, the two matrixes have a
different influence on the spectral features af @We think that

the peak group at 1565, 1602, 1609, and 1626 A in neon and
1594, 1635, 1643, and 1662 A in argon resemble each other
because these are similar in shift and peak shape.

For a further discussion, we should consider the low tem-

A closer examination of the absorption feature (Figure 4, in
particular 4b) shows relatively clear progressions at the red and
blue portion of the absorption feature. In the central part, both
progressions appear to be superimposed in an irregular fashion
and also additional progressions seem to complicate the
spectrum. We tried to find further periodicity in the spectrum
by applying several numerical techniques, but these attempts

remained unsuc_cessful. . . peratures prevailing in our matrixes. Under these conditions,
The progression at the blue wing of the absorption band g glectronic transitions originate from the lowest vibrational
extends to 1_5_46 A_ln the red and pro_bably beyo_nd, _but becauseigygl (@' = 0) of the totally symmetrid=*, ground-state. Let
of superposmon with other peaks,_ this progression is less clear. ;s assume thatremains linear in the electronically excited
The first two peaks at the blue side are spaced by 985'Cm  giate as for example was done in the early work of Chang and
and the spacing toward the red increases to 1099 pnobably Grahan?? In the IS+, — X 1S*4 absorption spectrum, one
b_ecause of anharmonicities of the potential curve. An extrapola- expects only progressions of the symmetric stretch vibration to
tion of the frequency data to further peaks in the red leads 10 a occyr. The other possible vibrations of odd (u) symmetry should
rather tentative band origin at about 1581 A in neon (1605 A g apsent for symmetry reasons. However, their even overtones
in argon). In view of the complexities of the central portion of (with o' = 2, 4, and 6) have even (g) symmetry and may occur.
the absorption spectrum, we were not attempting a band analysischang and Graham assigned the weak progression at the red
and a search for band origins which we think would probably ing of the absorption to the progression of even overtones of
give no meaningful results. We instead try to reproduce the basicpe bending vibration and obtained a fundamental frequency of
pattern of the entire spectrum by quantum chemical calculations gyt 300 cmt from their data in argon matrixé3.In view of
of synthetic absorption spectra, as will be reported in the the recent theoretical results, however, this interpretation has
following chapter. From these data, it appears that the abovetg pe modified. There are electronic states v, symmetry
progression should extend much further into the red, and in fact, jn close vicinity (0.2-0.4 eV, see Figure 8) of thi&*, level
there are wiggles discernible which are reaching up to 1780 A which can interact with théS*, state via vibronic coupling
in the observed spectrum. We conclude that the progression atyng can lead to the excitation of the bending modg in the

the blue wing with an average spacing of about 1100°cfits electronically excited>*, state. In other words, because of the
well to the theoretically predicted figuteof thev, mode; that  yibronic interaction, @becomes bent,,) in the electronically
is, it very likely belongs to the symmetric stretch. excited=*, (respectively B) state which implies that transitions

The long progression starting from about 1859 A in the red to all levels of the bending mode (totally symmetric specigs a
portion and extending to a wavelength smaller than 1635 A in become electronically allowed. The 550 thprogression may
neon (1892-1670 A in argon) has a spacing of about 550¢m  thus be directly related to a usual progression in such a bending
and may be attributed to a bending vibration. There are various mode, rather than to a progression of only the even overtones
irregularities apparent in this progression, e.g., at around 1820, 0f that mode. A bending frequency of 550 chis surprisingly
1740, and 1720 A, which seem to indicate a complex bending large. Both, the stabilization of{®y bending and the presence
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MR—CI with Davidson correctiot#*°or approximately exten-
sive versions such as MR-AQCC (multireference averaged
quadratic coupled clustéf)*? is necessary to obtain reliable

TABLE 2: Calculated Vertical Excitation Energies (eV)
(Oscillator Strength in Parentheses) of the Low-Lying
Valence States of @&

state character MCSCF MRCI  MR-AQCC results. These authors concluded that the errofeaibtained

1M,  ou—m 3.41 3.22 3.11(0.02) by the MR-AQCC method using a valence CAS (complete
T 3.91 3.98 active space) reference space is about-28ID cnt?! only if

