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26 €V yields reactions 22-25. As is expected from the above

\
FeCyoH ot ——— Fe* + CjoHjo 8% (22)

—— CoHg* + FeH, (or Fe + Hy) 12% (23)
——— FeCgHg* + C,H, 11% (24)
I FCC10H8+ + H2 39% (25)

discussion of the mechanism, a wide variety of isomeric product
ions should be possible. While the large numbers of possible
isomers make the study of the CID reactions for each one of them
more difficult, the general mechanisms outlined above should be
useful in predicting the most likely isomers present.

Conclusion

Interesting reactivity is observed for Fet-benzyne. Fe* can
induce polymerization of chlorobenzene to form Fe*-poly-
phenylene or C~C inserted polyphenylene via dehydrochlorination
up to the sixth step. The reaction to form Fe*-hexaphenylene
is significantly slower than the earlier steps. Collision-induced
dissociation on Fe*—polyphenylene suggests that bisphenylene,
trisphenylene, and tetraphenylene all have ionization potentials
lower than that of Fe at 7.870 eV.

The observed reactions between Fet-benzyne and alkanes
suggest that Fe* acts as the reaction initiation center in Fe*-
benzyne. All reactions between Fe*-benzyne and alkanes can
be explained by initial Fe* insertion into a C-H or C-C bond,

followed by migration of an alkyl or H onto the benzyne ligand
or, alternatively, by benzyne migratory insertion into a Fe*-H
or Fet-alkyl bond. Fe*-benzyne reacts with all of the alkanes
studied, with the exception of methane. With the exception of
ethane, all of the alkanes studied having 1,2-hydrogen atoms
hydrogenate benzyne to form Fet-benzene. CID study suggests
formation of Fe*-benzocyclobutene from ethane, which is favored
over the hydrogenation product ion. However, the isomeric ion
Fe*—styrene is formed from reactions with propane, n-pentane,
and n-hexane. The ion with the formulation of FeCgH,o* produced
from propane and isobutane consists of at least two isomeric forms,
Fe*-a-methylstyrene, Fet-3-phenylpropene, and/or Fe*-3-
methylstyrene. However, for the ion of the same formulation
generated from a-butane, the CID results clearly indicate the
absence of Fe*—a-methylstyrene. All of these results can be
explained by a series of mechanisms based on Fe* acting as the
reaction center.
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Abstract: The results of a detailed study of the primary and secondary reactions of carbon cluster ions, C,* (3 < n < 20),
with HCN are used as a probe of the structures of small carbon cluster ions. The experiments were performed in a Fourier
transform ICR mass spectrometer (FTMS), using direct laser vaporization of graphite to form the carbon cluster ions. The
only ionic products observed for the HCN reactions were C,X* (primary reaction product) and C,XY* (secondary reaction
product) where X and Y = H, CN, or HCN. Radiative association is an important reaction channel. Products resulting from
fragmentation of the reactant carbon cluster ion were not observed. Evidence for two structural forms of the n = 7-9 cluster
ions is presented. The anomalous behavior of C;* is interpreted by an isomerization mechanism. Low-energy collision-induced
dissociation studies of the primary product ions support a mechanism of carbene insertion into the H-CN bond and formation
of covalently bonded products. In contrast, the HCN associates weakly with most primary product ions.

The emphasis of experimental and theoretical research on
semiconductor and metal clusters in the last few years has been
on the elucidation of their structures. A variety of experimental
techniques has been applied in pursuit of this goal. With carbon
cluster studies used as an example, these include: laser vapori-
zation of thin foils or solid samples (which may be followed by
a supersonic expansion) to generate and study the distribution
of neutral and ionized clusters;!"® a fast-flow gas-phase reactor
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to study the reactivity of neutral clusters;? photodissociation of
mass-selected positive cluster ions;® Fourier transform mass
spectrometry (FTMS) to study the reactions of cluster ions;*®
metastable dissociation of positive cluster ions;’ ultraviolet pho-
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toelectron spectroscopy (UPS) of negative cluster ions;® and
electron spin resonance (ESR) spectroscopy of neutral clusters
trapped in a matrix.’ All of these methods have contributed to
our current understanding of the structures and stabilities of carbon
clusters.

FTMS is particularly well suited to the quantitative study of
the chemistry of charged clusters.*®1% This is due to its ability
to isolate specific mass clusters (either positive or negative) and
trap them for long times (seconds) to study their reactions.
Chemical reactivity as a probe of ion structure has already been
demonstrated to be a valid method.!! Work in our laboratory*
provided the first evidence for structural isomers of a semicon-
ductor/metal cluster, C;*. More recently, Smalley and co-
workers® have observed two distinct UPS spectra for the negative
carbon clusters with 11, 50, 60, and 70 atoms, which they suggest
also represent structural isomers. The other techniques mentioned
above either do not produce isomeric forms of C;* or are not
sensitive to them.

Theoretical investigations into the structure of carbon clusters,
C,, have guided experiments and aided in the interpretation of
results. Most of the theoretical work has focused on small neutral
clusters, and only a few calculations have been carried out for the
ionized clusters. Thus, the interpretation of experiments on cluster
ions by neutral structural information must be done with care.

The earliest calculations found that the C, were linear with a
switch to monocyclic rings at # = 10.!2  This change in structure
has been used to explain observed variations in reactivity,*®
photodissociation cross section,® and the UPS results.® Higher
level MINDOY/2 calculations!? predicted that C, through C; had
two or more stable isomers, with the most stable being the non-
linear isomer in each case. More recent ab initio configuration
interaction calculations by Ray!4 have found the linear structure
to be the most stable for neutral clusters with less than 10 carbon
atoms. Other ab initio studies!>!¢ predict that the cyclic isomers
of C4, C¢, and C, are the lowest in energy. The most complete
ab initio calculation!” on C, to date finds that the cyclic and linear
isomers are essentially degenerate in energy; however, entropy
will favor the linear form.

For the positive ions, Bernholc and Phillips'® find that the
clusters having less than 10 atoms are most stable in a linear
configuration. Raghavachari and Binkley!$ disagree, predicting
that C,* and possibly C¢* and Cg* are cyclic. The odd n neutral
and positive clusters are always predicted to be linear in the
theoretical work mentioned above. Neutral C; is known exper-
imentally to be linear,!® but recent experiments suggest that C;*
is bent and may be cyclic.? Thus, a consensus on the structures
of even the smallest clusters, not to mention the large clusters,
has yet to be reached.

