3584 J. Phys. Chem. R000,104,3584-3592

Complexes of Linear Carbon Clusters with Water'
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The complexes of linear Qn = 4—9) carbon clusters with water have been formed in argon matrices and
studied via FTIR spectroscopy. In most complexes, the CC stretching mode bands are shifted to the blue
from the respective Ccarbon cluster bands, and the OH stretching frequencies are shifted to the red. The
observed shifts compare well with displacements predicted by density functional theory calculations. Isotopic
12C3C substitution has been used to confirm the vibrational assignments of-tigdCand G-H,O complexes.

With higher water concentrations in the matrix, bands appear that are assigned to complexes with more than
one water molecule, such as®Cs-H,0, G;:(H20),, and HO-Cs:(H,0).. Photolysis of the complexes leads

to a number of GO species, such assG, GO, and GO, for which band assignments are proposed. The
implications of these results for the production of molecules on grains in the interstellar medium are discussed.

I. Introduction then used as input to density functional theory (DFT) calcula-
tions using the Becke three-parametert¥ang—Parr (B3LYP)
functional with the 6-31G(d,p) basis set. The geometries (bond

" lengths and angles) were further optimized, and harmonic
frequencies were calculated for,-€,0, H,O-C,-H,0O, G
(H20),, and HO-C,+(H20), systems at the B3LYP/6-31G(d,p)
level to support the proposed structures and IR band assign-
ments.

Reactions of water with small carbon clusters(@ < 5) in
Ar matrices have been investigated previously by Ortman
Hauge, Margrave, and KafdfiThese authors found that neither
C (X 3P) nor G (X1Zg* or X3%47) reacts with HO, but G
does. The &H,0 complex was identified by its matrix infrared
absorption at 2052 cm, which was assigned to the CC
stretching vibration of the complex.

Later, this assignment was confirmed ¥¢Z-isotopic label-
ing2 In addition, photolysis of &H,O was shown to yield two
intermediate photoproducts, the trans-oid and cis-oid rotomers  The matrix isolation setup used in this work is similar to that
of 3-hydroxypropadienylideneas suggested earlier by Pulay  gescribed earlier in our work on thes®l;0 comples? Briefly,
and co-workers.The mechanisms of formation of the photo-  pyre G, carbon clusters were formed during Nd:YAG laser (532/
products (that is, propynal,s0, GHa, and CO) resulting from 1064 nm) ablation of pressed pellets of eithd or mixed
the ultraviolet photolysis of the $£H,O complex were next powders ofl2C/13C. The clusters were co-deposited with Ar

[ll. Experimental Procedures

explained via an extensive calculation of theHgO potential gas (with +-3% H,0 added) onto a Csl cryostat window (12
surfacet ) o K). The exact concentration of & in the Ar matrix was

In the present paper, we report the investigation pHgO unknown, principally because of the adhesion of the water
carbon cluster/water systems for carbon clusters upotd=ar molecules to the walls of the cryostat and the stainless steel

several of these complexes, weak infrared (IR) bands that areyransfer tubes. The mobility of # molecules in Ar matrices
blue-shifted from the pure carbon cluster CC asymmetric \yas controlled by thermal annealing of the matrix (up to 35
stretching frequencies are observed. They are assigned to th¢<)’ and in this manner, the concentration ofi8,0 complexes
H20-Cq-H-0 species. For higher relative water concentrations jn the matrix was enhanced. Photodissociation of theHgD

(3% H,O in Ar), evidence for dimers, trimers, and higher water species using a medium-pressure Hg lamp (150 W, wavelength
clusters have been observed in the OH stretching region. Densityrange 250 to>900 nm, up to10 h) resulted in the appearance
functional theory calculations of harmonic frequencies of the of new photoproducts in the matrix.

complexes have been performed, and they support the proposed 1ho |R absorption spectra were recorded using a Nicolet

band assignments. Finally, the production gBGnd GHz from Magna 560 Fourier transform infrared spectrometer (0.25'cm
the photolysis of GH,O complexes is discussed in terms of resolution).

possible photochemistry in the interstellar medium.

Il. Theoretical Calculations V. Results
All calculations have been carried out using the Gaussian 94 __Figure 1 shows the optimized geometries calculated using

program packag®Ab initio calculations were first performed ~ B3LYP/6-31G(d,p) for those carbon cluster/water complexes

using HF/6-31G(d) to calculate the probable geometries of the thought to be formed in the {Ar/H,O matrices. All of the

carbon cluster/water complexes. These initial geometries wereCarbon clusters are very nearly linear. The water molecules are
only weakly bonded to the carbon clusters, as evidenced by

tPart of the special issue “Marilyn Jacox Festschrift”. their long C-H bond distances. For example, in-80, the
* E-mail: mvala@chem.ufl.edu. carbon-hydrogen bond distance is 2.246 A. As the number of
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Figure 1. Optimized structures for the 4,0, H,O-C,-H,0, G,*(H20),, and HO-Cs(H,0), carbon cluster/water complexes at the B3LYP/6-
31(d,p) level of theory. Bond lengths are in angstroms and angles in degrees.

180.9

carbon atoms is increased, this bond distance decreases (to 2.15&caling factors were used for the CC stretching vibrations in

A for Cg-H,0). The weak interaction of 40 with the G, clusters each carbon cluster and its complexes. For examples,iC4

is also manifested in the relatively small frequency shifts H,0O, H,O-Cz-H,0, Gs+(H20),, and HO-Cs-(H,0),, the scaling

observed in the CC and OH stretching regions for the isolated factor is from thev; (CC asymmetric stretching) frequency for

vs the complexed O and G molecules (see Table 1). Table Cs.

