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Ternary rate coefficients for the title reaction have been measured using a rf 22-pole ion trap in the
temperature range 65—300 K. For the formation of dimers, the ternary rate coeffigiefd|lows

the power law 2.3 10~ 26cm®/sx (300 K/T)™, with m=1.6+ 0.2 over the full temperature range of

the experiment. This result is in good agreement with previous measurements at higher temperatures
and also with theoretical predictions. The formation of trimers is represented;byl.3

X 10" 2°emP/sx (300 K/T)™, with m=3.2+0.3. Including into the evaluation also previously
published data measured at higher temperatures, leads to an even steeper temperature dependence.
These findings are tentatively explained by the fact that (C®)a nonlinear molecule with low

lying vibrational modes. The formation of tetramers, (GQ)s very slow and shows a positive or

near zero temperature dependence. This behavior is explained by the presence of two isomers. In
order to pass this bottleneck and to reach (£@nd larger clusters, up to (CQ) a short but

intense gas pulse has been injected into the trap. In contrast to previous high pressure studies where
(CO)s appears to be especially stable, (GQurns out to be a favored cluster in the 80 K trap
experiment. Also this result can be explained by the existence of two isomers, in which four CO
molecules are loosely arranged around a strongly bound {@DJCO); core. © 2002 American

Institute of Physics.[DOI: 10.1063/1.1451247

I. INTRODUCTION pressures; also the temperature can be chosen over a wide
N . . range. First cluster experiments in our low temperature traps
The kinetics of the formation and destruction of molecu-dealt with the growth and fragmentation of the weakly bound

lar cluster ions as well as their thermochemical stability ha%ydrogen cluster fons, Hwith n=3-23, at 10 K Measure-

attracted much interest over the past 30 yéaMany sys- ments of the rate coefficients for ternary association showed
tems show a strong change of the binding energy as a func- y

tion of cluster size. Dimers of heteronuclear cations, (XY) astrong influence on the use 'Ifsz andn-H,. From the;e
are often bound by more than 1 eV as in the case Ofesult§ a shell structure of the,Hclusters has been de_rlved
(CO); .23This dimer can be considered as a molecule rathef? Which the H core surrounded by three,Hplays an im-
than a cluster. For larger aggregates the binding energy dror%’rta”t role. Isotopic fra_ct|0nat|on of these_clusters was used
and finally reaches the heat of evaporation of the neutral XY l€arm more about the intracluster dynanfidhe exchange
molecule. Thus the nature of the interaction changes fronff D @nd Dy in collisions with D; as a target gas confirmed
more covalent bonding to van der Waals bonding with in-the structural considerations derived previously. _
creasing cluster size. Due to these reasons the accurate de- MOSt experimental work on cluster ions, and (GOn
termination of the electronic and vibrational structure ofParticular, has been performed using high pressure mass
these clusters is a challengeab initio calculations. Due to  SPectrometry or high pressure drift tubésin view of the
the ambivalent electronic natdref (CO); its low lying small binding energies for the larger clusters collision in-
vibrations are associated with large amplitude motions in itgluced dissociatioCID) upon extraction from the reaction
rather deep potential well. For larger clusters such informazone has been discussed as a problem of these methods. In-
tion from theory is lacking. It is an open question whethervestigations on the thermochemical stability of the (¢O)
the coordination of more ligands to a core ion will compli- cluster ion§ showed that different isomers can be formed at
cate the situation or whether dynamical restrictions will leaddifferent temperatures. One group of clusters carries the
to a more rigid structure. The latter has been found for ioniaddimer as a core molecule with additional CO units attached
clusters with, e.g., Bl or CH{ as a core ioft® to it with comparably small binding energies. The other
Trap experiments can be performed at comparably lowgroup has a covalently bound trimer ion as a core which has
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FIG. 1. Cross-sectional view of the ion trap apparatus. The central element is a temperature variable 22-polélidr3e4pK arranged off axis. lons are
produced in a rf storage ion source, mass selected in quadrupole | and transferred into the trap via a electrostatic quadrupole bender. Peceliktcaabed ar

on the same side pulsing the electrode SE. Via the inverted bending field, the ions are injected into quadrupole Il for mass analysis. The iorbwith counte
a MCP detector.