The proposed structures for the small (n < 10) cluster ions have
reactive carbene sites (a pair of nonbonding electrons) at the end
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of the linear chains!®?! as shown below
+ o
(- Cn_-2 Cs

These are absent in the n = 10 cyclic structures. Evidence for
this change in structure was obtained from previous experiments
performed in our laboratory. The reactions of small carbon cluster
ions, C,* (3 < n < 20), with D, and O,° and with CH,, C,H,,
and C,H,® were studied, and a large decrease in reaction rate
constants between Cy* and C,,* was observed, consistent with this
structural change. The C,* ion reacts at two different rates, and
it was postulated that two structural isomers were responsible for
the observed differences in reactivity. By analogy to the change
in reactivity at C,o* described above, the more reactive fraction
of C;* was assumed to be linear, while the slower reacting ions
were assigned a cyclic structure.* In the previous work,’ excess
internal or translational energy was ruled out as the source of the
biexponential decay observed for C,*,

In this article we extend our earlier work by examining the
primary and secondary reactions of C,* with HCN. HCN is an
interesting contrast to the nonpolar reactants used previously as
it is highly polar (up = 2.98 D) and also very polarizable (« =
2.59 A3). Thus, the behavior of C,* with HCN may be different
from that observed for other C,*/neutral pairs. The reactions
of HCN with small (# < 5) carbon cluster ions and their deriv-
atives have been investigated by Anicich et al.?? and Bohme et
al.® These authors used electron impact on linear hydrocarbons
to produce the reactant ions, while in the present work the ions
are formed by direct laser vaporization of graphite. Results will
be compared to examine the possibility that the two formation
techniques may produce cluster ions that are structurally different.

The presence of HCN and HC,N (n < 12) in interstellar
molecular clouds* and other cosmic environments? is well doc-
umented, and a number of reaction schemes have been proposed
for the synthesis of these large cyanopolyacetylenes.?® Long-chain
carbon molecules are also present in these clouds, and reactions
with HCN could be part of a reaction scheme leading to formation
of these molecules. In this paper, however, we will not attempt
the integration of these reactions into the kinetic models for
interstellar chemistry, as our emphasis will be on the chemistry
of the carbon cluster ions.

Experimental Section

Experiments were performed in both a Varian 1-T electromagnet and
a Nicolet 3-T superconducting magnet Fourier transform ICR mass
spectrometer (FTMS) using a Nicolet FTMS/1000 data system, The
3-T instrument is similar to the 1-T instrument described previously.??
The 1-in. cubic cell is made of stainless steel plates except for the trapping
plates, which are 90% transparent nickel mesh. The graphite sample is
placed on a solids probe and inserted so it is flush with one of the trapping
plates. The output of the frequency-doubled Quanta-Ray DCR-2 Nd:
YAG laser (532 nm, 1-5 mJ/pulse, operated at 10 Hz) is focused by a
1-m lens, traverses the cell, and vaporizes the graphite sample to form
carbon clusters (both neutrals and ions) by direct laser vaporization in
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Table I. Branching Ratios and Rate Constants for the Primary Reactions of C,* with HCN

cluster size (n)

reaction 3 4 S 6 74 8 94 10 11 and 12 13 14~19 20
k
C,;t + HCN : C,H* + CN 0.40 0.26° 030 0.06° 0.13 NR¢ NR NR
(0.04)% (0.01) (0.05) (0.02) (0.02)
C,CNt+ H 0.60 063 070 019 073 0.25
(0.04) (0.02) (0.05) (0.06) (0.02) (0.04)
C,HCN* + hy 0.11 075 0.4 1.00 0.75 1.00 1.00
(0.02) (0.06) (0.01) (0.04)
ky, 107% cm/s 1.27 .12 1.14 086 1.5 068 077 236x10* <6X 10 1.08X 102 <6X 105 <8 x 107
(0.09) (0.06) (0.05) (0.02) (0.08) (0.03) (0.02) (0.02) (0.20)

aBranching ratios and rate constants are for the most reactive fraction. See text for explanation. ®1¢ error limits (in parentheses) are calculated from the
set of measured values. °Branching ratios at small extent of reaction, as discussed in the text. NR indicates this ion did not react. The upper limit of the rate

constant is given.

a low-pressure environment. In the superconducting magnet the carbon
clusters are ejected parallel to the magnetic field, instead of perpendicular
as in the electromagnet.

In our previous cluster ion work,*® the laser was triggered by the
Nicolet computer at the beginning of an experimental cycle. For ex-
periments in which the reaction time is varied, the operation of the laser
(i.e. firing of the flash lamps etc.) is altered from the optimum repetition
rate of 10 Hz. Frequent adjustments to the laser (e.g. flash-lamp power
and tuning of the doubling crystal) were necessary to maintain constant
laser output as the reaction time was changed. The longest reaction times
that could be obtained in this configuration, using the I-T electromagnet,
were 1-2's. These problems have been eliminated through the use of a
microcomputer interfaced to the Nicolet computer, which now controls
the timing of the laser, so that the flash lamps operate at the optimal 10
Hz and the Q-switch fires only when laser output is required.?® These
modifications, in conjunction with the higher field superconducting
magnet, allow reaction times greater than 60 s to be used in the cluster
ion experiments.

The resonant ejection capabilities of the FTMS allow us to completely
isolate a particular mass ion for study. The rate constant is determined
by following the pseudo-first-order decay of the reactant ion fraction as
a function of time at constant HCN pressure. All reactions were studied
to greater than 80% completion (and usually greater than 90%) except
for a few cases where this was not possible due to the slowness of the
reaction or low ion abundance. Ali first-order decay plots, except as
noted later, were linear, though C,* and several product ions required
the addition of a buffer gas (Ar or Xe) and some delay time to remove
excess translational and/or internal energy. The slope of this decay,
divided by the HCN pressure, gives the rate constant.

