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Abstract: Internal ion-molecule reactions in mixed ammonia-acetone clusters are studied by use of multiphoton ionization. 
Some differences in the branching ratios that arise in the clusters produced by using three clustering methods serve to elucidate 
reaction mechanisms. In experiments involving the coexpansion of the vapors, the ion intensity ratio [(C3H6O)n+1

+]Z[C3H6O]1n-H
+] 

increases as the ammonia/acetone mixing ratio increases. The result indicates that the unprotonated cluster ions (C3H6O)n+1
+ 

result from the ionization of the mixed clusters (NH3)P-(C3H6O), and, most importantly, suggests that the keto form of the 
ion is responsible for photon transfer in this system. In the second method, involving the attachment of acetone to preformed 
ammonia clusters, the acetone molecules strongly interact with the preformed neat ammonia clusters to form long-lived mixed 
neutral acetone-molecule clusters (NH3)P-(C3H6OL. When mixed neutral clusters are formed by the addition of ammonia 
to preexisting acetone clusters, only small signals of 1(NH3)V(C3H6O)n)H

+ ion peaks for n = 1 and m = 1-4 are observed, 
even at high ammonia flow rates. This indicates that the incoming ammonia molecule is not well accommodated in the preformed 
acetone clusters to form mixed acetone-ammonia clusters. The observed |(NH3)„-(C3H60)m)H+ ions evidently result from 
the intracluster ion-molecule reaction between two like molecules accompanying an electron-transfer reaction in a heteromolecular 
cluster ion. 

Studies of the properties, structure, and reactivities of molecular 
clusters contribute to an understanding of the chemical dynamics 
and bonding in systems lying between the gaseous and condensed 
state.'"4 Although various techniques are available for their study, 
multiphoton ionization in conjunction with time-of-flight mass 
spectrometry (TOFMS) has been found to be a particularly useful 
method for obtaining information regarding the composition, 
structure, bonding, and detailed intracluster ion-molecule reactions 
in clusters.5"9 
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In the majority of experiments reported to date,10"14 results have 
been obtained with mixed neutral clusters formed by expanding 
a gas mixture through a pulsed nozzle. In some cases it has been 
possible to systematically vary the cluster composition by varying 
the mixing ratio of the two components. It has also been shown 
that mixed neutral clusters can be prepared by crossed beam," 
pickup,16 and dual nozzle source methods.17 In this paper we 
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Figure 1. Schematic of the laser multiphoton ionization time-of-flight mass spectrometer with reflection. 
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report results obtained on clusters produced by three different 
methods for forming the mixed system (NH3)^(C3H6O), with 
p and q up to 18 and 5, respectively. Interesting differences in 
the reaction products are obtained. The three methods used in 
forming the mixed neutral clusters are (1) the coexpansion of a 
mixture of ammonia and acetone vapors (with a proper mixing 
ratio) through a pulsed nozzle, (2) the expansion of ammonia 
through a pulsed nozzle and crossing the ammonia cluster beam 
with acetone from a reactant gas reservoir, and (3) the expansion 
of acetone through a pulsed nozzle and crossing the acetone cluster 
with ammonia from the reactant gas reservoir. 

Ammonia clusters5,18,19 and acetone clusters6,20"22 formed by 
supersonic expansion have been investigated previously. Both 
clusters can be ionized by laser light at a wavelength of 355 nm5,6 

via multiphoton ionization processes. This allows one to confirm 
that in formation methods 2 and 3, the neat neutral clusters are 
produced (from the pulsed nozzle) before adding the reactant gas 
molecules (from the reactant gas reservoir). 

Experimental Section 

The apparatus used in these studies has been described in previous 
publications.6,7 However, for the present study, the mixed-cluster source 
has been modified as described below. 

Besides the source pressure and temperature, the nozzle geometry is 
also an important factor for producing clusters of different sizes.23 A 
hypersonic nozzle (modified from a commercial pulsed valve, General 
Valve Series 9), which has a throat diameter of 150 itm, an apex angle 
of 30°, and a length of 1.5 mm, is used in the present experiments. 

In order to prepare mixed clusters by methods 2 and 3, a reactant gas 
reservoir is adjoined to the pulsed valve, as shown in Figure 1. The 
reactant gas reservoir consists of four concentric orifices, each having a 
diameter of 200 /um. The pulsed nozzle and the reactant gas reservoir 
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enable the mixed neutral clusters (NH3)J7-(C3H6O), to be formed through 
interactions between the preformed clusters and the reactant gas, as well 
as by the traditional coexpansion method. 