a different structure and is more strongly bound than theatus is a temperature variable rf 22-pole ion trap designed
trimer of the first group. Both groups are separated by arfor the investigation of low temperature ion molecule colli-
activation energy. Intracluster isomerization is discussed asions. A thorough description of the trapping technique can
an important way to form the more stable species. Thespe found in Ref. 16 and first applications to cluster experi-
dynamical aspects should be visible in the kinetics of growthments have been published in Ref. 17. In brief, primary'CO
and fragmentation of the (CQ)cluster ions. One purpose of jons are produced by electron bombardment in a storage ion
the present trap experiment is to see how the presence gburce. In this way primary ions with thermal kinetic and
isomers changes the rate coefficients for ternary associatiohternal energies can be formed. A train of ions is extracted
e.g., as a function of temperature. from the source and mass selected in the first quadrupole
For the formation of dimers the temperature dependencgyyadrupole ). In order to fill the trap they are deflected by a
of the rate coefficient for ternary growth has been studied instatic quadrupole field and let in through the SE gate elec-
various high pressure experiments in a temperature ranggode. This gate is closed after the pulse of ions turns around

. 13 .
from 200 to 500 K since 1970 A detailed study on the 5t the other gate electrod8A) and before they can exit from
influence of rotational and translational energy in associativey,q trap at SE. Radial confinement of the ion cloud is

CO" + CO caollisions has been carried out in Ref. 14. In thisachieved by the rf multipole field of the 22-pole and axial

investigation it has been confirmed that the total energy is Ronfinement by the gate electrodes. In contrast to the previ-

measure fqr the lifetime of the (CQ) coll!sion complex. ously described 22-pole appardili; the present setup the
The formation of (COJ has only been studied around 200 K axis of the trap is oriented perpendicularly to the main axis

(Ref. 13 and around 300 .K(REfS' 13, 15 and for larger . of the apparatus in order to allow direct injection of a mo-
clusters only thermodynamic data from high pressure Smd'el%:cular beam of condensable gases or radicals into the trap.

are available. This new feature has been applied in an experiment where

in Itrr]letherg\r/stiegtf CC?S;I:;“?J”’ :joet(aélg aer);pe?;izttse;dll?lw_chemical probing is used to determine the rate coefficient for
i ’ P P \os oihe fine-structure transition A(?P,—2P3,) in collisions

addltlon_, a way is shown for accelerating the flrst_ steps O.with He and the lifetime of the excited staf.
growth in order to get access to larger clusters. This paper is

organized as follows. After a short description of the trapping let in via a precooled tubing into the chamber surrounding

method a short reminder of the kinetics of ternary associatioﬂf1 U llisi ith thi h . .
is given. The conventional treatment is modified to allow forthe trap. Upon collisions with this gas the primary lons are
cooled down rapidly to the wall temperature. The trap is

the presence of different isomers which grow at different ‘ ’
rates. In the Results, emphasis is put on the temperature d&ounted to a closed cycle refrigerator which can be cooled

pendence of the association process. In the Discussion, tifoWn to 10 K. After the filling and cooling procedure the ion
present findings are compared to previous experimental résloud is stored for a variable timens up to min inside the
sults and to results from statistical phase space calculation§@P- The trap contents is extracted afterwards by a pulse to
The role of molecular vibrations and rotation as well as in-9ate electrode SE and deflected into the second quadrupole
tracluster isomerization is discussed, too. In the Conclusiorfduadrupole [l for mass analysis. The number of trapped
possible future experiments are explained which could probgarent and product ions is determined via a conventional ion

the spontaneous or collision induced isomerization of theounting detector employing two micro channel plates in
clusters. Chevron arrangement, a fast tenfold preamplifier and a dis-

criminator. For the determination of the kinetics of the clus-

tering reaction the proceduren formation/trapping and

reaction/analysisis repeated many times for typically ten
The experimental setup used in the present study iglifferent storage times and for each product mass.

shown schematically in Fig. 1. The central part of this appa-  Figure 2 shows a result of such a trap experiment for

In the present experiment, the neutral CO reactant’gas

Il. EXPERIMENT

Downloaded 10 Mar 2002 to 134.109.12.34. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



4510 J. Chem. Phys., Vol. 116, No. 11, 15 March 2002 Schlemmer et al.

T v T T T v T b3 T K,

e (CO);_,+COo= (CO), ", (2)
10 ' E Urpis
Bkc’
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In the first step, a long lived complex (C@’S is formed,;
in the second step this complex is either stabilized by an
inelastic collision with another CO molecule or by a switch-
ing reaction. The apparent binary rate coefficient for growth,
Kg.n» is then given by

kg,n:kr,n+k3,n[co]: 4

with k; , the rate coefficient for radiative association &ag
the rate coefficient for ternary association. According to the
FIG. 2. Temporal evolution of initially stored COons atT=180K and at ~ detailed derivation of the kinetics equations for cluster
a number densityCO]=1.2x 10'3cm™ 3. Four products are detected in this growth given in our previous paper on the formation of hy-
measurement, HCOin reaction with traces of residual,H CO; , and drogen cluster iofs in the low pressure limit (Hpjs