The pressure is measured with a shielded ion gauge located approxi-
mately 0.5 m from the magnet. The background pressure in the vacuum
chamber, which is pumped by a water-cooled Edwards Diffstak Series
160 diffusion pump, was <0.1 X 10~® Torr. The reactions were studied
over a 10-fold pressure range, with typical corrected pressures being (1-4)
X 1077 Torr. The ion gauge pressure readings for HCN were corrected
by measuring the rate constants for the reactions of three different ions
with HCN at various pressures and comparing to the literature values.?®
The pressure correction factors obtained from each reaction did not
depend on HCN pressure but did vary by a factor of 2 among the three
different reactions, even though ICR kinetic measurements from the
same group were used as references. The average of the correction
factors was used to determine the actual HCN pressure in our work. Due
to this and other possible sources of error the absolute rate constants
reported could be in error by as much as a factor of 2~3. However, the
differences in the relative rate constants should be significant, as they
were measured under similar conditions.

The HCN was made by reacting sodium cyanide with an excess of
steariC acid under vacuum with gentle (80-90 °C) heating. The DCN
was synthesized by slowly adding deuterated phosphoric acid (85% in
D,0, available from MSD Isotopes) to the solid sodium cyanide under
vacuum. In each case, the product was trapped at liquid-nitrogen tem-
perature as it was formed and then distilled from a liquid nitrogen/
chloroform slush bath (T = -63 °C) to remove carbon dioxide. Electron
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Huntress, W. T., Jr. Int. J. Mass Spectrom. Ion Phys. 1981, 37, 273~81.
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Figure 1. Rate constants k, for the primary reactions of C,* with HCN,
normalized by the n = 4 rate constant, are plotted versus cluster size for
the “linear” (@) and “cyclic” (A) forms of the clusters. The values for
C* and C,*, normalized by the C,* reaction rate constant measured by
Anicich et al.,22 are included for completeness. Arrows on the triangles
indicate these are upper limits.

ionization mass spectra of the purified samples showed no detectable
impurities.

All results presented below are from the 3-T instrument. Its better
ion-trapping ability and higher signal-to-noise ratio made it possible to
study slower reactions and observe minor products. The preliminary
results using the electromagnet are generally in good agreement with
these results.

Results

The rate constants and branching ratios were measured for the
reactions of C,* (n = 3-20) with HCN, as well as for the sec-
ondary reactions of all the primary reaction products. Colli-
sion-induced dissociation (CID) experiments to study the structure
(bonding) of the product ions were also performed.

Primary Reactions. The products, branching ratios, and rate
constants are given in Table I. The ¢ error limits are calculated
from a set of 2-4 measured values. As noted in the Experimental
Section, the reported absolute rate constants may be in error by
a factor of 2-3 due to the uncertainty in the HCN pressure
calibration. However, we expect the relative rates to be accurate
within their error limits.

1. Rate Constants. The rate constants for the primary reactions,
k. normalized by the rate constant for C,* are plotted versus
cluster size in Figure 1. As previously observed, there is a sharp
drop in reactivity between Cg* and C,y*, which has been attrib-
uted*® to a change in structure from linear to cyclic. For n =
10-20, only C;o* and C,;* were observed to react, though their
rates were near our limit of detectability. Also, as seen before,
C,* reacts at two different rates, with 70% of the C,* reacting
at a substantially slower rate. A new result, observed in this study,
is that Cg* and Cy* exhibit similar behavior, with 30 and 20%
of their cluster populations, respectively, reacting very slowly with
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Figure 2. Decay of Cg* reacting with HCN is shown as a function of
reaction time. The line is a biexponential fit to the data. The errors bars
for the points are equal to or smaller than the point size.

Table II. Parameters of the Biexponential Decay Model, for the
Reactions of C;*, C¢*, and Cy* with HCN

size of cluster Foow kfast/kslow
74 0.68 £ 0.03* 365
8 0.30  0.02 300 + 54
9 0.20 £ 0.01 43+ 3

9As explained in the text, the decay curve for C;* is not a true
biexponential. Parameters given are for the best biexponential fit. ®1o
error limits are calculated from the set of measured values.

HCN. (The slow decrease of &, with n for the HCN reactions,
and the instrumental changes described in the Experimental
Section, made it possible to detect the less reactive fractions of
Cgt and Cg* in this work. Recent studies of Cg* and Cy* with
D, have reproduced the isomer populations observed in this study.)
An example of the Cy* decay plot is shown in Figure 2. The solid
line is a nonlinear, least-squares fit of the data using a biexpo-
nential decay model

[Cn+]l/[cn+]0 = Ffast exp(_kfastt) + Fslow exp(_kslowt) (1)

The left side of eq | is the fraction of reactant jons remaining at
time t. Fg and Fgo, are the fractions of the two components of
the decay, with the corresponding rate constants kg, and Kgoy-
A summary of the parameters for the biexponential fits for C,*,
Cyt, and Cy* is given in Table II.  As discussed in the introduction,
C,* is believed to exist as both linear and cyclic isomers in the
direct laser vaporization experiment. MNDO calculations® of the
difference in the heat of formation of the cyclic and linear
structures of C,*, AH{cyclic C,*) — AH{linear C,*) > 0, indicate
that this quantity decreases with n for n > 5. Thus, it is not
surprising to also observe two isomeric forms for Cg* and Cy*.
In the rest of the article, we will refer to the more reactive n =
3-9 cluster ions as “linear” and the less reactive n = 7-20 cluster
ions as “cyclic”,

Considering only the linear clusters for the moment, Table I
indicates that all reactions are fast, with only a factor of 2 variation
in the reactivity for the n = 3-9 clusters. This is in contrast with
O, and D,, for which the rate constants vary by a factor of 30-70,
respectively.’ The reactions with CHy, C,H,, and C,H, show
variations of factors of 4-6 in the rate constants.® The odd/even
staggering of rate constants noted in previous work is also observed
for the HCN reactions, though it is weaker.

The cyclic clusters show quite pronounced changes in reactivity
of over 2 orders of magnitude. Again, it is the odd clusters that
are more reactive. The relatively high reactivity observed for C;3*
has been correlated with its low abundance in the nascent cluster
ion distribution.® The low reactivity of Cjq* with HCN (&, =
2.4 X 10713 ¢m?/s) contrasts sharply with the rate constants of
~5 X 1071 cm3/s measured for the reactions with C,H, and
C,H,.% In general, HCN reactivity resembles that of the hy-
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Figure 3. Branching ratios for the primary reactions of the linear carbon
cluster ions with HCN are plotted. The results for the C* and C,*
reactions were taken from ref 22.

drocarbons. All of these species are highly reactive and show little
variation in reactivity with cluster size for the linear isomer.