The reactant gas crosses the main supersonic (preformed neutral 
cluster) beam at an angle of 30° and at a distance of 1.7 cm from the 
tip of the pulsed nozzle. Both the interaction angle and the distance 
between the interaction region and the pulsed nozzle are crucial factors 
for the case where the mixed clusters are formed by methods 2 and 3. 
A small crossing angle reduces beam-scattering problems and thus fa
cilitates the formation of mixed clusters. However, if the angle is too 
small, the interaction region will be far from the pulsed nozzle. Since 
both concentrations of the preformed cluster and the reactant gas de
crease roughly as the square of the distance from the nozzle, the overall 
concentration of mixed neutral clusters is then greatly reduced. A 
crossing angle of 30° has been found to be satisfactory for our mixed-
cluster studies. 

Another consideration is to ensure that molecular addition of a second 
component occurs downstream of the formation region of the main cluster 
beam. In order to assure that the mixed neutral clusters are formed 
through collisions between the preformed clusters and the reactant gas, 
the interaction region has to be outside the "freeze-in" surface.24 For 
a continuous isentropic flow, the freeze-in surface from the nozzle, xrt, 
can be estimated by 

/j l /T \ ' /<r-i> 

(D 

where D, M1, A, and 7, are nozzle diameter, terminal Mach number, 
proportionality constant, and heat capacity ratio, respectively. For a 
nonlinear molecule, A and y are 3.82 and 1.33, respectively.25 For a gas 
of nonlinear polyatomic molecules at a stagnation pressure of 2000 Torr, 
the freeze-in surface is located at ~ 2 0 times the nozzle diameter and 
hence is estimated to be 3 mm for a nozzle of 150-jim diameter. In our 
experimental setup, the designed interaction location at a distance of 17 
mm away from nozzle is beyond the freeze-in surface. Therefore, one 
can be assured that the mixed neutral clusters are made by the interaction 
between preformed neat clusters and the second component gas. 

The distances from the tip of the pulsed nozzle to the tip of the 
skimmer, and to the center of the ionization zone, are 3.8 and 8.8 cm, 
respectively. The beam of mixed neutral clusters passes through a conical 
skimmer (diameter at tip is 1 mm) and spreads to a width of ~ 4 mm 
in the ionization region. 
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(25) Ashkenas, H.; Sherman, F. In Rarefied Gas Dynamics; de Leew, J. 
H., Ed.; Academic Press: New York, 1968. 



Ammonia-Acetone Mixed Clusters J. Am. Chem. Soc, Vol. 112, No. 11, 1990 4099 

The mixed neutral clusters are ionized by 355-nm light from a fre
quency-tripled Nd:YAG laser. The ions are accelerated to ~2 keV and 
directed through a 130 cm long field-free region toward a reflecting 
electrostatic field (reflection).5 Ions are then reflected through an 85-cm 
field-free region to a chevron microchannel plate (MCP) detector. The 
signal received by MCP is fed into a 100-MHz transient recorder coupled 
to an IBM PC/AT microcomputer. The experiments operate at 10 Hz 
and typically TOF spectra are accumulated for 1000 laser shots. The 
voltage applied to the center plate of the reflection is set at 2050 V in 
order to reflect all ions. 

Under normal operational conditions, the base pressure in the source 
chamber is 2 X IO"7 Torr. In the coexpansion experiment (mixed cluster 
formation method 1), the pressure in the source chamber is raised to 9 
X 10"7 Torr when a nozzle stagnation pressure of 4000 Torr is applied. 
In the second formation method, 2200 Torr ammonia is typically ex
panded through the pulsed nozzle to produce the preformed neat am
monia clusters. The pressure in the chamber where the source is housed 
is increased from 2 x 10"7 to 5 X I0"7 Torr when the neat ammonia 
clusters are generated. The acetone gas released through the reactant 
gas reservoir at a flow rate of 3 standard cubic centimeters per minute 
(seem) raises the pressure in the source chamber to 4 X I0"5 Torr. In 
mixed cluster formation method 3, pure acetone clusters are formed by 
expanding a gas mixture containing 10% acetone in argon gas through 
the pulsed nozzle at a stagnation pressure of 2200 Torr. The ammonia 
gas issuing from the reactant gas reservoir at a flow rate of 8 seem brings 
the source chamber pressure from 5 X 10"7 to 1 X 10"4 Torr. 

The ammonia (anhydrous, minimum purity of 99.99%) used in these 
experiments was obtained from Linde Specialty Gases, whereas the 
acetone liquid sample was a certified ACS spectranalyzed grade obtained 
from Fisher Scientific. Both chemicals were used without further pu
rification. 

Results 
Some very distinct features have been observed in the spectra 

of mixed ammonia-acetone clusters when they are formed by the 
three different methods. Parts a-c of Figure 2 show the same 
portions of TOF spectra for cases where the mixed ammonia-
acetone clusters are prepared by methods 1-3, respectively. 