(CO); in reaction with CO and @ in CT with residual Q in the trap. No . . .
other important reactions take place as indicated by the constantSunf >k°'[co]) the ternary rate coefficient is given by

all ions. First order rate coefficients are derived from such measurements by kg=Ke-Ke - BT, (5)
solving and fitting the adequate rate equation sysfestid lines. 37 e B! Dis

0.0 0.2 0.4 0.6 0.8 1.0
Time /s

wherek; andk;, are the collision rate coefficients for reac-
tions (2) and (3), which are approximated by the Langevin
initially stored CO'" ions at a temperature of 180 K and a CO rate coefficients K, =8.7x 10" °cm’/s). B is the stabiliza-
number density of 1.210"cm™23. Over the period of 1 s tion efficiency andrp;s is the effective lifetime of the colli-
the number of primary ions drops exponentidllyjear de-  sion complex. In cases where the intermediate collision com-
crease in the semilogarithmic plot of Fig) @hile HCO"™  plex is a stable molecule with a bond enefly much larger
and CQ, (CO);, and G are increasing in number. The than the collision energy,~3/2 kT, almost every colli-
sum of all ions in the trap is constant showing that in thission stabilizes the excited complex, i.851. In these cases
measurement all important product channels including thosg; is a direct measure of the lifetime,;,, of the collision
from reactions with background gas have been accounted fosomplex.
Despite the fact that contaminations of the CO gas are only In the present paper the temperature dependence of the
on the 10° range, HCO is the dominant product and ternary rate coefficients for the first two steps of cluster
formed in collisions with residual J{n=2.0x10°cm™3).  growth is determined. It has been shown empirically that the
CO, products are due to collisions with GOn=5.8  negative power law,
x 10" cm™3), whereas @ is formed via charge transfer in i
collisions of CO™ with O, (n=1.6x1CFcm3). (CO); is ky=cT ©)
2 2
formed in ternary collisions with the CO target gas. Fromdescribes quite good the shortening of the lifetimg with
this eXperiment the rate coefficient for three bOdy aSSOCiatiOIihcreasing temperature_ Statistical models have been devel-
has been determined to bex@0~**cmP/s. In most measure- oped by Bate® and Herbt using phase space theory that
ments the number densities of the background gas wefgredict the powem=i/2+ 8, wherei is the total number of
lower and the CO number density has been chosen higher iytational degrees of freedom of the reactants anid a
order that cluster formation is a dominant channel and thagarameter to account for the temperature dependence of the
growth to clusters larger than (CO)can be observed. In the stabilization efficiencyg. These theoretical approaches have
following a scheme for the kinetics of the ternary associationshown to compare favorably with experimental results for

of the (CO), cluster ions is presented. many termolecular association reactihor reactant mol-
ecules with low frequency vibrational modes, as is the case
IIl. KINETICS MODELS for several (COJ cluster ions, also these degrees of freedom

contribute to the phase space available to the reactants when

T_he kinetics. of the ternary association is described by, 4ctivated complex (CQ)* is dissociating back to the
the simple reaction scheme, reactants. The vibrational partition function is also strongly

N Kg,n . dependent on the temperature, thus the temperature depen-
(CO),-1+2C0O=(CO), +CO. (D) dence ofks often becomes even steeper than predicted by
Kt Eq. (6). It is one aspect of this work to see how the experi-

Hereky , is the apparent binary rate coefficient of the mental temperature dependence fits to the simple model be-
growth reaction, and; , that of the fragmentation reaction. havior.
In order to obtain some detail on the elementary reaction In the presence of isomers which are characterized by
steps, the three body ion molecule reaction from-(L) ton  different bond energies, different lifetimes and stabilization
is modeled in a two step mechanism, efficiencies, different ternary rate coefficients have to be con-
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FIG. 4. Cluster growth upon storage of CQ@rimary ions aff =80 K and at
(b) a number densityCO]=4.4x 10*cm™3. While (CO), and (CO) grow
very rapidly and become dominant, (COand (CO}Y appear much slower.
Corresponding smaller ternary rate coefficients, see Table |, are indicative
+
/ (CO)3 > (CO)4+ - (Co)s+ (a) for smaller binding energies of the latter species.
A i [T
(CO),* ' no o7

~ \ A V'd Y
*(CO);" — (CO),H == (CO)s* (b) cates the probability of the proposed pathway for the cluster
growth in the present trap experiment around 80 K as it will