1 lists the most intense IR absorptions for the G,-H,0, and The data in the columns labeléd,, andAcacin Table 1 are

H20-Cy'H20 (n = 9), as well as for the £(H20), and HO- the IR frequency differences between the carbon/water com-

Cs:(H20)2 complexes. In general, the calculated CC stretching plexes and the pure carbon clusters. It is interesting to note that

mode intensities are higher in the:@>0 complexes than in  for Cz+(H20),, the calculated shift is 4.7 cmh (CC asymmetric

the corresponding pure,Clusters. stretch), whereas for£H,0 and HO-C3-H,0, it is considerably
Frequency scaling factors have been used in the calculationslarger at 7.7 and 13.7 cm, respectively.

Only one scaling factor was used for the OH stretching and  The frequency assignments for thg-l 8,0 complexes are

HOH bending frequencies in all of the,&,0 and BO-C,- based on our observations fos8,0. A number of factors
H.O complexes. This factor was taken from thekGO results, were considered, including the following: (1) All bands assigned
for which the experimental band positions are well-knéile to the complex grow in intensity as the,® concentration in

calculated frequency of the OH asymmetric stretch was scaledAr increases. (2) During matrix annealing (to 35 K), the
to match the experimental value of 3712.7 @mbDifferent intensities increase for bands assigned td¢4g0, H,O-C,-H,0,
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TABLE 1: Comparison of the Vibrational Frequencies for Carbon Clusters and Their Complexes with Water Observed in Ar
Matrices (12 K) and Calculated at the B3LYP/6-31G(d,p) Level of Theory

experimental  Aeyp calculated Acalc experimental Aeyp calculated Acale
cluster modé (cm™) (cm™) (cm™) (cm™h cluster modé (cm™) (cm™) (cm™b) (cm™)
Cs v3, CC asym. st. 2039.1 2039.1 [7%8] H,0-Cs'H,O v3P, CC asym. st. 2168.4 4.2 2166.9[2918] 2.7
vy, CC sym. st. 1214.0 1174.3 0] vg, OH asym. st. 3710.1[284]
Cs'H,0 v3, CC asym. st. 2052.2 13.1 2046.8[815] 7.7 v1P, OH sym. st. 3587.0 [635]
vP, CCsym.st. ~12145 0.5 1183.9[2] 9.6 v, HOH bend 1601.6 [257]
v3?, OH asym. st. 3712.7 3712.7 [101] 6C v4, CC asym. st. 1952.5 1952.5 [992]
v1P, OH sym. st. 3598.0 3595.5 [159] 6C1,0 v4?, CC asym. st. 1959.2 6.7 1956.5[1044] 4.0
v,°, HOH bend 1593.4 1598.8 [88] vsP, CC asym. st. 1191.5 [80] 8.7
H,O-C3H,O w3, CC asym. st. 2056.2 17.1 2052.8 [926] 13.7 v3, OH asym. st. 3703.9 3704.6 [144]
vP, CCsym.st. ~1214.0 0.0 1193.0[% 18.7 v1P, OH sym. st. 3564.3 [354]
vg?, OH asym. st. 3719.6 3715.8 [219] v1P, HOH bend 1607.4 [154]
v1P, OH sym. st. 3603.1 3602.4 [265] 8-CerHO v, CC asym. st. 1968.1 15.6 1960.1[1059] 7.6
v,°, HOH bend 1595.0 [166] vg?, OH asym. st. 3705.9 [309]
Cs(H20)¢ vgP, CC asym. st. 2051.0 11.9 2043.8([823] 4.7 v1P, OH sym. st. 3568.3 [468]
v3?, OH asym. st. 3690.1 [43] v1?, HOH bend 1603.7 [314]
v, OH asym. st. 3631.9 [265] < 4, CC asym. st. 2128.0 2128.0 [4485]
v1P, OH sym. st. 3576.3[8] vs, CC asym. st. 1894.3 1875.3 [1182]
v1P, OH sym. st. 3524.4 [107] £H,0 v4?, CC asym. st. 2127.1 —0.9 2127.9[4830] —0.1
v,°, HOH bend 1670.5 [94] vsP, CC asym. st. 1900.6 6.3 1883.9[1288] 8.6
v2°, HOH bend 1617.0 [77] v3, OH asym. st. 3703.9 3704.4 [160]
Cs*(H,0)7 v3P, CC asym. st. 2009.7 [755] v1P, OH sym. st. 3564.5 [506]
v3P, OH asym. st. 3686.2 [76] vP, HOH bend 1609.5 [198]
vaP, OH asym. st. 3664.3 [66] £ vs, CC asym. st. 2071.5 2071.5[1881]
v1P, OH sym. st. 3462.0 [453] ve, CC asym. st. 1710.5 1694.0 [657]
v1P, OH sym. st. 3269.3 [524] §£H,0 vsP, CC asym. st. 2070.3 —1.2 2072.0[1982] 0.5
v2°, HOH bend 1602.2 [77] ve?, CC asym. st. 1717.0 6.5 1702.6[681] 8.6
v,°, HOH bend 1590.5 [21] vg?, OH asym. st. 3702.5[182]
H,0-Cs*(H20), v4?, CC asym. st. 2053.7 14.6  2050.6 [983] 11.5 v1P, OH sym. st. 3553.7 [606]
v3?, OH asym. st. 3753.7 [45] v2?, HOH bend 1610.7 [223]
v3P, OH asym. st. 3715.7 [103] £ vs, CC asym. st. 2078.1 2075.3 [3979]
vaP, OH asym. st. 3690.6 [250] v, CC asym. st. 1998.0 1998.0 [6091]
1P, OH sym. st. 3643.1[7] v7, CC asym. st. 1601.0 1565.5 [334]
v1P, OH sym. st. 3601.7 [156] £H,0 vsP, CC asym. st. 2081.4 3.3 2075.3[4065] 0.0
v1P, OH sym. st. 3579.5 [141] ve?, CC asym. st. 2000.9 2.9 2001.1[6708] 3.1
v,?, HOH bend 1623.3[92] v7?, CC asym. st. 1607.9 6.9 1572.0[454] 6.5
v2°, HOH bend 1597.9 [103] v3, OH asym. st. 3702.3[191]
v2°, HOH bend 1570.9 [70] v1P, OH sym. st. 3553.0 [737]
Cs va, CC asym. st. 1543.4 1543.4 [264] vP, HOH bend 1613.1[116]
CysH,0 vgP, CC asym. st. 1550.4 7.0 1550.4[301] 7.0 H0O-CoH,O wvgP, CC asym. st. 2088.2 10.1
vaP, OH asym. st. 3706.2 3707.9 [105] vg?, CC asym. st. 2014.2 16.2
v1P, OH sym. st. 3576.9 [149]
v2°, HOH bend 1602.4 [97]
Cs v3, CC asym. st. 2164.2 2164.2 [2387]
v4, CC asym. st. 1446.6 1429.0 [1%2]
Cs'H,0 vg, CC asym. st. 2165.0 0.8 2165.3[26%9] 1.1
4P, CC asym. st. 1452.9 6.3 1437.6[111] 8.6
v3, OH asym. st. 3706.2 3708.0 [131]
1P, OH sym. st. 3580.0 [308]
v2P, HOH bend 1605.2 [136]