11Au Ty — T 391 4.02  4.02 the basis set error is eliminated by extrapolation. Relevant for
11H9 Oy~ g 4.06 404 4.00 this study is that the error was only about 5@D0 cnt! with

1D, Oy, 7Ty = Tg, Ty 7.42 7.20 7.04 th derate tripl lati istent VTZ) basis b
Ny 0y a— g g 773 726 7.20 e moderate ;lﬂ@-correalon consistent (cc-p ) asis by
3, oy— 8.22 7.91 7.89 Dunning et al®44when only valence states were considered.
112u+ Ty Ty 10.01 8.38 7.97 (0.94) For G, the use of the full valence CAS reference space is
21, og, = g, 7T 847 805  7.71(0.00)  pot practical. Instead, the reference space has been selected to
1@, Og, Ty = Tg, Tg 8.58 8.39 8.36 h a bal dd iti f the stat fint t th
DSt O Ty a1y T g 966 971 955 reach a balanced description of the states of interest, i.e., the

113, 214, 1'®g, and 3114 states. In this process, several
reference spaces have been compared, and the following has
been selected for further calculations: eight electron six orbital
CAS including the &g, 17, 1ty and by orbitals augmented
by single excitation to thedy and 2r, orbitals. All single and
double excitations out of these reference functions have been
was already noticed in the well studiéH, state of G (see, considered in the subsequent MR-AQCC calculations except
e.g., ref 3). that the three MOs corre_spondlng to the core ort_)ltals have been
As a further consequence of vibronic coupling, excitation to Kept doubly occupied. This type of wave function included about
theI1, states can “borrow” intensity and thus contribute to the 6—7 million configurations depending on the symmetry of the
absorptions in the observed spectrum. We think that such States. We expect a somewhat larger error than with a full
“borrowing” effects may, to some extent, be responsible for valence CAS. The error in the excitation energies can be
the complex pattern of bands one can notice in the central €Stimated by comparing results obtained by different reference
portion of the absorption feature. spaces and by the MRCI and the MR-AQCC methods to be
Our measurements showed no additional fluorescence emerg@oout 2008-3000 cn.
ing from the excited=", state. Apparently, efficient radiation- We used the cc-pVTZ atomic basis set in all calculations.
less relaxation and an intersystem crossing into the triplet We did not include diffuse functions because Rydberg states
manifold of G takes place. The theoretical results presented in are higher in energy than the ones investigated in this study.
the following suggest at least in part an explanation for this The orbitals were obtained from state-averaged MCSCF cal-
observation. Calculations of the energy surfaces predict a funnelculation based on a eight electron and nine orbital CAS wave
like feature, i.e., a close approach (avoided crossing or conical function including the &g, 1, 1y, 1oy, Sog and 2z, orbitals,
intersection) of the states originating frol®*, and 211, at as mentioned above. The averaging included'y¢ ground
about 163 bending angle (see Figure 8). As a consequence, state, the two lowests," states, the four lowesf], states,
the Born-Oppenheimer approximation must break down at and a'®q state. The Columbus program system was used in all
around this configuration, and photoexcitegiv@ll, via nuclear calculationst®

a Calculations have been performed at the experimental equilibrium
geometry (1.2936 A¥” The 8 x 8 CAS reference space with orbitals
4oy, 30y, L, Lrg, and 2, has been used. The basis set was cc-pVTZ.

of electrons in the higher orbitals may be responsible for the
stiff bending behavior of the excited molecule. The latter feature

vibrations, efficiently reach lower levels, from which further
radiationless relaxation seems to occur.

4. Theoretical Analysis of the VUV Band

From the states in Table 2, excitations to tH&t, 111,
and 2T1,, states are optically allowed. The calculated transition
moment for the later is, however, very small, and therefore,
one expects a negligible contribution from thHIZ state to

As described in the experimental part, all doubts concerning the spectrum. This can easily be understood qualitatively also,
the Origin of the observed absorption have been removed, andbecause this state is dominated by a double excitation from the

the band is attributed entirely to the Goiety. In this section,
we present theoretical results which intend to help in the

ground state. Therefore, the observed VUV band can be safely
identified with a transition from the ground state to tH& 1"

assignment and understanding of this band. For comparison withstate. This assignment is in agreement with the previous

the experiment, we concentrate on thg Spectrum observed
in neon.

suggestions of Chang and Gralf8mand the theoretical predic-
tions of Ramelt et al?!