FIG. 3. lllustrated is the kinetics of (C@)cluster growth in the presence of be derived from the experimenta| results and their discussion
two groups of isomers. The potential energy diagram indicates that the tw%elow

different isomerqa) and (b) have different binding energies and are sepa- . . . . .
rated by a large barrier. The diagram in the lower part indicates schemati- ~AS @ starting point for understanding the kinetics the

cally various reaction pathways. The possible routes marked by arrows arexperimental data have been analyzed using only one set of
cluster growth, isomerization and isomerization followed by decay. Boldrgte coefficients for each cluster size and each particular tem-

arrows indicate the pathways we propose for low temperature collision . .
(EA>KT). Thin or dashed arrows indicate pathways which become relevan erature. In this approach the presence of isomers or the

at higher temperatures as has been shown previously for { QRRf. 8. appearance of isomerization \_Ni” be seen as the bad_qua”ty
fitting of the temporal evolution of the ion cloud with a

single set of rate coefficients and/or by the temperature de-
sidered in a more realistic, complex treatment of the kineticspendence of the ternary rate coefficients.
For larger (CO) clustersn>2, several stable isomers have
been predicted bgb initio quantum chemical calculatiofis. |v. RESULTS
Their presence has to be incorporated in a complete descrip-
tion of the kinetics. According to the MO calculations all
isomers fall into two groups which main difference lies in
two different core ions, the dimer or the trimer with covalent
bonds. Figure 3 shows a schematic potential energy diagra
for the (CO)Y cluster, where(a) denotes the cluster with
(CO), as a core an(b) the one with (COJ as a core. In the
following it is assumed that in the case of (CO)he more
loosely bound specids) is separated from the more strongly

bound speciesgb) by a barrier as depicted in Fig. 3. In low

X o .
temperature collisions only species (GOJa) are formed S]LftCh thai these tt.WO 'O?Sl ma'_(ri UF: only abotut 1A)f?f .aII t'c}ns
due to this barrier. This route of cluster formation is shown'€" @ Storage ime ot 1 s. The ternary rate coeflicient tor

+ - .
by the bold arrow in the first step of the kinetics scheme ingrOWth of (CO), is much smaller than the corresponding

the lower part of Fig. 3. Depending on the actual barriervalues for the first two reaction steps.

heights for the specific cluster size and the temperature,

isomerization(a) to (b) is possible as indicated by the up/ TaBLE 1. Ternary rate coefficientks,, , for the formation of (COJ cluster
down arrows in the scheme. In fact in a high pressure massns,n=2-5 atT=80K. rp; are the lifetimes of the collision complexes
spectrometry Stutfyit has been found that (C@)(a) isomer- [see Eq(5)] andk; ,, the rate coefficients for fragmentation.

izes with an excess energy which is sufficient to break up the

Figure 4 shows an example of the cluster growthrat

=80K and at a number density §CO]=4.4x 10"cm™ 3,
This measurement demonstrates the large dynamic range

ore than four orders of magnitude in the number of jons
which can be covered in a trap experiment. In this example,
(CO), and (CO} become the dominant ions in the trap.
Already within the first 100 ms, 50% of the number of CO
ions are converted into dimers which grow subsequently to
(CO); . The formation of (COJ and (CO} is much slower

27 — 14
cluster to yield (COJ (b) as a product. This step in the sn/ (10 *Tcr/s) ToslPs ki /(10" Henrs)
kinetics is depicted in the scheme as a dashed arrow pointing 2 2.6 3930
down-backwards. The complete kinetics for larger (£O) 3'842 182; é'g
clusters as shown in Fig. 3 appears rather complicated due to g 0.38 812 0.68

the isomerization problem. The thickness of the arrows indi
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(CO); +2CO — (CO);+CO FIG. 6. Temperature dependence of the ternary rate coefficients for the
o ‘,.-l . formation of dimergM,[J) and trimers(®,0). Bold symbols correspond to
10°F ®m 80K - X 3 results from a full simulation of the set of coupled rate equations as de-
E ) SE
"o E o 90K ] scribed in the text. Hollow symbols show results from a fit of the growth
~ A K KX R rate as shown in Fig. 5. Data points from previous work for trini®sare
135 ) . -
Qo 10k v 220K L 3 summarized in Table Il. Straight line fits refer to a power law dependence,
g 3 E ’_.!' i.-' kg~T™, with m=1.6 and 3.2 fom=2 and 3, respectively.
F ] cluster in a thermal collision is small too. Thus the (GO)
10° — | — cluster ions appear to be strongly bound with respect to the
14 .. . .
(o) 10% 10" 10 thermal collision energies of the trap experiment. For the