2 All OH stretching and HOH bending frequencies scaled by 0.958galed by 0.9424.Deduced from the 3262.5 crth= v:° + vz experimental
frequency (Figure 6) and the7.7 cnT! = 2x;3 anharmonicity adopted from the;@olecule, ref 74 Scaled by 0.9652 Scaled by 0.9510.Scaled
by 0.9578.9 Scaled by 0.9414' Scaled by 0.9558.Scaled by 0.9362.The HO and (HO), band assignments were taken from refs-23.
kPlanar structure (Figure 1)Nonplanar structure (Figure 1).Frequency shifts from the modes of purg rbon clustefs1® are given in the
columns labeled\. Calculated intensities are given in brackets.

Cnr(H20),, and BO-C+(H20),. (3) During UV photolysis, the of pure carbon clusters. In the following sections, these
intensities of all water and carbon cluster complex bands assignments will be discussed in relation to the new positions
decrease. (4) Good agreement is found between the calculateissigned to the water complexes of these clusters. The pure
and experimental vibrational frequencies of thetGO, H,O- carbon cluster assignments fox @ < 10) are collected in an
Cn'H20, and G-(H20). complexes (see Table 1). This is also  excellent review by van Orden and Saykdllhereas for linear

true for the calculated and experimental vibrational frequencies C,; and G¢/Cy, clusters, the assignments are taken from new
of the 12C- and**C-singly substituted?%s-H,0 and'21Csg- work from our lab%.10

H,O isotopomeric species shown in Table 2. c 1 .
. 3+(H20)m ComplexesThe 2052.2 cm! absorption band has
Many new bands are observed after photolysis (see Table 3been previously assigned to the CC asymmetric stretch vibration

gnd Flgurgs .2’ 4 5 7 apd 8). The photc_)product bands thatin the G-H,O complex by Ortman et al.and this assignment
increase in intensity during both annealing and photolysis ; R . o
was later confirmetiusing isotopic substitution.

(indicated by a “+” sign) have been ascribed primarily to @ ] ) )
In Figure 2, a weak band at 2056.2 chis observed. It is

and GH; species.
_ _ blue-shifted with respect to thes&,0 band. On the basis of
V. Discussion its calculated blue shift (see Table 1), this peak is assigned to
1. Infrared Band Assignments of ComplexesDuring the the HO-Cs'H20 complex. The B3LYP/6-31G(d,p) frequency
past decade, intense theoretical gas-phase and matrix-phase worgalculations show the dimer complex-@4,0), to be red-shifted
has established the vibrational band assignments of a numbeicompared to gH-0.
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TABLE 2: Calculated [B3LYP/6-31G(d,p)] and
Experimental (Ar/12 K) All- 22C-Substituted and Singly -
13C-Substituted Isotopomer Frequencies for the Asymmetric 0.10 - o o
vz and v, Stretching Modes of Linear Cs and Cg Carbon J;N pod
Clusters Perturbed by H,O in the Cs-H,0O and Cg-H,0O a. o ® & 3
Complexes, Respectively z 2 e /
[ pas d
Vealc Vexp Vealc — Vexp i 0_ ] S
isotopomer (cm™?)  (cm™) (cm™) 0.05 3 § N\
1213C5.H,0 § O§ Q,
12—12—12-12-12-1-16-1 2165.6 2165.0 0.0 ] :;" 5
13-12-12-12-12-1-16-1 2162.5 2162.3 0.2 g q q
12—-13-12—-12-12-1-16-1 2146.5 21470 -05 a 0.00 - Q, %
12-12-13-12-12-1-16-1 2131.2 21311 0.1 < z ~
12—12—12—-13-12-1-16-1 21458 2146.8 -1.0 N h
12-12-12-12-13-1-16-1 2162.0 21623 —0.3 % &
13—-13—-13-13-13-1-16-1 2080.1 20816 -—15 '
12-13-13-13-13-1-16-1 2083.0 20845 —1.5 0.05 1 |
13—-12—-13-13-13-1-16-1 2105.0 21056 0.6 }
13—13-12-13-13-1-16-1 2116.5 21182 -—-1.7 }
13—-13-13-12-13-1-16-1 2106.0 2106.0 0.0 1
13—13-13-13-12-1-16-1 2083.6 20848 -—1.2 040
121Ce-H0 2100 2080 2060 2040 2020 2000 1980
12-12-12-12-12-12—-1-16-1 1959.2 1959.2 0.0
13—-12—12—-12-12-12-1-16—-1 1955.1 1953.7 1.4 Wavenumbers [cm"]
12-13-12-12-12-12-1-16-1 19352 1936.4 —1.2
12—-12—-13-12-12-12-1-16-1 1950.0 1950.1 —0.1 022
12-12-12-13-12-12-1-16-1 1949.9 1950.1 —0.2 - &
12—-12—12—12-13-12-1-16—-1 1932.2 w
12-12-12-12-12-13-1-16-1 19539 1953.7 0.2 0.20 1 8 b
13—-13—-13-13-13-13-1-16-1 18824 18838 —-14 018 P .
. T (8]
a All Cs complexes scaled by 0.9509All Cs complexes scaled by 30;“ o9
0.9591. 016{ |& 38
ol % 3
In an attempt to form E€carbon cluster/water dimer com- 8 0.14 1 | o Q, . §
plexes, G/Ar matrixes were prepared with a high concentration § g g.,oh z : o % o B
of water (3% HO added to Ar) (see Figure 3). After matrix € 0121 J|& Fo S F BT o 5. 7\
deposition (12 K), the spectrum was similar in the CC stretch & 8~ g3 o o ‘i'i\ 0‘2 < g )
region (cf. Figure 2a), but contained stronggrtG0O and HO- < 010 1 é\ g g 289 8 Bgrs
Cq-H20 band intensities relative to the respectiviecllisters. 08 Xh NEAN Y § e -  F \E
After matrix annealing (up to 35 K), new bands associated with ) ! | !
the G carbon cluster band were noted at 2053.7 and 2051.0 g6 } : |
cm™1, blue-shifted from the €band (see Figure 3). At a 3% : : 'n
water concentration, the bound OH stretch dimer band at 3573.5  0.04 L. !
cm~122(Figure 4) increased in intensity (approximately eight-
fold) relative to the similar vibration in §O. At the same time, 0.02 T - - ' : -
bands due to the larger water clusters grew also. These included 1950 1900 1850 1800 1750 1700
the bands corresponding to the water trimer (3516 %nthe Wavenumbers [cm"]