2. Reaction Products and Branching Ratios. Only three dif-
ferent reaction channels are observed in the HCN reactions, as
shown in Table I. These reactions can be visualized as an asso-
ciation of the C,* with HCN to form the reaction intermediate,
followed either by stabilization of the adduct to form the asso-
ciation product (see the Discussion) or by expulsion of an H or
CN neutral. Fragmentation of the reactant carbon cluster ion
was not observed. This contrasts with most previous studies*
in which significant amounts of cluster fragmentation products
were formed. Reactions with CO studied by the selected ion flow
tube (SIFT) technique produce only the association products,?
presumably due to stabilization of the reaction complex by col-
lisions with the high-pressure buffer gas.

For ease of comparison, the branching ratios of the product
ions from the reactions of the linear clusters are plotted in Figure
3. For C,* and C¢* the measured branching ratio varies with
reaction time, due to multiple pathways leading to the same
product (e.g. C,HCN* is both a primary product and a secondary
product from C,H* and C,CN*). For C,* and Cg* the apparent
time variation in the branching ratio is due to the two isomeric
forms reacting at different rates to give different products. The
values in Table I and Figure 3 represent initial branching ratios
determined at small (<10%) extent of reaction when these com-
plicating reactions are least significant and extrapolated to zero
reaction time. The cyclic isomers form only the association
product.

The branching ratios for the linear clusters show several su-
perimposed trends. The first is that the smaller clusters stabilize
after association by eliminating a fragment of the HCN (i.e. H
or CN). The larger clusters can accommodate the excess energy
long enough for the adduct to stabilize, possibly by emitting IR
photons. The second is that C,CN" is the favored product of all
dissociating adducts. The third is that the even cluster ions add
HCN more readily than the odd clusters (for example, compare
the branching ratio for HCN addition of C;* to those of C¢* and
Csh).

It is interesting to note the facility with which the larger linear
clusters (n = 6, 8, and 9) form the association product. This was
not observed in any of the previous studies of carbon cluster ion
reactions. The strong ion—dipole and ion-induced dipole inter-
actions in the [C,*-HCN] complex increase both the lifetime of
the complex and the probability of stabilizing the adduct, either
by collisions or by radiative emission.

Secondary Reactions. While the primary reactions were studied,
secondary product ions were also observed. The secondary re-
actions were investigated in the same way as the primary reactions;
i.e. the reactant ion, which is the product ion of a primary reaction,
was isolated, and the reaction rate constants, products, and
branching ratios were determined in an unambiguous manner.
We studied the reactions of all the observable primary product

(30) Bohme, D. K.; Wiodek, S.; Williams, L.; Forte, L.; Fox, A. J. Chem.
Phys. 1987, 87, 6934~8.
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Table ITI. Branching Ratios and Rate Constants for the Secondary Reactions of C,* with HCN
cluster size (n)
reactio 3 4 S 6 7 8 9
ks
C,H* + HON ———C,H,* + CN 0.14 0.04 NF@ NF
l —C,HCN* + H 0.86 0.53
— C,H,CN* + Ay 0.91 1.00 0.43 1.00
H,CN* + C, 0.09
ky, 107 cm?/s 0.040 1.01 0.091 0.507 0.424
k.
C,CN* + HCN s C,HCN* + CN 0.27 0.05 NF
-EC,,(CN)f + H 0.57 0.21
C,H(CN),* + hy  1.00 0.16 1.00 0.74 1.00 1.00
kg, 107 ¢cm®/s 0.378 0.942 0.377 0.173 0.170 0.177
k
C,HCN* + HCN — C,(HCN),* + kv NF NR? NF NR 1.00° NR® NR¢
ke, 107% cm?/s <3.2 % 10 <50 % 10* 3.1 X103 <56%10% <7.0x 10

aNF indicates this reactant ion is not formed by the primary reaction. ®NR indicates this ion did not react. The upper limit for the rate constant
is given. °The C,HCN" are produced from a mixture of the “cyclic” and “linear” C,*.
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Figure 4. Rate constants k, for the secondary reactions of C,* with
HCN, normalized by k, for C,*, are plotted versus cluster size for the
three series of reactant ions C,X* (X = H, CN, or HCN). The values
for the C,H* and CCN* reactions were taken from ref 22 and 29, re-
spectively. Symbols with arrows are upper limits.

ions, which are of three types, C,H*, C,CN*, and C,HCN*.
Reactions were studied to 80-95% completion in most cases, and
no evidence for isomeric forms of the primary product ions was
found in these secondary reactions. The results are summarized
in Table III.

1. Rate Constants. The reaction rate constants for each series
of reactant ions, k,, normalized by k, for C,* are shown in Figure
4.

C,H* shows very large even/odd alternations in rate constant,
with the even clusters being more reactive than the odd clusters.
For comparison, consider the reactions of C,D* with D, and of
C,H* with C,H,, which have been studied previously. The C,D*
reactions show large even/odd alternations in rate constants
(essentially reaction/no reaction) although the absolute reactivity
is relatively low.> (The largest rate constant is 8 X 107! cm?/s
for the reaction of C,D* with D,.) The C,H* are fairly reactive
with C,H,, but the even/odd variation is small.* The C,H*/HCN
reaction has characteristics of both these examples, showing high
reactivity like the C,H, reactions, combined with a pronounced
size dependence as in the D, reactions.

The C,CN* ions are all moderately reactive. The even/odd
alternation in rate constants persists only for n = 3-5, with a
maximum value for C,CN*, before leveling off.

C,HCN* ions were unreactive at our detection limits, with the
exception of C;HCN* formed from the cyclic C,;*, which has a
measured rate constant of 3 X 10712 ¢cm?/s. For the linear ions,
one possible explanation for this nonreactivity is that, after insertion
of the carbene into the H-CN bond, the H migrates to the other

1.00 X=C.H*
| N/ n
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050 | § % '
0.25 | § §
0.00 | M
1 23 456 7 829
1.00 X=Cn,CN*
© 0.75
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1 23 458687 829
1.00 X=C HCN*
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Product lons
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1 23 456 7 89 B HoCN+
Size of Cluster n

Figure 5. Product branching ratios for the secondary reactions of C,*
with HCN are shown. In the top figure the reactant ion X is C,H*, in
the middle figure it is C,CN*, and in the bottom figure X is C,HCN*,
Results for the reactions of # = 1 and 2 ions are from the literature. 222
Tons that were nonreactive are indicated by NR. C,N* was found to be
nonreactive under low-pressure conditions?® but to undergo three-body
association at high pressures.’” The reaction of C;CN* has not been
studied and is marked NS. Blank spaces indicate that the reactant ion
was not formed in the primary reaction.

end of the chain to give the structure HC,CN*, thus blocking the
second carbene site. The CID results discussed below give further
information on the structure.