smallest cluster, (C@), this is very well known and the
large binding energy results in such a very small rate for
FIG. 5. Density dependence of the rate for ternary associat®ynCO" fragmenta}tipn that due.to the Iimited_ S?nSitiVit.y of our ex-
+2 CO, atT=70K (M), 90 K (@), 175 K (A), and 300 K(V). (b) periment it is hard to give an upper limit for this rate coef-
(CO); +2 CO at 80 K(M), 90 K (@), 135 K (A), and 220 K(¥). Dashed ficient. On the contrary (CQ) has the largest fragmentation
lines represent fits to the expectd@O]? dependence. Corresponding ter- rate which indicates that the binding energy is smaller than
nary ra'te coefficientss , , derived from these fits are displayed in Fig. 6 as compared to the neighboring clusters.
a function of temperature. .
In order to determine the pressure and temperature de-
pendence of the ternary rate coefficients a variety of mea-
The solid lines in Fig. 4 represent a solution of the set ofsurements have been performed between 65 K and 300 K
coupled rate equations according to the simple kineticsind for various CO target densities. In Fig. 5 the rates of
model accounting only for one isomer. The agreement beformation of (CO} and (CO} are plotted as a function of
tween this model kinetics and the experimental data is excekhe target density. In this double logarithmic plot the values
lent for CO*, (CO), , and (CO} but shows significant de- for each temperature fall on a straight line with a slope 2.
viations for (CO) and (CO} . In the case of (CQ) Thus the apparent rate is proportional to the square of the CO
obviously more ions are formed at early times. This devianumber densityf COJ?, as expected for ternary association
tion cannot be reduced by modifying the parameters enteringrocesses. This is a proof of the assumption made for the
the simple growth model described by Ed). We take this preliminary determination of the rate coefficients for ternary
as an indication that the (CQ)products are indeed pro- association. Minor deviations from this dependence can be
duced via(at least two different processes under the condi- seen for the formation of (CQ) at low CO densities for
tions prevailing in our trap. This observation will be dis- several temperatures. Here the rates are slightly larger than
cussed below in more detail. given by the straight line. As can be seen from E, ra-
The ternary rate coefficient&g,, derived from fitting  diative association can play a role at such low densities.
the simple kinetics for cluster sizes=2—5, are summarized Therefore some information ok, , can be extracted. The
in Table | together with the rate coefficients for fragmenta-rate of 5<10 °s ! measured at 70 K and at a density of
tion, k¢ . Included are also the complex lifetimesg, 8x10%m 2 leads to an upper limitk, ,(CO); <6
which have been derived frotks, using Eq.(5) with the ~ x 10 **cm®/s. For (COY no deviation from the linear de-
assumptionB3=1. These lifetimes are in the nanosecond andcrease is obvious, indicating that ternary association still pre-
subnanosecond range. In comparison the time between colN-ils. Therefore one only can conclude that the data are con-
sions is rather long=30 us. Thus even for the longest com- sistent withk, ,(CO); <8x 10~ **cm?/s.
plex lifetime the chance to form a stable cluster is rather low, The ternary rate coefficients derived from the measure-
<1074 ments shown in Fig. 5 are displayed in Fig. 6 as a function of
The fragmentation rate coefficients for the clustars temperature. In the double logarithmic representation, the
=2-5 presented in Table | are rather small compared to theate coefficients for the formation of (CQ)and (CO} fall
Langevin rate coefficient. Therefore the chance to break an straight lines with negative slopes. Thus their temperature

/em®
nCO
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dependence as well as that fgy;s B, see right axis of Fig. 6,
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TABLE Il. Summary of the ternary rate coefficients,, for the growth of dimers, trimers, and tetramers at a
given temperature. In cases where the exponentior the power law dependence according to Ef.is
available, ks is given for T=300 K, and column 4 represents the temperature range of the corresponding

experiment.
ky/10°2° Method/
System cmbst Exponentm TIK p/Torr Reference
CO'+CO 14.3 340 0.2-1.2 HPM3%11
11.0-13.5 300 0.08-0.16 D310
19.8 1.5 120-650 0.15-1.01 HPPIR
10.7, 7.6, 11.2 174, 200, 280 35 DS/13
13.3 3.3:t0.2 365-530 0.5-3 HPPS/
12 1.5+0.30 HPPS/9
24 1.54+0.35 DS/9
19.7+0.3 1.6:0.1 350-550 5 DS/9
23 1.6 65—300 K10 %-4x1074 rf-trap
This work
(CO); +CO 1.06, 0.56, 0.39 174, 200, 280 35 DS/13
>0.012 . 295 0.01-0.5 HPMS/15
1.3 3.2 80-220 6105 rf-trap
—-1.5x10°3 This work
(CO)s +CO 0.61 174 35 DS/13
4.0 80 7x107° rf-trap
This work