tetramer (3374 cmt), the pentamer (3325 cm?), and possibly
the hexamer (3217 cm). All of these bands are broad (except Figyre 2. Infrared absorption spectra in the two CC stretching energy
that corresponding to the dimer), with shapes reminiscent of '€9i0ns of G carbon clusters and 81,0 and HO-Cy-H,O carbon
- . . cluster/water complexes isolated in Ar (with 19%®) matrices. Spectra

the respective water cluster bands found in jet experinfents. \yere recorded after matrix annealing up to 35 K and cooling back to

The newly observed bands at 2053.7 and 2051.0'disee 12 K (upper spectrum) and after 10 h photolysis of the matrix using a
Figure 3) are tentatively assigned to the (E,0), and HO- 100-W medium-pressure Hg lamp with full spectral output (lower
Cs+(H20), complexes, respectively, for two reasons. First, they spectrum). The €H,0 and HO-Cq-H,O complex bands are marked
appear only in matrices in which the strong water dimer is also by dashed lines. The bands marked by stars are due to photoproducts
observed. Second, the positions of these bands are consister‘fee text).
with the calculated CC stretching frequencies afp@rturbed formation that involves the addition of,B to the already planar
by (H20), and by the HO and (HO), moieties. These  Cs-H,O system during the matrix annealing process. Th®-H
complexes are formed mainly during annealing, probably by Cs:(H,O), complex is a very floppy system, and to date, only
adding mobile HO to the existing @H,O and HO-C3-H,O the planar structure has been found. However, the possibility
planar systems. From the calculation fos-(1,0),, we find of a nonplanar structure cannot be excluded.
two possible structures on the potential surface, one planar and From laser ablation of &C/*3C isotopic mixture followed
another nonplanar. Structural parameters for both forms areby deposition with Ar (1% HO added), it was possible to obtain
shown in Figure 1, and harmonic frequencies for the most the isotopomeric band pattern for the+ v3 combination band
intense bands are listed in Table 1. From inspection of Table 1 of C; perturbed by HO (denoted as;P + v4P in Figure 6). For
for Cs:(H,0),, it is seen that experimental band positions suggest a [*?C]/[13C] = 7/1 concentration ratio, only alFC-substituted
a preference for the planar form over the nonplanar structure. and singly*3C-substituted isotopomers are expected. These are
This preference could be due to a mechanism e{HZO), marked in Figure 6 and compared to the calculated band
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“ sample (spectra b). The upper spectra are recorded before photolysis,
Wavenumbers [cm™’] whereas the lower spectra were obtained after 10 h of matrix photolysis

Figure 4. IR absorption spectrum in the-€H stretching energy region ~ for spectra a ah6 h of matrix photolysis for spectra b with a 100-W
for the water/water clusters and water/carbon clusters recorded afterHd lamp. The starred band in spectra a and b is dd&10 and™*CO,
matrix annealing (upper spectrum) and after photolysis (lower spec- 'espectively, whereas the broad band at 2149'cis due to the
trum). The spectra were recorded on the same matrix as Figure 2. “CO-Hz0 complex.

positions in Table 4. The small frequency difference between matrices at 1543.4 cm is now known to be due to the (o)
the observed and calculated [B3LYP/6-31G(d,p)] isotopomeric mode of linear G. A new band that grows in intensity with
band positions supports our assignment of the 3259:6 band increasing water concentration is seen here at 155074.crhe
to Cz-H,O with the geometry predicted by theory (Figure 1). 7 cmi?blue shift from the Gfrequency is exactly (and probably
The assignment of the 3259.0 chband allowsy;?, the CC fortuitously) just what is predicted by DFT calculations for the
symmetrical stretching frequency in the-B,0 complex, to vs® mode in the G:H,O complex (see Table 1). The 1550.4
be deduced. The combination band in an Ar matrix is the sum cm™! band is thus assigned to the CC asymmetric stretching
of »P, vsP, and an anharmonicity constant, 12xUsing an vibration in the G-H,O complex.
anharmonicity constant of-7.7 cnt?! (from the unperturbed In the OH stretching region, a weak band at 3706.2tm
Cs molecul€) yields av,? frequency of 1214.5 cni. This value that is observed upon the addition of®ito the Ar matrix gas
is only 0.5 cmi® different from the experimental value of 1215.0 is tentatively assigned to the® (OH asymmetric stretching
cm~1 for Czin Ar. vibration) mode in the €H,O complex. The shift from the
C4H,O Complex.A relatively small band observed in Ar  “free” water band at 3756 cm (see Figure 4) is closely
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TABLE 3: Frequencies and Proposed Assignments for the Ar Matrix (12 K) Photosensitive Absorption Bands in the 4060700
cm~1 Region from 12C/Ar + H,0O Experiments