(A) Coexpanding a Gas Mixture of Ammonia and Acetone. The 
ratio of partial pressures of ammonia and acetone in the gas 
mixture is crucial for the formation of mixed ammonia-acetone 
clusters. It is found that a partial pressure ratio of ammonia to 
acetone of 4:1 produced maximum signals of the mixed clusters. 
In the mixed cluster formation method !,experiments are typically 
made with a gas mixture consisting of 5.00% ammonia, 1.25% 
acetone, and 93.75% argon expanded through the pulsed nozzle 
at a stagnation pressure of 4000 Torr. As shown in Figure 2a 
the observed major homomolecular cluster ions are (NH3)nH+, 
( C 3 H 6 O ) / , and (C3H6O)nH+ (designated as E, F, and P, re
spectively), and the heteromolecular cluster ions are |(NH3)n-
(C 3H 6O)JH+ (designated as X for m = 1 and Y for m = 2). 

The ion intensity distributions of (NH3)„H+ are similar to those 
observed in the multiphoton ionization of neat ammonia clusters.5 

A sharp drop in the ion intensity between « = 5 and n = 6 shows 
that the cluster ion (NH3J4-NH4

+ is a relatively stable species 
indicating bonding to the four hydrogens around the ammonium 
ion.2«7 

Interestingly, the unprotonated cluster ions (C3H6O)n,"
1" are 

present in significant amounts; only the protonated acetone mo
nomer ions show high intensities while the (C3H6O)n-H+, m > 
2, ions are seen in trace amounts. The ion intensity distribution 
of (C3H6O)n,"

1" decreases smoothly as a function of the number 
m of acetone molecules. In addition, (C3H6O)n-CH3

+ and 
(C3H6O)nJ-CH3CO+ ions are not observed. This result is no
ticeably different from that in the multiphoton ionization study 
of pure acetone clusters,6 where the (C3H6O)n-H+, (C3H6O)n,-
CH3

+, and (C3H6O)n-CH3CO+ are dominant cluster ions and the 
(C3H6O)n

+ ions are not seen. 
Both protonated mixed-cluster ions {(NH3)„-(C3H60) J H + and 

the unprotonated species 1(NH3Jn-(C3H6O)nJ+ are observed. 
However, the intensities of the ((NH3Jn-(C3H6O)J+ ions are much 

(26) Echt, 0.; Morgan, S.; Dao, P. D.; Stanley, R. J.; Castleman, A. W., 
Jr. Ber. Bunsenges. Phys. Chem. 1984, 88, 217. 
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Figure 2. Time-of-flight spectra when mixed neutral ammonia-acetone 
clusters were formed by three different methods: (a) method 1, (b) 
method 2, (c) method 3. The experimental conditions were included in 
the text. E = (NH3)„-H+, n = 3-10; F = (C3H6O),/, m = 1-3; X s 
KNHj)n-C3H6OlH+, « - 1-7; Y = !(NHj)n-(CjH6O)2I, n = 1-3; P * 
(CjH6OU-H+, m = 1-3; Q ^ (C3H6O)n-CH3

+, m = 1-2; R = 
(C3H6O)n-C2H3O

+, in - 1-2. 

lower compared to the corresponding protonated species, 
|(NH3)„_,.(C3H60)JH+ or j(NH3)n-(C3H60)n-,|H+. The ion 
intensity distributions of j(NH3)n-(C3H60)JH+ , n = 1-18, w = 
1-4, show a gradually declining trend as a function of «, as shown 
in Figure 3a. 

(B) Reacting Acetone with Neat Ammonia Clusters. In method 
2, 2200 Torr ammonia is expanded through the pulsed nozzle to 
produce the neat ammonia clusters. The acetone gas releases 
through the reactant gas reservoir then interacts with the pre
formed neat ammonia clusters to form mixed neutral ammonia-
acetone clusters. Figure 2b displays the TOF spectrum for the 
mixed ammonia-acetone clusters prepared by method 2. The 
intensity distributions of the (NHj)nH+ ions are similar to those 
seen in the multiphoton ionization of neat ammonia clusters and 
in the coexpansion experiment (mixed cluster formation method 
1). These (NHj)nH+ ions probably originate from the ionization 
of the unreacted neat ammonia clusters. 

Ion signals corresponding to (C3H6O)n
+ and (C3H6O)nH+ are 

negligible when mixed clusters are formed by method 2. This 
result is not surprising since the reactant gas reservoir is the only 
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n, number of ammonia molecules 

Figure 3. Ion intensity distributions of |(NH3)„-(C3H60)m)H+ for (a) 
method 1, mixing ratio ammonia/acetone = 4 /1 , (b) method 1, mixing 
ratio ammonia/acetone = 8/1, (c) method 2. • , +, O, and A, designate 
m = 1, 2, 3, and 4, respectively. 

source of acetone. Recall that the acetone gas from the mixing 
nozzle intersects the axis of the preformed ammonia cluster beam 
at an angle of 30° (see Figure 1). Clearly, neat acetone clusters 
cannot be formed under this experimental condition. The small 
ion signal of C3H6O-H+ as seen in Figure 2b probably results from 
the ionization (and fragmentation) of (NH3)P-(C3H6O),. The 
origin of this peak is discussed in the last paragraph of the Dis
cussion, section B. 