2. Reaction Products and Branching Ratios. The branching
ratios of the secondary reaction products are shown in Figure 5.
Each bar graph is for one series of reactant ions and gives the
product distribution for each reaction. Products resulting from
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the breakup of the carbon cluster were not observed in any of the
reactions. Also, no tertiary products were observed.

It is immediately apparent that many of the ions react by
association with HCN, whether the ion is C,H*, C,CN*, or
C,HCN*. What is striking is that, with one exception, only even
n ions form other products, either addition of H or CN. This may
indicate that these reactions are more exothermic than those of
the odd n ions. The exception is C;H*, which gives a small amount
of proton transfer to HCN. CH* and C,H* also proton transfer
to HCN,2?2 while C,;H* and the larger members of the series do
not. This places the proton affinity of HCN (7.43 eV) between
those of C, and C,.

Collision-Induced Dissociation. CID studies were carried out
for about half of the product ions to obtain information on the
bonding of the primary and secondary reaction products and
relative bond strengths. (The signal-to-noise ratio was too low
for the remaining ions to be successfully studied.) The ion to be
dissociated was excited by a short, low-intensity radio-frequency
pulse to give calculated maximum translational energies in the
range of 3-100 eV (lab). Collisions with the Xe buffer gas led
to dissociation of the ion. The measured Xe pressure was (5-10)
X 1077 Torr. The corrected pressure is several times higher.

1. CID of Primary Product Ions. The primary reaction
products C,H* and C,CN* dissociate essentially by the loss of
H and CN, respectively. (Some loss of the stable neutral C, is
also observed at higher energies for C;CN* and C,CN*)) Thus,
the weakest bond in the primary product ion is the new bond
formed with the H or CN fragment. This is in agreement with
the observed lack of cluster breakup in the primary reactions.

The linear C,HCN* (n = 4, 6-9) fragment to lose H and CN,
as well as some HCN (most likely as H + CN) at higher excitation
energies. Loss of C; and C;H is also observed at slightly higher
excitation energies for » = 8 and 9. The observed loss of C; makes
the HC,CN* structure for these ions unlikely since it would require
extensive rearrangement during the CID process. It is important
to note that the ions produced in the low-energy CID processes
are the same as those formed by ion-molecule reactions, suggesting
that C,HCN* is the stabilized intermediate of these reactions.

The CID mass spectra of the cyclic C,HCN* (n = 8-10 and
13) are quite different from those of the linear C,HCN*. For
the cyclic adduct ions the facile loss of onl/y HCN is observed with
just a few electron volts of excitation energy, which is 5-10 times
smaller than the energies required for dissociation of the linear
adduct ions. Obviously, the linear and cyclic association product
ions do not have the same structure. The linear adduct ions
fragment in a way consistent with insertion into the H-CN bond
and formation of covalent bonds to H and CN, while the cyclic
ions associate only weakly with HCN. The dissociation of cyclic
C,HCN*, however, closely resembles that of the linear adduct
ions, losing H and CN at much higher excitation energy.

2. CID of Secondary Product Ions. Most of the secondary
product ions could not be studied by CID due to insufficient signal.
Of those ions studied, all but one were of the type C,XHCN*
(where X is H, CN, or HCN). Without exception, the CID of
these ions gave exclusively HCN loss observable at fairly low
excitation energies. These energies are approximately the same
as those required for the fragmentation of the cyclic C,HCN*
and much lower than those required for the corresponding C,X*
CID.

For the product ion C;(HCN),*, derived from cyclic C;*, one
might ask if the two HCN are equivalent. The CID results seem
to indicate otherwise. The HCN added in the primary reaction
is lost as H or CN at higher energies than the HCN added in the
secondary reaction, which is weakly bound and lost as HCN. The
nature of the HCN bonding to the cluster ion in C;(HCN),* was
further probed by using a mixture of HCN and DCN to perform
the following experimental sequence:

k k CID
: + LN + * +
cyclic C, DeN C,DCN hon” C,(DCN)(HCN) e
C,DCN* + HCN

Only fragmentation to lose HCN was observed at low CID ex-
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Figure 6. Decay of C;* reacting with HCN is plotted as a function of
reaction time. The line is a biexponential fit to the data, including points
for reaction times up to 10 s, which are not shown here. The error bars
are equal to or smaller than the point size. Note the “hump” between
1- and 2-s reaction times.

citation energies. This indicates that the two HCN's are bound
to nonequivalent sites, that they do not exchange, and that the
second HCN to bond is the more weakly bound and the first to
be lost by CID. Coupled with the observation that most secondary
reactions only add HCN, the CID results indicate that a second
HCN does not usually react with the remaining carbene end of
the C,X* to form covalent bonds. The interaction is much weaker,
possibly with the X end of the ion and explains the predominance
of HCN association in the secondary reactions. This will be
considered in more detail in the Discussion.

It would be interesting to study an ion of the type C,HCN*
formed by different pathways (e.g. addition of HCN via asso-
ciation versus addition of H and CN in two sequential steps) to
see if any differences in bonding could be observed. Both C,*
and C4* make this ion via three pathways; however, in each case
only C,HCN* from the primary (i.e. association) reaction could
be studied. The branching ratios were not favorable, and the yield
of these ions from the secondary reactions were too low to perform
the CID experiments.