band position band position

(v/lem™1)  annea photd assignment remarks  (v/cm™!)  anned photd assignment remarks
3712.7 + —  CszH0; v3? (OH asym. st.) ref 2 2051.0 + —  Cs(Hz0),; vsP (CC asym. st.) T
3706.2 + —  C4H0 & CsH0; vs? (OH asym. st.) T,© 2040.7 + +  CyO (CC asym. st.) P,T
3703.9 + —  CgHy0 & C#+H,0; v4? (OH asym. st.) T, © 2014.2 + H,0:Cy-H,0; v? (CC asym. st.) T
3702-3688 + —  CyHO (n > 7); vs® (OH asym. st.) T,0 2013.7 + —  Hy0-Co*(HO)y; vsP (CC asym. st.) T
3603.1 + —  HyO0-Cs-H.0; v1P (OH sym. st.) F 2011.4 + + C,O (CCasym. st.) P,T
3598.0 + —  CzHy0; v4? (OH sym. st.) ref 2 2006.4 + —  Cg*(H20),; vsP (CC asym. st.) T
3564.9 + —  CyH20; v1P (OH sym. st.) T 2000.9 + —  Co'H20; v¢? (CC asym. st.) T
3562.0 + —  CyH0; vsP (OH sym. st.) F 1999.6 - +  ¢-CgHO (CC asym. st.) P, ref2
3557.4 + —  CyH20; v1P (OH sym. st.) F 1992.5 — +  t-C3H,O (CC asym. st.) P, ref2
3541.3 + —  CyH20; v4P (OH sym. st.) T 1969.3 - + C0; (CCasym. st.) P, ref 20
3533.2 + —  CyH0; P (OH sym. st.) F 1968.1 + —  H0:C¢H,0; v4? (CC asym. st.) T
3525.3 + —  CyH20; P (OH sym. st.) F 1959.2 + —  Cg'H0; v4P (CC asym. st.) T
3262.5 + - H,0:C3:H,0; v4P + v3P (CC St.) T 1955.7 + — CyH0O (CC asym. St.) T
3245.3 + —  CgHy0O; vP + v3P (CC st.) ref 2 1953.7 + —  CyHyO (CC asym. st.) T
3239.9 + —  CoHz'H.0; (CH asym. st.) ref 18 1945.6 + —  Cy1°H20; v; (CC asym. st.) T, O/IG®
2944.0 + —  Cs'HyO; vP + vgP (CC st.) ref 19 1913.2 + + C,O(CCasym.st.) P, T
2251.7 + + CsO(COst.) P, T 1900.6 + —  CyH0; vs? (CC asym. st.) T
2244.2 + + C;0(COst.) P, T 1861.8 + —  Cu1'Hx0; vg? (CC asym. st.) T
2243.3 + + C30(COst.) P, ref 12 1829.8 + + C,O(CCasym. st.) P,T
2239.5 + +  CyO (COst.) P, T 1815.3 + + P
2236.9 + + C,O(COst.) P, T 1811.1 + —  CyHO (CC asym. st.) n>12, T
2221.6 + + C40(COst.) P, ref 13 1753.4 + —  CyH0; vg? (CC asym. st.) T
2220.2 + + C,O (COst.) P, T 1714.6 + + C,O (CC asym. st.) P,T
2214.9 + + C,O(COst) P, T 1700.0 + —  CyH20 (CC asym. st.) T
2210.6 + + C,O(COst.) P, T 1668.4 - + HC,CHO P, ref2
2207.8 + + C,O(COst.) P, T 1607.9 + —  Co'H0; v/ (CC asym. st.) T, O/bD*
2202.7 + + C,O(COst) P, T 1606.1 + —  CyH20; v? (HOH bend) T
2198.3 + +  C;0 (CCasym. st.) P,T 1593.4 + —  C3H0; v? (HOH bend) O/HO, ref 2
2168.4 + —  HyO0-Cs'H20; vsP (CC asym. st.) T 1589.5 + + P
2165.0 + —  Cs'H0; vsP (CC asym. st.) c 1588.1 + —  CyH0; vP (HOH bend) F
2138.8 - + CO P 1550.4 + —  CsH0; vs (CC asym. st.) T
2131.1 + —  HyO-Cs-H.0; v4° (CC asym. st.) T 1477.3 + —  CyHO (CC asym. st.) n>12, T
2127.1 + —  C#H0; vsP (CC asym. st.) T 1460.8 — +  t-C3H,O (COH bend+ CH st.) P, ref2
2108.4 - +  HC,CHO (CC asym. st.) P, ref2 1452.9 + —  Cs'H0; v (CC asym. st.) T
2088.2 + —  HyO-Cy'H,0; P (CC asym. st.) T 1280.5 - +  t-C3H,0 (COH bendt CO st.) P, ref 2
2081.4 + —  Cg'H0; vsP (CC asym. st.) T 1254.3 — +  ¢-CsH,O (COH bendt CO st.) P, ref2
2080.4 + +  C,O (CCasym. st.) P,T 12231 - +  t-C3H,O (HCO bendt+ CCH bend) P, ref 2
2073.6 + —  CyorH20; ve? (CC asym. st.) T 1016.3 - +  t-C3H,0 (CC st.+ CO st.) P, ref2
2070.3 + —  Cg'H0; vs? (CC asym. st.) T 940.1 - + HC,CHO P, ref2
2056.2 + —  HyO-Cs-H20; vsP (CC asym. st.) T 762.3 - + P
2053.7 + —  Hz0-Cs:(H20),; v3* (CC asym. st.) T 736.5 - +  CyHy (CH bend) P
2052.2 + —  CsHx0; vsP (CC asym. st.) refs 1 and 2

aThe notation “” or “+” indicates band intensity declines or grows during matrix annealing or during photolysis, respeétRegphotolysis
product band; T, tentative assignment; O, overlapped b&rdss work.