8HPMS, high pressure mass spectrometry.
DS, drift source.
‘HPPS, high pressure pulsed source.

is well represented by the power law given in E8). Best fit
results of the present study fkg(300 K) and the exponemt

for the form,

k3(T)=k3(300 K)(300 K/M)™ (7)

behavior has been found by several autfidrsas can be

larger differences in the absolute value foy(300K) the
agreement in the exponent is rather good where available. I shows a result of this experiment. The whole ion cloud is
the present work the temperature range has been significantiktracted from the trap and simultaneously mass analyzed
extended to lower temperatures and rate coefficients weremploying a linear time-of-flight arrangement. During the
obtained under low pressure conditions. A comparison to
theoretically expected values will be discussed below.
For the formation of trimers only two groups:® deter-

mined rate coefficients in the range from 175 K to 300 K and

for high pressures. Again the absolute valueskig(t300 K)

differ quite a bit and an exponent for the temperature depen-

dence is not availablésee Table Il. In this work the tem-

perature range has been extended down to 80 K and the
exponentm has been determined to be 3.2, twice as high as
for the first reaction step. Also one data point is available in

the literature for the growth of tetrameisee also Table JI*3

The absolute value is one order of magnitude smaller than in

pected for a simple sequential cluster gromth-(1—n—n
+1). However, in the case of (CQ)cluster ions the pres-
ence of(at least two isomers could explain such a behavior
as will be discussed in the following section.

The ternary growth of (CQ) is exceptionally slow even
at T=80K. Therefore it is hard to follow the formation of
are given in Table Il. For the formation of dimers a similar larger (CO); clusters. One way to overcome this problem is
to use a very high number density at the beginning of the
seen in the comparison shown in Table Il. While there ardrapping period. Such experiments have been performed us-

ing a pulsed gas inlet in a ring electrode trap sétUpigure

the present work. However, due to the large difference in
temperature these values are hard to compare because the

temperature dependence for this step is unknown. Due to thﬁG. 7. Time-of-flight mass spectrum of (COXluster ions. Using a high

low pressures of the present experiment it is hard to followntensity gas pulse of CO, larger clustans; 4—9, are formed af =80 K in

the growth of larger clusters at higher temperatures. Howa ring electrode trap experimefRef. 23. The trap content is mass analyzed
after a storage timef@ s in this case. Due to the parent ion production in
the trap and due to the high CO number density also clusters with different
core ions are present. Tick¥) atop the spectrum indicate flight times for

ever, the formation of (CQ) has been seen also at
T=135K and k; appears to be similar if not larger,

(=10 ?"cmP/s) than forT=80K (=4x10 2cm/s, see
Table ). Such a positive temperature dependence is unexlusters and the lack of (C@)in this spectrum.

n= 5 6 7 8 9 3
b y v v v 3
F 05(CO), ]

[ cozco),| O (COy:
. OF 0;(c0), "
€ (coy; (Coy; 3
.y ]
S +(CO), 4
f=2 3
o (CO) 3
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TOF / us

(CO);" cluster ions. Noticable is the comparably large number of (CO)
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gas pulse, CO number densities higher thafr@® 2 are  three instead of two rotational degrees of freedom. However,
obtained and clusters up to (C{D)re detected. Due to the this increase hardly explains wihy is twice as large as for
ion preparation in the trap and the high intensity gas pulséhe previous association step. In fact when taking into ac-
several more species than just the (C;Q)luster jons are count that previous data for higher temperatures of Horton
formed in this preliminary measurement as can be seen ift al*® (see Table Il are falling below the line given for the
Fig. 7. However, one clear result concerning the growth ofit to the power law dependence and that our results show
larger clusters is found too. While (C@)is absent in the larger uncertainties at these higher temperatures, the tem-
spectrum, (COj is a dominant CO cluster ion species. Thusperature dependence could be curved and even steeper for
(CO); appears as a comparably strongly bound cluster. Thisigher temperatures than suggested by the simple fit to Eq.
is in contradiction to previous findings in high pressure(6). Such a curved behavior is expected and has been found
experimentdwhere (CO} has been found to have this role. in many examples previousfwhen energy cannot only be
partitioned to translation and rotation of the reactant mol-
ecules but also to vibrationAb initio calculationd* for
V. DISCUSSION (CO), show vibrational modes well below 200 ¢mwhich

In the present work the kinetics of (CO)luster forma- could be responsible for the observed temperature depen-
tion has been studied in great detail under low pressure corflence ofks. In return the steep negative temperature depen-
ditions over a wide range of temperatures, in particuladence can be taken as evidence for the fact that (COR
reaching low temperatures where kinetic data are missingionlinear molecule with low lying vibrational modes.