To obtain accurate theoretical data, the method used to According to group-theoretical-based selection rules, the
describe the electronic structure has been chosen very carefullyabsorption band corresponding to the excitatitf, 1 < 14+

First, preliminary model calculations were performed which should show progressions corresponding to vibrations of g
show that there are several excited states overlapping in energyeven) symmetry, e.g., the symmetric stretching vibration, or
with the measured spectrum. A qualitative characterization of possibly even overtones of the other u (odd) modes in the excited
these states is given in Table 2. state. A spectrum based on the theoretical data (see below) and
It is seen from the table that some of these states are doublyusing Franck-Condon-type analysis is seen in Figure 9 (the
excited, so multireference type methods need to be used. Tocase A = 0). The synthetic spectrum shows a vibrational
include also dynamical correlation, which is necessary if progression similar to that observed on the high energy side of

accurate excitation energies are required, MR-type methods
seem to be the best choice. The accuracy of -MRtype

the experimental absorption feature. However, the somewhat
irregular progressions observed on the low energy side are not

methods for excited states has been investigated recently byreproduced, indicating that some other interactions must influ-

Muiller et al8 on diatomic molecules including,Clt has been
concluded that the error of the MRCI method because of the

ence the spectrum. As has been pointed out already in ref 21,
such interaction is possible with stateslé§ symmetry via the

well-known size extensivity error is substantial, and the use of C—C—C bending vibration. The group theoretical restriction
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Figure 9. Simulated VUV G spectra compared with the experimental data (neon matrix, see Figure 3). Calculations were carried out for various
interstate coupling parametefs (A = 0 means no coupling) under the simplifying assumption that only the adjatgnstate (see Figure 8)

couples. Notice that (apart from the absolute position of the band system) the synthetic spectrum can qualitatively reproduce some of the basic
patterns of the experimental band system.

for these interactions is given by TABLE 3: Ground State Properties of C3?
MR-AQCC expt (ref 47)
T ®I,,OT
elec,1 vib elec,2 e (A) 1.3027 1.2936
i 1
whereleec.1andleiec 2are the species of the states coupled by g: Ezgﬁaﬁﬂggc)r;T 1;3? 1‘2%6
the vibration of specie$i. Using the species of the linear total energy (hartree) —113.83316

bending model(,), the equation is satisfied for the excitelj

but not for thedy states. There are twid, states close to the
113, state, so a closer investigation of the vibronic interaction
is warranted. Considering the states in Table 2, we do not SeeTABLE 4: Calculated Parameters for the Linear Vibronic

a Calculations have been performed at the MR-AQCC level (see text
for details) using the cc-pVTZ basisAnharmonic value.

any other possibility for vibronic coupling. Model?
In afirst step, we have calculated parts of the potential energy state B, 2MI, 1}, 3,
surface along the bending and stretching coordinate. Qualita- vertical excitation energy (V) 7.43 719 6.95 753

tively, we reached similar conclusions as the authors of ref 37. je/5q. (ev)p 0.3270 02696 0.2577 0.0525
With respect to the stretching coordinate, the surface shows a

distinct minimum aF the linear configuration. Wlth. resPeCt to (1.3027 A). Calculations have been performed at the MR-AQCC level
the bending coordinate, 1th6+ results are shown in Figure 8. oo toyt for details) using the cc-pVTZ basierivative of the energy
Clearly, the energy of the'X," state decreases with bending;  according to the symmetric stretching normal coordinate (dimensionless)
a feature which implies that thé3l," energy surface exhibits  of the ground state.