Discussion

The C;* Anomaly. In this study we have observed three distinct
types of kinetic behavior. One set of ions, C3*-Cy*, react rapidly
with HCN to form covalent bonds at the carbene site. In most
cases, a second HCN can also react at the remaining carbene site
or associate with the ion. The most likely structure for these ions
is linear. Another group of ions, Cg*-C)o* and C;*, react slowly
with HCN to form a weakly bound adduct. Calculations suggest
that these ions have a monocyclic structure, The cyclic C;* differs
from all other carbon cluster ions and exhibits the following
unusual behavior: (1) the cyclic fraction is much higher for C;*
than for Cg* and Cg*, (2) its adduct, C;HCN?, is more reactive
than the other C,HCN*, (3) the CID fragmentations and the
energies required for fragmentation are the same for cyclic and
linear C;HCN*, indicating strong covalent bonding in the cyclic
adduct, instead of the weak associative bonding seen for the other
cyclic C,HCN* (n = 8-10 and 13), and (4) the shape of the C;*
decay curve is not a simple biexponential as was found for Cg*
and Cy* (see Figure 2).

Considering the last point, a typical decay curve for C;* is
shown in Figure 6. The solid line is the biexponential fit to the
data given by eq 1. Between 1 and 2 s reaction time the data points
lie above the fitted line, giving the curve a “humped” appearance.
This hump is a consistent feature in all the C;* decay curves
measured, at an approximately constant value of the pressure X
time product. Zakin et al.’! have observed a similar phenomena

(31) Zakin, M. R.; Brickman, R. O.; Cox, D. M.; Kaldor, A. J. Chem.
Phys. 1988, 88, 3555-60.
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in their study of niobium clusters. In particular, the decrease in
Nb,,* as a function of reactant concentration showed two reaction
regions separated by a plateau. They postulate that this plateau
is due to an “induction” period during which time there are not
enough collisions to result in an observable decay in the reactant
species. The shape of the curve in Figure 6 suggests it is the sum
of a fast, single-exponential decay and a more complex function.
This function initially rises and then exponentially decays with
a rate slower than that of the fast, single-exponential decay.

One possible mechanism to explain this behavior is the following:

C;4* + HCN — products (22)
Cs;pt + HCN — Coct + HCN (2b)
C7C+ + HCN — C7cHCN+ (2C)

C,at is the linear form, which reacts rapidly. Note that reaction
2a is not coupled to the rest of the kinetic scheme. Reactions 2b
and 2c represent the behavior of Cs;g*, which undergoes
“activation” by collisions with HCN. The adduct of HCN with
the B form is not stable whereas that with the C form is. The
C and A ions are also not identical, at least energetically, as they
do not form the same products. (See the previous section on the
results of the primary reaction branching ratios.)

The slow-reacting C,* (and also Cg* and Cg*) is not an excited
state of the fast-reacting linear isomer, which relaxes by collisions.
Previous experiments’ to probe for the existence of metastable
C,* by variation of reactant pressure indicated that such a state
would need to be extremely long-lived (7,4 greater than several
seconds), which seems unrealistically long for a species of this size.
The observed isomer fractions of C;*-Cg* are also invariant with
HCN pressure and in the presence of excess Xe (100:1 Xe/HCN)
to quench any electronically excited species prior to reaction with
HCN. Also, the fraction of C;*-Cy* in the excited state would
probably be sensitive to the formation conditions, (e.g. laser
output), which has not been observed.

Reactions 2b and 2¢ suggest that C;5* isomerizes during the
reaction with HCN, i.e. from the cyclic to the linear form. This
is consistent with points 2—4 listed above but does not account
for the large fraction of cyclic isomer (point 1). Another possibility
is that the more abundant C,* fraction has a different structure
than those already noted. The MNDO calculations performed
for a previous study® considered several C;* structures, including
branched chains and rings. Except for the monocyclic ring, no
isomers have energies within several electron volts (at this level
of calculation) of the most stable linear form. Our conclusion
is that a cyclic to linear isomerization best explains our results.

Prediction of Trends in Reactivity and Branching Ratios. Using
Hiickel theory, with hybridization and electron correlation in-
cluded, Leleyter and Joyes3? have calculated relative energies of
neutral and ionized linear M,C, clusters, where M is a variety
of metallic or nonmetallic elements. With these results and the
“correspondence rule”, they have accounted for the patterns in
the experimental abundances of many types of substituted carbon
clusters. The correspondence rule® states that observed strong
(weak) intensities of cluster ions correspond to high (low) sta-
bilities of these clusters. The most stable clusters are those with
a full, or nearly full, HOMO (highest occupied molecular orbital).
For carbon clusters and many substituted carbon clusters, the
HOMO falls in a doubly degenerate = molecular orbital band.?
We have used the results of Leleyter and Joyes, and extended them
to related clusters, to explain the observed variations in the re-
activity trends and in the branching ratios of the HCN reactions.

From the trends in reactivity with cluster size for all the re-
actions of C,* and C,X* studied to date, we formulate the fol-
lowing empirical rule: For an odd electron series, the odd n ions
will be more reactive than the even n ions, and vice versa, irre-

(32) Leleyter, M.; Joyes, P. J. Phys. (Les Ulis, Fr.) 1975, 36, 343-55.
Joyes, P.; Leleyter, M. J. Phys. (Les Ulis, Fr.) 1984, 45, 1681~8. Leleyter,
M.; Joyes, P. Surf. Sci. 1985, 156, 800-13. Leleyter, M. J. Phys. Lett. 1985,
46, L915-22. Leleyter, M., to be submitted for publication in Z. Physik D.
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spective of the neutral reactant. (Note that for any series of ions
C,* or C,X*, the parity of the number of electrons is the same
for all the jons in a series.) By this rule, for C,* and C,0* odd
n ions will be more reactive whereas the even n ions will be more
reactive for C,H* (C,D*) and C,CN*. This is generally what
has been observed in this and previous studies*® and can be
explained by the Hiickel model.

Even electron ions (C,H*, C,CN") have filled HOMO:s for odd
n and half-filled HOMOs for even n. The open-shell ions should
be the more reactive, as is observed. The odd electron ions (C,*,
C,0%) are open-shell species for n both even and odd. The odd
n ions, with three electrons in the HOMO, can complete their
HOMO and so are more reactive than the even r ions in the series.