TABLE 4: Calculated [B3LYP/6-31G(d,p)] and Experimental (Ar/12 K) All- 12C-Substituted and Singly 13C-Substituted
Isotopomer Frequencies forviP4+vs? Combination Bands of 1213C; Perturbed by H,O in the 1213C5-H,0 Complex®

isotopomer 11P+vP)exp V1Pealc V3Pealc (ViP+vaP)carc AW1P+vaP)exp-calc
12—12—-12-1-16-1 3259.0 12068 2052.2 3259.0 0.0
13—-12—-12-1-16-1 3223.8 1182.5 2040.2 3222.7 1.1
12—13-12-1-16-1 3205.2 1206.7 1999.1 3205.8 —0.6
12-12-13-1-16-1 3222.9 1183.3 2038.1 3221.4 1.5

2 Frequencies are in crh P Scaled by 0.9606: Scaled by 0.9448.

predicted by the calculations (at 3707.0 ¢in No bands are a sample with the inverse ratio) resulted in the spectra shown
observed that can be attributed to complexesofith multiple in Figure 5a (and 5b). For the 7/1 ratio, it is expected that only

water molecules, presumably because their intensities are everall-1?C-substituted and singR?C-substituted isotopomers will

smaller than the weak £&and G-H,O peaks observed in our  be produced in significant concentration, whereas for the inverse

experiments. 1/7 ratio, only all*3C-substituted and singly2C-substituted

Cs-H,0O ComplexesThevs andv, CC asymmetric stretching  species should be observed. Comparison of the calculated

modes of the linear £cluster are now known to appear at positions for these isotopomers of the-l8,0 complex with

2164.2 and 1446.6 cmd (in Ar), respectively. Theory predicts  the observed bands (see Table 2) shows quite good agreement.

the analogous modes in the;*8,0 complex should fall at The maximum discrepancy is onky1.7 cntl. [It should be

2165.3 and 1437.6 cmd, respectively. Two water-dependent noted that only one scaling factor (0.9509) was used for all 12
bands are observed at 2165.0 and 1452.9¢crwhich are isotopomer frequencies.] This good agreement lends credence

assigned here to thes? and v# CC asymmetric stretching  to the structure predicted from the geometry optimization for
vibrations, respectively, in thesdH,0 complex. the complex, as sketched in Figure 1.
Confirmation of the assignment of the more intense 2165.0 In addition, a weak band at 2168.4 chis also observed

cm~! band was possible usinfC/A3C isotopic substitution.  (Figure 5a) and shows annealing and photolytic behavior that
Laser ablation of a sample with &€C]/[*3C] ratio = 7/1 (and mimics other cluster/water complex bands. A band is predicted
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Figure 6. Absorption spectrum in the, + v; combination band region
of 121%C; isotopomers (marked by filled squares). The + vz°
combination band 0*3C; modes perturbed by in the'?13C;-H,0
complexes are marked by filled circles. The &({-substituted and
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analogous carbon cluster band (see Table 1). The frequency of
the observed band at 2127.1 ch{Figure 5a) is in very good
agreement with the predicted frequency at 2127.9%rfhe
other, lower-frequency CC asymmetric stretching moeg)

for this complex is found at 1900.6 cry which is reasonably
close to the calculated band at 1883.9¢nmA band at 3703.9
cm~! has been tentatively ascribed to the asymmetric OH stretch
of this complex because of its proximity to the calculated band
at 3704.4 cm? (Table 1).

Two weak, water-dependent bands at 2070.8 and 1717.:0 cm
(Figures 3 and 2b), which disappear upon photolysis, are
associated with thedzH,O complex. These peaks are assigned
to the vsP and v CC asymmetric stretches, respectively.
Agreement with the predicted frequency for the former mode
is excellent (2072.0 cm¥), but that for the latter mode is less
satisfactory (1702.6 cm).

Co'H2,0O ComplexesThe G-H,O complex is the largest for
which calculations were performed in this work. Three asym-
metric CC stretching modes are expected. Their computed
frequencies lie at 2075.34°), 2001.1 "), and 1572.0 cmt
(v77), with the second band predicted to be the most intense
(see Table 1). This mode is predicted to be shifted by 3.11cm
to the blue of the gmode (at 1998.0 cri). A strong band is
observed in the spectrum (Figures 2a and 3) at 2000:9.din
is photosensitive, water-dependent, and blue-shifted from the

singly 13C-substituted isotopomeric bands are marked. The upper Co ¥6 mode by 2.9 cm. It is assigned here to theP mode of
spectrum was recorded before UV photolysis, whereas the lower Cq-H,0O. Two additional bands observed at 2081.4 and 1607.9

spectrum was recorded aft@ h of photolysis using the medium-
pressure Hg lamp. The 3262.5 chband is assigned tentatively to the
viP + v4P vibration in G perturbed by water in the 40-Cs-H,O
complex.

in this region (at 2166.9 cm), blue-shifted from the €H,0
intense band, for the double water compleyOHCs-H,0. The
2168.4 cm! band is water-concentration-dependent and is

cm 1 are assigned to thes” and v;* modes of G-H,O,
respectively. Although their computed frequencies at 2075.3
(vs?) and 1572.0 cmt (v,") are in reasonable agreement with
the observed frequencies, their shifts from the analogaus C
modes are 0.0 crm (experiment found 3.3 cm) and 6.5 cmt
(experiment found 6.9 cm), respectively (see Table 1).