a saddle point at the linear geometry. The lowering of the energy

aCalculated at the theoretical ground-state equilibrium geometry

upon bending can be explained by the interaction of gl The ground-state bond length and the symmetric stretching
state with one of the components of thi13 state which has harmonic frequency are in good agreement with the experiment
the same B symmetry (in the bent form) as thé3,". The and other predictions from theofyThe accuracy is in line with

picture is even more complicated by the presence of thg 2  that obtained for €using the cc-pVTZ basi® The bending
state which appears to cross tH& " curve at a bending angle  frequency, however, is significantly larger than the one deter-

of about 163. mined from the experiment. As shown by Mladenovic etal.,
To gain more insight, we applied the simple linear vibronic this quantity is very sensitive to the basis functions, and diffuse
interaction model developed by igpel and co-workeré and functions are absolutely necessary to get reliable results. Because

it appears that a qualitative understanding of the observedour goal is the description of the excitation spectrum rather than
complicated vibrational structure can be obtained when vibronic that of the ground state, we have not pushed the calculation
coupling is taken into account. In the linear vibronic coupling any further, especially because this bending mode enters only
modef® the vibronic Hamiltonian is expanded around the in the expansion and its actual value should not influence the
symmetric (linear) geometry using the vibrational normal results.

coordinates of the ground state. The intrastate coupling param- The «; parameters have been calculated using the analytic
eter () of the individual states is essentially the derivative of derivative of the excited-state energy which then has been
the energy of the excited state along the symmetric normal transformed to the normal coordinates. Theoupling for the
coordinate, whereas the interstate coupling parameter for thel'Z," and 311, states has been calculated from the potential
vibronically coupled excited statég describes the interaction  energy curve of the two states along the bending coordinate
of the states along the antisymmetric (in our case bending) assuming that their divergence is due to their vibronic interac-
coordinates. The ground-state properties entering the vibroniction. To obtain thel; coupling for the =" and 211, states,
coupling model are given in Table 3, whereas the parameterswe have calculated the 3D potential energy surface of the two
of the excited states are listed in Table 4. The simulation of the states around their assumed crossing using bending and sym-
spectrum has been performed with tlkeim program of metric stretching coordinates. It turned out that these surfaces
Sattelmayer and Stant¥hwhich has been modified for the  do not cross exactly but come very close to each other: the
treatment of linear molecules. energy difference is only about 50 cfnat 162.8 and 1.419
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A. We think we have here the situation of an “avoided crossing”. wavelength range at a resolution up to 0.3 A. In particular, we
In a two state model like the linear vibronic coupling model, measured absorption spectra of #, — X =t transition
the distance of the two surfaces is proportional to the interstate of Cz around 1600 A in neon at 4.3 K and 1700 A in argon at
coupling parameter; in case of no coupling, the two states would 10 K. Intensity correlations with the known electronic transition
be degenerate. In the situation considered here, the distance irand the excitation spectrum of the’, — X =y phospho-
energy is so small that thg; value should be negligible.  rescence emission of ;Gshow that the VUV band system
Therefore, we consider only th&,* and the 3[1; states inthe  originates from the €molecule. Our own data and the available
simulations. Figure 9 shows the experimental spectrum com- quantum chemical data support the above assignment for the
pared to the obtained simulated spectra, (a) without interstateobserved absorption. At the red and the blue portion of the
coupling, a case we already have discussed, and (b) withobserved absorption band system, simple progressions can be
interstate couplingA is the coupling parametey between the recognized, probably originating from bending and symmetric
considered states. stretching vibrations, respectively, whereas the middle part of

Although there are quite significant differences, the basic the band system shows a complex superposition of progressions.
characteristics of the VUV band are clearly discernible in the Our quantum chemical calculations of synthetic spectra show
simulated spectrum (b). On the high energy side of the synthetic that the complexities in the observed spectrum at least in part
spectrum where the coupling is small, there is an almost regularcome from interstate vibronic coupling between thg, state
progression with an average spacing of 1200 &nin the and the adjaceri states. Furthermore, theoretical calculations
experimental data, one can recognize a similar progression andsuggest that th&™, state is unstable upon bending, leading to
thus identify these features with thé progression of the  an avoided crossing type of feature with the lower lyidg
symmetric stretching mode in thé&,* state. The other  energy surfaces. The intersection of the energy surfaces and
significant observation is the loss of regularity on the low energy their effect on the resulting spectra remains to be investigated
side, both in the experimental and in the simulated spectrum. by more detailed future calculations.
In this region, all vibrational transitions will contain some
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