An interesting feature is found in the distributions of the 
mixed-cluster ions 1(NH3)^(C3H6O)JH+. Figure 3c shows ion 
intensity distributions of ((N H3)^(C3H6O)JH+, for each m from 
1 to 4 as a function of the n ammonia molecules contained in the 
cluster ions. Note that each curve displays a maximum at n + 
m = 5, indicating that the ((NH3V(C3H6O)JH+ n + m = 5 ions 
have a very stable structure. 

(C) Reacting Ammonia with Neat Acetone Clusters. In mixed 
cluster formation method 3, pure acetone clusters are formed by 
expanding a gas mixture consisting of 220 Torr acetone (its vapor 
pressure at room temperature) and 1980 Torr argon through the 
pulsed nozzle. The ammonia gas from the reactant gas reservoir 
then crosses with the preformed pure acetone cluster beam to form 
mixed ammonia-acetone clusters. Figure 2c displays the TOF 
spectrum for the mixed ammonia-acetone clusters prepared at 
an ammonia flow rate of 5 seem. As expected, no pure ammonia 
clusters are seen since ammonia gas effusing from the reactant 
gas reservoir would not form neat ammonia clusters. 

The (C3H6OL-H+, (C3H60)m-CH3
+, and (C3H6O)1n-CH3CO+ 

(designated as P, Q, and R, respectively) are dominant cluster 
ions whereas the unprotonated ions (C3H60)m

+ are not observed. 

The ion intensities of (C3H60)m-H+, (C3H60)M-CH3
+, and 

(C3H6O)n-CH3CO+ decrease as cluster size increases. These 
results resemble those found in the multiphoton ionization of pure 
acetone clusters,6 suggesting that the cluster ions originate from 
the ionization of the unreacted neat acetone clusters. 

It is difficult to form mixed ammonia-acetone clusters by 
method 3. No mixed-cluster ions were observed except those with 
only one ammonia molecule, NH4

+-(C3H6O)n, (designated as X 
and Y for one and two acetone molecules, respectively, in Figure 
2c. 

Discussion 
The ionization potentials of neat acetone monomer, dimer, 

trimer, and tetramer were measured to be 9.694, 9.26, 9.10, and 
9.02 eV, respectively,20 whereas those of neat ammonia monomer, 
dimer, trimer, tetramer, and pentamer were reported7'28 to be 
10.166, 9.54, 9.30, 9.06, and 8.82 eV, respectively. No values of 
the ionization potentials of mixed clusters (ammonia)p-(acetone), 
have been reported. However, in the multiphoton ionization 
experiments of neat ammonia29 and acetone6 clusters, we found 
that there was no distinct difference in the applied laser power 
under similar experimental conditions. Therefore, it is expected 
that the same number of photons is involved in the ionization of 
these neutral clusters. With currently available information, it 
is not certain whether the ionization process involves ejection of 
an electron from an ammonia molecule, acetone molecule, an 
aggregated ammonia unit, or mixed ammonia-acetone one within 
the neutral mixed clusters (ammonia)p-(acetone)?. 

Since an intracluster ion-molecule reaction may occur in the 
ionization of mixed ammonia-acetone clusters, one may consider 
the simplest analogous cases of ion-molecule reactions of (a) NH3

+ 

+ NH3, (b) C3H6O
+ + C3H6O, (c) NH3

+ + C3H6O, and (d) 
C3H6O

+ + NH3. The enthalpies of the four possible proton- (or 
hydrogen-) transfer reactions estimated from known values of 
proton affinities of ammonia and acetone (204.0, 196.7 kcal/ 
mol30), ionization potentials of H, NH3, and C3H6O,31 and bond 
energies of NH2-H and CH3COCH2-H (107.4 and 93 kcal/ 
mol32,33 are as follows: 

NH3
+ + NH3 — NH4

+ + NH2 AH = -0.74 eV (2) 

C3H6O
+ + C3H6O — C3H6O-H+ + C3H5O AH = -0.59 eV 

(3) 

NH3
+-I-C3H6O-NH4

+-I-C3H5O A//=-1.38 eV (4) 

NH3
+ + C3H6O — C3H6O-H+ + NH2 AH = -0.44 eV (5) 

C3H6O
+ + NH3 — NH4

+ + C3H5O AH = -0.91 eV (6) 

C3H6O
+ + NH3 — C3H6O-H+ + NH2 AH= +0.03 eV (7) 

All of the above reactions are exothermic except process 7, which 
is essentially thermal neutral. Although rate constants have not 
been measured for all of the above reactions, the reported value 
for reaction 2 is 2 X 10"9 cm3/s34"37 and those for reaction 3 range 
from 0.5 to 0.8 X 10"' cm3/s;38'39 all such reactions are generally 
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92, 332. 
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1984, 13, 695. 