At 1% H,O in Ar, a complex band was observed at 2014.2

assigned to the strongest CC asymmetric stretch in this doubleC™™*, which grows with increasing #0 concentration and

water complex.

Cs°H,O ComplexesA new water-dependent band at 1959.2
cm! (see Figure 2b) is assigned to thg? CC asymmetric
stretching vibration in the £H,O complex for the following

which is also photosensitive. In analogy with thgHZO system
of bands, this peak is tentatively ascribed tgOHCo-H,O. To
the blue of the 1998 cm (Cq) peak, we also expect a weak
band due to theg® mode of linear G, perturbed by HO. In Ar

reasons. First, for this complex, the DFT calculations predict a Matrices, thevg asymmetric stretching vibration mode oi.C

band at 1956.5 cmi, blue-shifted by 4.0 cmt from the linear

has an energy very close to 1998 Thand its absorption is

Cs cluster peak. The observed peak is shifted slightly more (6.7 Overlapped by the strongs(and!® For these reasons, the
cmY) than predicted. Second, the comparison between calcu-€xperimental band assignment to theQ-Co-H0O cluster is

lated and experimental frequencies for thel&@-substituted

tentative. At high HO concentrations (3%), additional bands

and the singly*3C-substituted isotopomeric species (see Table that are probably associated with &e observed at 2006.4 and

2) shows that the worst discrepancy is only 1.4-énThe small

2013.7 cmil, These are tentatively assigned to the asym-

differences between observed and computed isotopomericMetric CC stretching modes iny@H;0O), and HO-Cq(H20)2,
frequencies give good support for the band assignment of therespectively, on the basis of the expected frequency-shift trends

1959.2 cnt peak to G-H,0 and for the proposed geometry of
the complex in Ar that is shown in Figure 1.

Figure 2b also shows a feature at 1968.1-&nwhich is
assigned to ther,» mode in the double water complex®t
Cs-H20. The calculated frequency shift of this mode from the
analogous mode ings almost twice as large as the computed
shift of the same mode ingH,0 (that is,Acac = 7.6 vs 4.0
cm1). The observed frequencies show a similar, though
somewhat larger, shift pattert{cac = 15.6 vs 6.7 cm?).

In the OH stretching region, the 3703.9 chexperimental
band (Figure 4) is tentatively assigned to theOH asymmetric
stretching vibration in @H,0O. This compares favorably with
the predicted frequency of 3704.6 chn

C7H20 and G-H,O ComplexesOf the complexes studied
here, G-H,0 is the smallest for which a red shift is predicted

seen in the g(H20), and HO-Cz-(H20), complexes.

CqH20 (n > 9) ComplexesTable 3 lists the complex bands
observed from the ZH,O/Ar experiments that are tentatively
assigned to @H.0 clusters witm > 9. These bands have been
assigned using the following criteria. All are blue-shifted from
the bands of their corresponding pure carbon clusters, all are
H,O-concentration-dependent, and all increase in intensity
during annealing. Furthermore, all decrease in intensity during
UV irradiation, behavior that is also exhibited by the complexes
discussed above. The bands, shown in Figures 2b and 3, and
their assignments are 2073.6,(¢1,0, v&?), 1945.6 (G1-H20,

’V7p), and 1861.8 cmt (Cll'Hzo, Vgp).

2. Photoproducts. During UV photolysis of the carbon
cluster/water complexes, new photoproduct bands increase in
intensity simultaneously with a decrease in the complex band

for its CC asymmetric stretching mode, compared to the intensities (see Table 3). The,®ands do not increase in
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TABLE 5: Comparison of Calculated [BLYP/6-311G(d)] 0.075
and Experimental (Ar/12 K) Vibrational Frequencies for o
Carbon—Oxide Clusterst J
cluster calculated experimental remarks 0.070 - g
N
Cs0 Xiz* 2266 [1165] 2242.6 (1.0) ref 12 a
2243.3(1.0) this work 0.065 =
C40 X35~ 2218 [535] 2222 ref 13 3
1906 [317] 1920 ref 13 - o
Cs0 Xiz* 2286 [2665] 2251.7 (1.0) this work, T § 0.060 - &% 2
2150 [299] 8 o &
1834 [348] o =3
Cs0 X32- 2227 [1729] 8 0055 | f}, t
2073 [251] < )
C,0 Xiz* 2276 [2241] 2244.2 (1.0) this work, T %
2188 [2628] 2198.3 (0.9) this work, T 0050 §
2061 [1341]
CeO X35~ 2231 [3326]
1886 [614] 0.045 -
CoO X1z+ 2273 [2170] 2239.5 (0.3) this work, T
2130 [7207] 2040.7 (1.0) this work, T
1814 [560] 0.040 : . , ,
aFrequencies are in crh Integral intensities (km/mol) are given in 2260 2240 2220 2200 2180

brackets and relative intensities in parenthe%&mscaled frequencies, -
ref 11.¢T, tentative assignment. P q Wavenumbers [cm™’]
Figure 7. C—O stretching energy region of the spectrum presented in
Figures 2 and 4. The upper spectrum is recorded after 10 h of matrix
photolysis using a medium-pressure Hg lamp with full spectral output.