Several new results concerning the temperature dependence Besides these detailed experiments on the temperature
of the ternary rate coefficient, the presence of (ﬁ:Oso- dependence of the first two association steps of the ﬁCO)
mers in the trapped ion cloud, and the route to larger clusteglusters three pieces of evidence have been obtained for the
ions, n=4 have been obtained. However, also many operPresence of at least two isomers for clusters wita3. (1)
questions, e.g., on the electronic and vibrational structure akhe best fit solutions of the set of master equations could not
well as on the barriers separating the isomers arise frorivell reproduce the abundance of larger clusters4). (2)
these studies. The rate coefficient for formation of (CQ)shows a zero or

Ternary rate coefficients for the growth of (CORnd  slight positive temperature dependence in contrast to the ex-
(CO); follow the negative power law dependence presentegpected negative power law given in E@). (3) In the present
in Eq. (6). For (CO), the exponenim=1.6 agrees rather study a magic number, i.e., high abundance, for cluster size
well with previous experimental data as well as with then=7 has been found instead nf=6 in previous high pres-
theoretically expected valum=2. In the present case CO sure studies. This difference can be related to the different
and CO have two rotational degrees of freedom each, whichore ions (COJ of the (b) isomer and (CQj of the (a)
results inm=2 for the formation of dimers. The small de- isomer. In the following each argument will be discussed in
viation of the experimental values is discussed in Ref. 9 to b&nore detail.

a pressure effect. At high pressures when association is hap- It has been shown in Fig. 4 that the number of (GO)
pening close to collision rate, association and thermalizatiotons produced could not be fitted by the simple sequential
are at competition thus the growth rates can be effected by gaction model given in Ed1). It appears that the evolution
modified rotational population of the clusters leading to anof (CO), shown in Fig. 4 is characterized by a first fast
erroneous temperature dependence. In fact all methods listéacrease which is followed by a slow increase. Such a behav-
in Table Il except the present one use comparably high pregor can be explained with the assumption that the (£O)
sures. Therefore a common deviation from the correct temelusters consist of two different isomers, as indicated in Fig.
perature dependence can not be ruled out. In contrast in th& which grow at different rates. Therefore we are left with
present experiment this effect has been ruled out since th&e question how the two isomers are formed. One possible
rate of dissociation, kb, of the collision complex, which way is depicted in Fig. 3. (CQ) (a) is formed in collisions
has been determined to be abouf40Fs ! (seerpys in  of the (CO) precursor with CO and this isomer is separated
Table ), is much larger than the collision rat&[CO] by a barrier from (COJ (b). In presence of a high barrier the
<8.7x10 Pcmi/sx 10cm 3~10°s 1. For this reason (b) type isomer cannot be formed in a direct association. In
the rotational population of the reactants is not affected byact it has been shown by Hiraolet al8® that this barrier
the association reaction in our trap experiment. Howevernnust be higher than the one for the isomerization of larger
because of the agreement of all experimental {aadble ) clusters, namely, (C@), which has been directly observed

it remains questionable whether such a pressure effect i that work only for rather high temperatures. Therefore we
present in the high pressure mass spectrometry work. speculate that at the temperatures where rapid formation of

For the first two association steps the temperature deperfCO), has been observed in this work, (CO)s formed
dence of the stabilization efficiencgg, has been neglected as from (CO), only in the(a) form. For this reason a different
stabilization appears to be much more likely than fragmenpathway to form (COJ (b) has to be found.
tation in such a collision due to the strong binding energies  For a better understanding, the energetics of the involved
of (CO), and (COY .8 The temperature dependencekaf intermediates and products should be considered. Binding
for the formation of (COJ is much steeper than for (CQ)  energies of (COj—(CO): in both isomeric forms and the
According to the statistical theory the exponent should be 0.Barrier height for (CO§# have been taken from Ref. 8 and
larger since (CO) is a nonlinear molecufeand thus has are shown in Fig. 8. The barrier height for (Qﬁ) is un-
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(a) (CO):“ (b) One implication of the presence of (CP)a) is that the
barrier height of (COJ# should be higher than the one for
(CO)s # and/or the densities of states in the area of the tran-
(CO):\ iti tate should b tly diff tin order t lain thi
co (CO)™*". sition state should be vastly different in order to explain this
" LY behavior. These questions should be answered in a dedicated
' " experiment on the isomerization.
The second experimental result which shows that
isomerization plays an important role in the formation of
/(C_O)+ (CO), clusters is the zero or slight positive temperature de-
3 pendence for the formation of (CQ) For the sequential
+C0 growth of cluster ions a negative temperature dependence is