(31) Rosenstock, H. M.; Draxl, K.; Steiner, B. W.; Herron, J. T. J. Phys. 
Chem. Rev. Data 1977, (S, Suppl. No. 1. 

(32) Bohme, D. K.; Hemsworth, R. S.; Rundle, H. W. J. Chem. Phys. 
1973, 59, 77. 

(33) Gordon, D. M.; Benson, S. W. Chem. Rev. 1969, 69, 125. 
(34) Lindinger, W.; Albritton, D. L.; Fehsenfeld, F. C; Schmeltekopf, A. 

L.; Ferguson, E. E. J. Chem. Phys. 1975, 62, 3549. 
(35) Hemsworth, R. S.; Payzant, J. D.; Schiff, H. I.; Bohme, D. K. Chem. 

Phys. Lett. 1974,2(5,417. 
(36) Huntress, W. T.; Pinizzotto, R. F. J. Chem. Phys. 1973, 59, 4742. 
(37) Bohme, D. K.; Fehsenfeld, F. C. Can. J. Chem. 1969, 47, 2712. 
(38) Sieck, L. W.; Ausloos, P. Radial. Res. 1972, 52, 47. 
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within a factor of 2 of the collision rate for isolated gas-phase 
reactions. Hence, it is likely that the observed channels proceed 
following the ionization of any of the cluster moieties. In the 
following discussions we will use the above analogous reactions 
to interpret our observation on protonated species. 

(A) Ammonia Cluster Ions. In the mixed cluster formation 
methods 1 and 2, protonated ammonia cluster ions (NH3)„H+, 
« = 1-18, are observed as shown in Figure 2a and b. There are 
two possible routes to the production of these cluster ions: 

(NH3),, + mhv — (NH3)„H+ + neutral products + e" (8) 

(NH3V(C3H6O), + mhv^ 
(NH3)„H+ + neutral products + e' (9) 

The ion intensity distributions of (NH3)„H+ shown in Figure 2a 
and b resemble those found in the multiphoton ionization of the 
pure ammonia cluster system,5,29 strongly suggesting formation 
via process 10. Hence, following ionization, the protonated am
monia cluster ions originate by loss of NH2 and undergo subse
quent evaporative loss of NH3.

5 

(NH3)/* - (NH3V1^H+ + NH2 + xNH3 (10) 

(B) Acetone Cluster Ions. In the coexpansion experiment 
(method 1) the protonated species (C3H6O)nH

+ may come from 
the ionization of either (C3H6O)17 or (NH3)p-(C3H60), neutral 
species: 
(C3H6O),+ m hv-

(C3H6O)nH
+ + neutral products + e" (11) 

(NH3V(C3H6O), + mhv-* 
(C3H60)mH+ + neutral products + e" (12) 

Even though the mixing ratio of ammonia to acetone is 4:1, the 
possible presence of homomolecular acetone clusters in the gas 
mixture should be considered. It has been found that the 
(C3H6OV-H+, (C3H6OV-C2H3O

+, and (C3H6OV-CH3
+ are the 

major cluster ions and the (C3H6OV-H are n o t s e e n 'n t n e 

multiphoton ionization of pure acetone clusters.6 Thus, the in
tensities of the (C3H6OVH+, (C3H6O)n-C2H3O+, and 
(C3H6O)n-CH3

+ ions should reflect the amount of homomolecular 
acetone clusters (C3H6O), in the gas mixture. The fact that there 
is neither (C3H6OV-C2H3O

+ nor (C3H6O)n-CH3
+ observed in 

the coexpansion experiment indicates that there is very little neutral 
cluster (C3H6O), present in the gas mixture. Consequently, the 
observed (C3H6OVH+ ions are the products of ionization of mixed 
clusters (NH3V(C3H6O),. 

Similar arguments suggest that the unprotonated cluster ions 
(C3H6O)n

+ result from the ionization of the mixed clusters 
(NH3V(C3H6O),. In order to explain the above observation, we 
first consider the simplest case, which involves ionization of the 
neutral mixed dimer. The excited acetone monomer ion may have 
a keto (structure I) or an enol (structure II) form,40 where the 

HsC-" C —CH3 

I 

OH" 
I 

H 2 C = C - C H 3 

II 

enolic form is thermochemically more stable by 14 kcal/mol.41 

In the case of the excited mixed dimer, one can propose possible 
structures III and IV. The ionization potential31 of acetone (9.69 

H3C ^ H 
C = O - H - N 

H3C H 

NC—OH—N—H 

H3C / 

III IV 

eV) is lower than that of ammonia (10.166 eV), and it may be 
that the charge is initially localized in the acetone molecule of 

(40) Lifshitz, C. Int. J. Mass Spectrom. Ion Phys. 1982, 43, 179. 
(41) Holmes, J. L.; Lossing, F. P. J. Am. Chem. Soc. 1980, 102, 1591. 

the excited dimer ion (NH3-C3H6O)+*. Among the four analogous 
ion-molecule reactions (4-7), the possible processes are 6 and 7. 
If the (NH3-C3H6O)+* has a form of structure III, the product 
of reaction 6 is structurally not favored in a straightforward 
process. Since reaction 7 is thermoneutral, the protonated acetone 
ion can be produced through this mechanism. Another mechanism 
involving a direct bond breaking between the O and H in the 
O—H-N bridge in structure III may well account for our ob
servation of the unprotonated acetone cluster ions. 