T, tentative assignment.

intensity during irradiation, so the decline in thgB,0 bands

must be the result of a photorearrangment of the complex and

not simply of a G + H,O fragmentation. From earlier studies

O o I A s s esablihed S aiond s  (see Figure . The 22517 chband sy

en I'dgene HpP ar;d thencetF()) roovABUIther hgtocony%rspon decreased by 50%. It is now understandable why this band did
Vi (HP) propynatu P Versi not increase in intensity during 10 h of photolysis (see Figure

?;eﬁzr;?;zg?‘hofsg\éer\?\)hﬁgerﬁgtt(')c dﬂlylgﬁgﬁrgfli(:ou;ij Iiii?— to 7). This is because there is a competition between the creation
’ P P propynal g of Cs0 (from Gs-H,0O) and the destruction of O by photo-

4
atTS EO and &1 dv. the-cl ; d usi h dissociation. Interestingly, thes®ands (Figure 5a) did decrease
n the present study, the,Clusters were formed using a much ;. intensity during the long photolysis (10 h), even though the

higher photon flux and a more thorough annealing process, ..., D(T ilibri . o fori
resulting in larger GH,O clusters than in the earliers&,0 i%cgza;(a\;i hci;gChSer Eh;:??#;tbfg?;?ISSSOCIanon energy feri€

study? In the 22506-2190 cnt! (CO stretch) region (see Figures . .
7 and 8), many photoproduct bands appear after extensive UV deﬂ%;est?;?sgcir?hlgigﬂﬁlsgeffcrt;;w‘ilfaigﬁ n;%ﬁ;(esf g);e
photolysis (up to 10 h, medium-pressure Hg lamp, full spectral ' . ' . n
output). At the same time, a few of the photoproduct bands in gggﬁgﬁog l;(;trs mzz (%b;ée:]\/rﬁ;j V\Ilgsixegefgrrnﬁimrs]erm (;Nhlcl &] the
the 2156-1700 cnt! (CC stretch) region increase in intensity I/oul d]P d tol di 9 hp hi
as well. Their rate of growth correlates well with the band mJ/pulse) an ocused to-el-mm-diameter spot on the graphite
" . . o surface. The blue light from the ArjH,0 plasma region,
growth in the CO region. This observation indicates the . . i
photoproduction of O (n > 3) species from the &H;0 synchronized with the molecular beam from the ablation spot,
2 . .
o . - can penetrate to the matrix as well. The laser photons (single
complexes. Such a possibility will be discussed further below. or multiple) or the plasma photons are capable of photodepleting

The harmonic vibrational frequencies for the linegOQn :
. the G,-H>O complexes. Figure 8 shows that all of thg KO
< 10) clusters have been calculated previously [BLYP/6-311G- complex2 bandsphave disgppeared and that bands that can be

1 . . oo :
(d) I_evel]. The most intense predicted tRylbranns and thglr . _ascribed to various (O species (similar in position to those in
assignments are listed in Table 5. Experimental frequencies ('nFigure 7) have been created. A band (736.5 8rdue to GH,

Ar) of 2242.6 cnr! for C30'2 and 2222 and 1920 crm for - P .
c 2)13 were reported eaarlier Tentative assianments of the (acetylene) is also.s_een. Although it is possible undgr the.current
4 P ) 9 xperimental conditions that,® and GH, may photodissociate,

photoproduct bands were made using predicted frequencies anqﬁo OH free radical band or CH stretching bands were observed
characteristic band intensity patterns for the various modes. The(See Figures 7 and 8), except the bands due to the CH vibration
experimental frequencies and their cluster assignments are, : ' ;
2251.7 cm' for C:0, 2244.2 cm® (1.0) and 2198.3 cnt in C;H, and its complex with water. Also, no bands were

observed to grow in the OH region during UV photolysis, as
(~0.9) for GO, and 2239.5 cmt (0.28) and 2040.7 crd (1.0) ! : :
for C4O. Relative band intensities are given in parentheses. might be expected for simple photodecomplexation of agy C

. . H.O species. To fully understand the energetically favorable
CsO has the highest calculated CO stretching frequency of ti tes of d GH, phot duction f the G
all of the GO clusters. In the spectrum (see Figures 7 and 8), reaction routes of K and GHz photoproduction from the £

the most suitable candidate for such an assignment is the 2251.)_'20 complexes, additional calculations will be required.
cm! band. Using a large-scale coupled-cluster calculation
[CCSD(T)], Botschwina and co-workéffound that photodis-
sociation of GO into the G (X1Z;") and GO (X!=*) fragments Many carbon-, hydrogen-, and oxygen-bearing molecules,
requires an energybg) of 5.51 eV. Thus, €0 could fragment including G, Cs, H,O, CO, GO, GO, and GHy, have now
during photolysis with a Hg lamp. To test this, the matrix been identified from many different parts of interstellar spce.
(containing no G-H,O complexes) was photolyzed for an The fundamental question remains however: what is the source

VI. Astrophysical Implications
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Figure 8. Part of the IR absorption spectrum 8, and ?C,-H,0O
photoproducts isolated in an Ar matrix. The matrix was prepared by
laser ablation of graphite using a high flux of the 532/1064 nm photons
from a Nd:YAG laser with the Ar (with 1% kD) gas excess. Radiation
from the plasma region destroyed all of the ;O complexes. Note

a new group of bands in the CO stretching energy region (around 2200

cm1) and in the CC stretching region (below 2100 ¢jn belonging
to the GO species.

and the mechanism of formation of these molecular species?

Dibben et al.

decrease with cluster size, from 2.246 A iglg,0 to 2.152 A
in CyH,0.

With higher water concentrations, bands appear that are
ascribed to higher multimers of water bonded to the carbon
clusters. For example, in the case of e complexes pD-
Cs°H20, G+ (H20),, and HO-Cs-(H0), are tentatively assigned
to specific bands.

Ultraviolet photolysis of all of the complexes leads to the
formation of a number of (O species and to a few unassigned
species. Infrared band assignments are proposed@y GO,
and GO. More extensive photolysis of the complexes results
in the production of acetylene, presumably via a different
photoreaction pathway.

It is suggested that the complexes of €usters may form
with water on the mantles of small interstellar grains. Under
stellar radiation, these complexes could generate t@egpecies
and, via a different mechanism, acetylene. Eventual expulsion
from the grain and entry into the interstellar medium could
follow.
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