The observed branching ratios of the HCN reactions can also
be explained with the Hiickel model and the correspondence rule.
Restating the correspondence rule for reactions, the more stable
product ions are expected to show larger branching ratios when
comparing a homologous series of reactions. In the primary
reactions of C,* with HCN, the theory predicts that addition of
H and CN will be favored for odd n reactants. The experimental
results in Table I are in good agreement with this prediction. HCN
can add to C,* to form either C,(H)CN™*, for which odd n are
more stable, or HC,CN*, which are more stable when # is even.
Experimentally, larger branching ratios for association are ob-
served for the even n reactants. This can be interpreted in two
ways. The adducts, especially the even # ions, have the HC,CN*
structure. This also explains the lack of observed secondary
reactions for most of these ions. The » = 7 and 9 products,
however, may retain the C,(H)CN* structure. Another expla-
nation considers that one intermediate in the primary reactions
is [C,(H)CN*]. The odd n species are more likely to form other
preducts (i.e. C,H* and C,CN*). Thus, the even # clusters only
appear to produce more of the association product.

The theory is applicable only to linear, covalently bound
molecules. Thus, the only secondary reactions we can consider
are those of C,H* and C,CN* to add H or CN. The four ion
products formed are more stable for even n reactants. Indeed,
Table III shows that these reactions occur only for #n = 4 and 6.

For the simple reactions discussed above, the modified Hiickel
theory can predict which ions in a homologous series will be the
most reactive and which products are most likely to be formed.
This suggests that energetics is the determining factor in the
thermal reactions of carbon and substituted carbon cluster ions.

Structures of Product Ions. As already noted, the reactions
of C,* with HCN were the first to be studied in which no breakup
of the carbon cluster is observed. The reactant H-CN bond is
relatively strong (120 kcal/mol), and the CID results show that
the bonds formed to CN and H are the weakest bonds in the
product ion. The observation of significant amounts of association
products supports the conclusion that the energy in the (C,HCN)*
complex must be low.

Reaction by the addition of a second HCN is observed, but no
tertiary products are formed. This appears to agree with the
postulated mechanism of reaction at the two carbene sites of the
linear chain. However, the CID results partially contradict this
interpretation. The first HCN addition does appear to occur at
the carbene site, bonding covalently. In the secondary reactions,
addition of HCN is the dominant channel for reaction. The CID
studies showed that this HCN is probably not covalently bound
at the remaining carbene end of the ion. Instead, the bonding
may be similar to that found in van der Waals complexes of HCN,
both with itself and unsaturated hydrocarbons. The neutral HCN
dimer has the linear structure HCN--HCN with a relatively strong
binding energy®® of 1540 cm™. Analogously, the HCN may bind
to the CN of C,CN* or C,HCN™. For the adducts of C,H* with
HCN, the situation is less clear. Spectroscopic studies of the
complexes of HCN with acetylene, ethylene, and cyclopropane
show that they are T-shaped, as the HCN orients itself H end
first, perpendicular to the bond between two carbons.®* The

(33) Buxton, L. W.; Campbell, E. J.; Flygare, W. G. Chem. Phys. 1981,
56, 399-406.



2400 J. Am. Chem. Soc., Vol. 111, No. 7, 1989

Table IV. Comparison of Results for the Reactions of C; and C, Ions with HCN

Parent and McElvany

reaction FTMS“ ICR® SIFT¢
C,* + HCN ——I:—::QH+ + CN 0.40 £ 0.04
C,CN* + H 0.60 £ 0.04 1.0
rate constant? 1.27 £ 0.09
C;H* + HCN —|::C3HZCN+ + hy 091 £ 0.04 0.5 1.0
H,CN* + C,4 0.09 £ 0.04 0.5
rate constant 0.040 £ 0.004 0.13 £ 0.01 1.1 £0.3
C,CN* + HCN=———— C,H(CN),* + h» 1.00 1.0
rate constant 0.378 £ 0.006 0.84 £ 0.25
¢t + HCN ———a—— C,H* + CN 0.26 £ 0.01 0.3
— C,CN* + H 0.63 £ 0.02 0.5
— C,HCN* + 0.11 £ 0.02 0.2
rate constant 1.12 £ 0.06 2.8 £0.3
C,H* + HCN — C,H,* + CN 0.14 £ 0.02
—» C,HCN* + H 0.86 £ 0.02 0.95
e C,H,CN* + Ay 0.05
rate constant 1.01 £ 0.06 1.7+£0.2

aThis work. ®Reference 22. “Reference 23. ?All rate constants are in units of 10~ cm3/s. FTMS l¢ error limits are statistical and calculated

from the set of measured values.

binding energy of HCN with these hydrocarbons is much weaker,
ranging from 575 to 862 cm™!. With CO the HCN does not search
out the = bond, preferring instead the linear or slightly nonlinear
configuration®® OC-+-HCN. The binding energy of this complex
is similar to those measured for the hydrocarbon complexes. Since
the effect of the charge on the complexing has not been taken into
account, one cannot rule out other structures that may be more
stable for the ions.

Literature Comparisons. As was mentioned in the introduction,
calculations have predicted low-energy cyclic structures for the
smaller clusters, especially C,*. Comparison of our results for
the C;* and C,* reactions with literature values may indicate
whether the different formation techniques employed (direct laser
vaporization of graphite versus electron impact on linear hydro-
carbons) lead to different cluster structures and reactivities. The
data for this comparison are given in Table IV. Our measured
rate constants are consistently lower than those of Anicich et al.??
and Bohme et al.2 by a factor of 2-3. This cannot be accounted
for by the uncertainty in the pressure calibration factor.

Comparison of the branching ratios shows significant differences
for the reactions of C;* and C;H*. Minor differences are seen
in the branching ratios of the C,* and C,H* reactions. The
previous ICR experiments?? did not observe the addition of H to
C,* (possibly due to the low reactant ion intensity) and to C4H*
(a minor pathway). The C;H* reaction in our experiment pro-
duced 90% association product, which agrees with the SIFT? but
not the ICR? results. If we use the amount of association product
formed as an indicator of excess internal energy in the reactant
ion, C,* and C,;H* appear to have some excess internal energy
in these FTMS experiments, while C;H* seems to have been
internally excited in the ICR experiment.

The question arises as to whether the observed differences in
rate constants and branching ratios are due to structural differ-
ences of the ions produced in the different experiments. Since
internal excitation of the ions in the various experiments can
account for the results, it is difficult to attribute the observed
differences to linear/cyclic structures in the absence of more
conclusive evidence. Note that, in the work by Faibis et al., the
C,* was formed by electron impact on linear hydrocarbons, but
the results indicate the ion has a bent geometry.?