On the other hand, if the (NH3-C3H6O)+* has a form of 
structure IV, reaction 6 can occur by a simple O-H bond cleavage, 
giving rise to the production of NH4

+. If the charge is localized 
in the ammonia molecule of the excited dimer ion (NH3-
C3H6O)+*, reactions 4 and 5 are possible. As a result, both NH4

+ 

and C3H6OH+ can be product ions. 
Since the neutral acetone molecule has a structure of keto form 

but not enol form,42 it is more likely that the mixed neutral 
ammonia-acetone dimer has a configuration similar to structure 
III. Although the structure of the ionic species may be very 
different from that of the original neutral, it is unlikely that the 
methyl hydrogen of the acetone will change position to form the 
O-H-N bridge as structure IV. The experimental observation 
of the unprotonated acetone cluster ions suggests that the keto 
form (structure III) of the ion is responsible for the internal 
ion-molecule reaction in the mixed ammonia-acetone cluster 
system. 

Recently the observation of (H2O)n
+, and (Ar)n(H2O)n

+, was 
reported in the photoionization of supersonic cluster beam of 
argon-water mixtures by vacuum UV discharge43 and synchrotron 
radiation.44 It was proposed that the unprotonated cluster ion 
species were produced through "intracluster excess energy 
dissipation" of the excited cluster ion [(Ar)^(H2O)nJ

+* and 
evaporations of argon atoms. In the ionization of mixed am
monia-acetone clusters, a question concerning whether the carrier 
gas (e.g., argon) plays any role in the ionization/dissociation 
processes is raised. To answer this question, we have conducted 
coexpansion experiments (mixed cluster formation method 1) 
under similar conditions as described under Results, section A, 
except replacing argon with helium as the carrier gas. Our results 
show that the carrier gas has no effect on the observed cluster 
ions. Therefore, in the present work where a hydrogen-bonded 
system is involved, the observation of unprotonated acetone cluster 
ions in the photoionization of ammonia-acetone gas mixture is 
governed by the configuration of a preferred excited cluster ion. 

In the mixed cluster formation method 2, a small peak of 
C3H6O-H+ (labeled P) is clearly seen in Figure 2b. The observed 
C3H6O-H+ ions probably result from the ionization (and frag
mentation of (NH3V(C3H6O), in the time-of-flight lens (ioni
zation and ion acceleration) region. Considering the simplest case, 
which involves ionization of the mixed neutral dimer NH3-C3H6O, 
the electron can be ejected from either the ammonia or acetone 
molecule since the sum of the energy of three photons (10.49 eV) 
is greater than the ionization potentials of ammonia and acetone 
molecules. The observed C3H6O-H+ ions can be the products of 
intracluster ion-molecule reactions as the analogous expressions 
in (5) and (7). In the case of ionizing a neutral mixed cluster 
(NH3VC3H6O, a similar internal proton (or hydrogen) transfer 
between the ammonia cluster and trie acetone molecule may occur 
and lead to the final products of C3H6O-H+ ions and other neutral 
products. 

(C) Ammonia-Acetone Mixed-Cluster Ions. (1) Formation, 
Composition, and Bonding. Both ((NH3V(C3H6O)JH+ and 
((NH3V(C3H6O)J+, n = 1-18, m = 1-5 ions are detected in the 
coexpansion experiment (method 1). The intensities of the un
protonated species ((NH3V(C3H6O)J+ are about one-tenth of 
those of the corresponding protonated ones, ((NH3Vi-

(42) Heinrich, N.; Louage, F.; Lifshitz, C; Schwarz, H. J. Am. Chem. 
Soc. 1988, 110, 8183. 

(43) Shinohara, H.; Nishi, N.; Washida, N. J. Chem. Phys. 1986, 84, 
5561. 

(44) Shiromaru, H.; Shinohara, H.; Washida, N.; Yoo, H. S.; Kimura, K. 
Chem. Phys. Lett. 1987, 141, 7. 
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(C3H6O)JH+ or ((NHj)n-(C3H6O)^1 JH
+. There is not enough 

thermodynamic data available in the literature on clusters to 
determine the energetics of the two fragmentation channels leading 
to the formation of !(NHj)n-(C3H6O)JH+ and !(NH3V 
(C3H6O)J+. However, based on our experimental results, the 
pathway leading to the formation of the protonated species appears 
to be energetically more favorable. 