5 kcal/mol
/

expected, see E@6). However, in the presence of a barrier,
+CO (CO), as depicted in Fig. 8, isomerization proceeds faster at higher
a temperaturegpositive temperature dependehakie to the
(CO)s activation barrier separatinge) and (b) isomers. The two
FIG. 8. Energetics of the lowe) and(b) isomers for (COJ , =35, as effects largely can_cel each other in the temperature range of
taken from the calculations of Ref. @) Isomers are separated frai by (€ Present experiment.
a proposed barrier (CQf. Due to the large energy gain by a transition The third piece of information on the presence of iso-
from (a) to (b) isomerization very likely leads to fragmentation of the parent mers lies in the magic numbers of larger ((‘:ngusters
cluster. which have been found to differ by one CO unit in the
present experiment as compared to the high pressure mass
spectrometry work. In view of the different isomers for the
known but has been assumed in this graph to be similar temaller clusters, their isomerization for (CPRand the dif-
the one in (CO§* in order to illustrate possible pathways. ferent experimental conditions, especially the temperatures,
Our discussion starts with the (C)a) isomer which upon it seems quite possible that different magic numbers can be
collisions with CO can either form a stable (CDJa) cluster ~ found. Even for much larger clusters it has been suggested
or isomerize. If isomerization would be a dominant channeby Hiraokaet al.that the clusters still fall into thés) and(b)
at this reaction step no difference in the growth rate ofcategory, wheréa) clusters are formed in low temperature
(CO), would be observable because all (GOyould be  collisions and(b) originate from(a) via isomerization which
formed by (COY (b) isomers. requires a sufficiently high temperature. Thus (§Q3nd
Considering the next association step, (¢@))+C0O,  (CO); may simply relate to the dimer molecul@ as a core
again the formation of stable (CQ)(a) or isomerization is in one case and the triméb) as a core in the other case.
possible. On the one hand, the first process seems to be sld@0)s has been studied in the mass spectrometry work at
since (COY is formed only very slowly at times when temperatures below the point where isomerisation takes
(CO), (a) is present in the trap, see Fig. 4. On the otherPlace. Thus (CQ) of the high pressure mass spectrometry
hand, upon isomerization the system has to get rid of it$tudy is most likely ar(@) type isomer. In the present study
excitation energy in order to form the next stable cluster. Du¢CO); has been found as a stable species at even lower
to the difference in binding energies and due to the isomertemperatures. The difference is that in our low density ex-
ization energy available in the system it appears rather likelyperiment the binding energy of the collision system is avail-
that upon isomerization the cluster loses a CO rather thagble for reaction, see discussion ab@kFey. 8), and isomer-
gaining one, e.g., (C@Ya)+CO is higher in energy than ization occurs even at lower temperatures and at a smaller
(CO); (b)+2CO. Since isomerzation is not happening incluster size. As a consequence (GQ§ most probable &)
(CO); and (COY) is growing with two different rates, we type isomer.
conclude that isomerisation happens in (G®)+CO
which ends up as (CQ) (b). Due to the presence of
(CO), (a its formation should be faster than the isomeriza-
tion. Another hint for this pathway is that (C{)grows The formation of (COJ clusters via ternary association
slower, i.e., (COJ (b), when the formation of (CQ) be-  has been investigated in a temperature variable 22-pole trap.
comes a visible channel, see Fig. 4. This indicates thaThe presence of isomers complicates the sequential reaction
(CO)s is formed by one isomer, namely, (CP)b), only.  scheme of Eq(1). Therefore it has been revised by the more
According to the energetics given in Fig. 8 ternary associacomplex pathways given in Fig. 3. All experimental findings
tion of the other isomer, (C@Xa)+2CO, is rather unlikely are in accordance with this simple scheme and the net path-
but isomerization to form (CQ) (b) as discussed in this way which is indicted by the thicker arrows. In order to
paragraph prevails. This isomerization of (GOJa) has confirm some of the speculations given in this work more
been observed in previous work by Hiracdaal. at tempera-  experiments are needed which simply test some of the pro-
tures above 140 K. In that case larger temperatures are nepgesed reaction steps. One experimental problem which has
essary for the isomerization because much of the bindindpeen discussed is the high density which is necessary to form
energy is taken out of the collision system under the highhe clusters while no collisions should be taking place for the
density conditions. study of the spontaneous decay of a cluster due to isomer-

VI. CONCLUSIONS
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