Radiative Association. The formation of larger species by
radiative association has been postulated to play an important role

(34) Aldrich, P. D,; Kukolich, S. G.; Campbell, E. J. J. Chem. Phys. 1983,
78, 3521~30. Kukolich, S. G.; Read, W. G.; Aldrich, P. D. J. Chem. Phys.
1983, 78, 3552~6. Kukolich, S. G. J. Chem. Phys. 1983, 78, 4832-5.

(35) Goodwin, E. J.; Legon, A. C. Chem. Phys. 1984, 87, 81-92.

in the chemistry of the interstellar medium.3® 1In the Results,
it was noted that many of the reactions studied produced the
association product for reactant ions ranging in size from C;H*
up to C,;*. Most of the association rate constants measured are
greater than 1 X 1071° ¢cm3/s. Even a large three-body rate
constant of 1 X 10722 ¢cm®/s, at a pressure of 3 X 1077 Torr, would
correspond to an apparent bimolecular rate constant of only 1 X
10712 cm3/s. Only the very slowest reactions (those of cyclic Cg*,
Cio*. Ci3%, and C;HCN?) have rate constants in this range. Thus,
the contribution of three-body reactions to the measured rates is
not expected to be significant.

The experiments were performed at pressures in the low 1077
Torr range, giving an average time between collisions that varies
from 80 ms down to 35 ms. If the unstabilized adduct survives
this long, it may be stabilized by subsequent collisions with the
HCN. To investigate this possibility, the reaction of linear Cg*
with HCN was studied at HCN pressures ranging from 2.6 X
10®t0 8 X 1077 Torr. (Each HCN pressure reading was calibrated
by the reaction of HCN* with HCN, to eliminate any effects
arising from the pressure correction.) The average time between
collisions varies from 490 to 16 ms over this pressure range. All
of the measured rate constants were within 20% of the average
value and did not vary systematically with HCN pressure. The
stability of the CgHCN® adduct ion in the absence of collisions
was studied at low HCN pressure by resonant frequency ejection
of the reactant Cg* (requiring 3-5 ms) following short reaction
times (~5-10% extent of reaction). The CgHCN™*, which is
isolated, is not observed to back-dissociate to Cg* and HCN and
thus is not metastable on this time scale. These results indicate
that subsequent stabilizing collisions with HCN are not necessary
for the CZHCN™ adduct to be formed and detected. It also puts
an upper limit of approximately 10-20 ms on the lifetime of the
initially formed collision-complex, prior to stabilization. Thus,
we are confident that the mechanism responsible for the formation
of the adducts must be radiative association.

The size of the adducts (27 atoms) as well as the strong ion—
dipole and ion-induced dipole interactions are factors that are
conducive to the formation of long-lived complexes. Since tem-
peratures in the interstellar medium are much lower, which in-
creases the probability of radiative association taking place, re-
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actions of HCN with jons such as C,*, C,H*, and C,CN* to
produce the adducts are quite likely.

Conclusions

The study of HCN reactions with small positive carbon cluster
ions has given a number of new and interesting results.

(1) The reactivity of carbon clusters and their HCN reaction
products follows a simple empirical rule correlated to the radi-
cal/nonradical nature of the ion.

(2) The variations in product branching ratios within a ho-
mologous series of reactions can be predicted by energetic con-
siderations alone.

(3) The proposed mechanism for reaction of the linear cluster
ions at the carbene sites is only partially correct. The first HCN
appears to add covalently at the carbene, but the second HCN
preferentially associates with the ion, most likely by hydrogen

bonding to the first HCN fragment in the ion.

(4) In addition to C,;*, the n = 8 and 9 clusters are also present
as two different structural isomers, which the results indicate are
linear and cyclic. There is no compelling evidence for the existence
of other cyclic isomers such as C4*.

(5) The C;* cluster behaves in an anomalous fashion, which
we interpret in part as due to the isomerization of the cyclic form
during reaction.

(6) Positive carbon clusters undergo efficient radiative asso-
ciation reactions with HCN. This observation has important
implications for interstellar chemistry.
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Abstract: A significant change in spin multiplicity results from sequential addition of CO to Mn* (’S) to form Mn(CO)¢*
(!A,). To explore the possible effects of changes in spin multiplicity on the dynamics of ligand dissociation and exchange
processes at transition-metal centers in the gas phase, we have measured labeled CO exchange rates (x = 1-6) and kinetic
energy release distributions (KERDs) for metastable decomposition by loss of CO (x = 2-6) for Mn(CO),*. With the exception
of the coordinatively saturated species Mn(CO)¢*, for which no ligand exchange is observed, the CO exchange rates are within
an order of magnitude of collision limited in all cases. All KERDS were statistical, indicating no barrier in the CO-loss exit
channel. These results are discussed in terms of the requirements for spin conservation in ligand exchange reactions. Quantitative
analysis of statistical KERDs requires a knowledge of the internal energy of the decomposing species, which in the present
experiment are formed by electron impact with a broad range of internal energies. We demonstrate that the temporal constraints
of the experiment select metastables with a particular range of internal energies, which can be bracketed using RRKM theory,
enabling the KERDs to be modeled using phase space theory. Individual D’(Mn(CO),;*—CO) (kcal/mol) values were determined
by fitting the phase space calculations to the experimental KERDs: x = 6,32+ 5;x=5,16+3;x=4,20% 3, x =3,

36, x=2,<25, x=1,>7.

In a recent series of studies on the addition rates of CO to
coordinatively unsaturated, neutral metal carbonyls, spin con-
servation was used to explain the large variations in the rates for
reaction | among members of the Fe(CO), system. For x = 4,

M(CO), + CO — M(CO),+, M

the rate was 2.5 orders of magnitude slower than that for x =
3 or x = 2, which have rates within 1 order of magnitude of the
collision rate.? Since Fe(CO);s has a singlet ground state while
Fe(CO), is known from magnetic circular dichroism studies to
be a triplet,? the recombination rates were taken to be a reflection
of the spin-forbidden nature of CO addition to Fe(CO),, while
it was assumed that CO addition to Fe(CO), and to Fe(CO); are
spin-allowed processes. Subsequent studies on Cr(CO), (x =
5-2)*5 and Co(CO), (x = 1-3)% found that the CO recombination
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rates were all fast, leading to the suggestion that all of these
recombination reactions proceed with spin conservation. A natural
question arising from this work is whether or not the spin con-
servation requirement for rapid reaction is general.
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