As discussed above, the j(NH3)n-(C3H60)JH+ ions evidently 
originate from the ionization of the mixed neutral clusters 
(NHj)0-(C3H6O),. The formation of the (NH3V(C3H6O), by 
method 2 implies that the acetone molecules effusing from the 
reactant gas reservoir can easily "stick" on the preformed neutral 
ammonia clusters. Sticking may occur by either a simple 
"addition" reaction between the acetone molecule and the neat 
ammonia clusters 

(NH3), + ^C3H6O - (NH3V(C3H6O), (13) 

or by "displacement" reaction 
(NH3),+, + <?C3H60 - (NH3V(C3H6O), + ?NH3 (14) 

Due to a complication in the ionization and fragmentation pro
cesses, the observed cluster ion distribution may not reflect the 
distribution of neutral clusters. Because of this, one cannot 
distinguish "addition" from "displacement" reactions based on the 
observed cluster ion intensity distributions. 

The binding energy of (NH3)2 has been experimentally mea
sured to be lower than 2.8 kcal/mol45'46 and the binding energies 
for the addition of each additional NH3 to the neutral homoge
neous clusters (NH3), have been estimated to be in the range of 
3.4-6.2 kcal/mol for p = 2-6.47 The collision energy depends 
on reduced mass, relative velocity, and intersection angle of the 
two beams. For an interaction angle of 30° (see Figure 1), the 
collision energies of (NH3), and acetone are estimated to be 
0.06-0.21 kcal/mol for p ranging from 1 to 10. Since the col-
lisional energy is much lower than the binding energy, the collision 
between acetone molecules and neat ammonia clusters will not 
result in a direct ejection of ammonia molecules from the cluster. 
However, the interaction (or binding) energy upon accommodation 
of the acetone molecule in the ammonia cluster may cause ejection 
of ammonia molecules. 

The results of electric deflection experiments48 indicate that 
the (NH3),, p = 3-6, have a cyclic ring structure. Qualitatively, 
a reasonably large sticking coefficient between an ammonia cluster 
and an acetone molecule is expected. In addition, the lifetime 
of the formed mixed acetone-ammonia clusters must exceed 100 
us where the distance from the interaction region to the ionization 
region is 7.1 cm and the beam velocity is ~5 X 104 cm/s. The 
observation of the 1(NHj)n-(C3H6O)JH+, n = 1-18, m = 1-5 ions 
in mixed-cluster formation by method 2 (at an acetone flow rate 
of 1-5 seem) suggests that the acetone molecules can strongly 
interact with the neutral ammonia clusters to form "long-lived" 
mixed neutral acetone-ammonia clusters (NH3),-(C3H60),. 

In method 3 of preparing mixed ammonia-acetone neutral 
clusters, ammonia gas flowing from the reactant gas reservoir 
reacts with preformed homomolecular acetone clusters to form 
mixed neutral ammonia-acetone clusters. Only small signal of 
((NH3V(C3H6O)JH+ ion peaks for « = 1 and m = 1-4 are 
observed; see Figure 2c. A further study (section C3) shows that 
the amounts of the neutral clusters (NH3),-(C3H60),, p > 2 , are 
negligible. In contrast to the mixed cluster preparation method 
2, the formation of (NH3),-(C3H60), clusters is less favorable 
using method 3. 

No experimental value for the neutral acetone dimer binding 
energy has been reported. The calculated binding energy values 

(45) Fraser, G. T.; Nelson, D. D., Jr.; Charo, A.; Klemperer, W. J. Chem. 
Phys. 1985, 82, 2535. 

(46) Nelson, D. D., Jr.; Fraser, G. T.; Klemperer, W. Science 1987, 238, 
1670. 

(47) Kamke, W.; Herrmann, R.; Wang, Z.; Hertel, I. V. Z. Phys. D 1988, 
10, 491. 

(48) Odutola, J. A.; Dyke, T. R.; Howard, B. J.; Muenter, J. S. J. Chem. 
Phys. 1979, 70, 4884. 

for (C3H6O)2 are in the range of 1.6-2.4 kcal/mol.48"52 Those 
for the larger neutral acetone clusters have not been reported. The 
collision energies of (C3H6O), and ammonia are estimated to be 
0.06-0.08 kcal/mol for q ranging from 1 to 4. Since the collisional 
energy is much lower than the binding energy, collision between 
ammonia molecules and acetone clusters also is not expected to 
cause acetone molecule ejection from the cluster. Our observation 
of small signals of JNH3-(C3H6O)JH+ ion peaks suggests that 
the incoming ammonia molecule is not well accommodated in the 
preformed acetone clusters to form mixed acetone-ammonia 
clusters even at an ammonia flow rate as high as 8 seem. 

The difference in behavior between methods 2 and 3 may be 
due to the type of "surface" the cluster presents to the incoming 
molecule. In method 2, the surface of a hydrogen-bonded am
monia cluster provides many hydrogen sites for forming NH-O 
bonds with the incoming acetone molecule. In method 3, there 
are fewer oxygen sites on the surface of an acetone cluster to 
interact with the incoming ammonia molecules to form "long-lived" 
neutral mixed ammonia-acetone clusters. 

(2) Size Distribution, Stability, and Structure. As shown in 
Figure 3, the ion intensity distributions OfJ(NHj)n-(C3H6O)JH+ 

are different when the mixed neutral clusters are prepared by 
formation methods 1 and 2. In the case of formation method 1, 
the ion intensity of J(NHj)n-(C3H6O)JH+ shows a generally 
decreasing trend with «, number of ammonia molecules for m = 
1-4. Recall that the TOF spectrum shown in Figure 2a is taken 
in the case of coexpanding a gas vapor of ammonia to acetone 
ratio of 4:1. It is interesting to observe that when the ammonia 
to acetone ratio is changed to 8:1 in the gas vapor, the intensity 
distribution of J(NH3V(C3H6O)JH+ always shows a maximum 
at n + m = 5; see Figure 3b. In method 2, the distributions of 
ion signals corresponding to ((NHj)n-(C3H6O)JH+ display a 
maximum intensity at n + m = 5 as shown in Figure 3c. This 
variation in cluster size distribution for both cases is probably due 
to the different size distributions of mixed neutral clusters 
(NH3V(C3H6O), prepared by two different formation methods. 

One may question whether the amount of acetone gas was added 
to the preformed ammonia clusters will change the ion intensity 
distribution of 1(NHj)n-(C3H6O)n(H

+. To answer this question, 
an experiment was done by varying the flow rate (1-5 seem) of 
acetone and monitoring the pressure in the source chamber as it 
changed from 2 X 10"5 to 9 X 10"5 Torr. Distinct ion signals of 
((NH3V(C3H6O) J H + can only be seen for flow rate of acetone 
of > 1 seem. When the flow rate of acetone is higher than 4 seem, 
the scattering of the preformed ammonia neutral cluster beam 
by the acetone gas from the mixing nozzle is evident by the 
decrease in the ion intensities of (NH3VH+. However, for flow 
rates of acetone between 1 and 3 seem (normal experimental 
conditions), the ion intensity distribution of ((NH3Jn-(C3H6O) JH + 

remains unchanged. 
The structure of the stable cluster ion (NH3VNH4

+ can be 
pictured as ammonia molecules hydrogen bonded to each hydrogen 
of the ammonium ion NH4

+.26'27 The proton affinity of NH3 is 
204.0 kcal/mol, which is higher than that of acetone (196.7 
kcal/mol).30 A study of the unimolecular decomposition of mixed 
ammonia-acetone cluster ions53 has shown that the metastable 
cluster ions ((NH3Jn-(C3H6O)JH+, m = 1-4, lose an ammonia 
molecule for n = 2-14, whereas they lose an acetone molecule 
for n = 1. The finding also supports the proposed picture that 
the proton is bound to an ammonia molecule in ((NH3V 
(C3H6O)JH+ ions. Therefore, it is reasonable to picture the 
((NHj)n-(C3H6O)JH+ as !(NH3V1-(CjH6O)JNH4

+. Hence, the 
discrete maximum intensities Of)(NHj)n-(C3H6O)JH+ at n + 

(49) Hajjar, R. F.; Kay, W. B.; Leverett, G. F. J. Chem. Eng. Data 1969, 
14, 377. 

(50) Lambert, J. D.; Roberts, G. A. H.; Rowlinson, J. S.; Wilkinson, V. 
J. Proc. R. Soc. London, Ser. A 1949, 196, 112. 

(51) Rowlinson, J. S. Trans. Faraday Soc. 1949, 45, 974. 
(52) Anderson, L. N.; Kudchadker, A. P.; Eubank, P. T. J. Chem. Eng. 

Data 1968, 13, 321. 
(53) Tzeng, W. B.; Wei, S.; Castleman, A. W., Jr. Influence of Solvation 

on Dissociation: Metastable Unimolecular Decomposition of Ammonia-
Acetone Cluster Ions. Chem. Phys. Lett. 1990, 166, 343. 
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Figure 4. (a) TOF spectrum of neat (ND3), clusters. The three major 
peaks are (ND3I11-D

+, n = 5-7, (labeled as ED). (b) TOF spectrum of 
(ND3V(C3H6O)1n clusters formed by method 2. Besides the (ND3)„-D+, 
n = 5-7 (masses 102, 122, and 142) three ion peaks corresponding to 
((ND3VC3H6O)D+, n = 2-4 (labeled as XD, masses 100, 120, and 140) 
are seen. 

m = 5 can be accounted for by picturing a similar stable structure 
in which a central ammonium ion is bound to four constituents 
in any combination of ammonia and acetone molecules. A similar 
observation has also been found in the multiphotchi ionization 
studies of mixed ammonia-acetonitrile and ammonia-acet-
aldehyde54 clusters. 

(3) Origin of Solvated Proton in ((NHj)n(C3H6O)JH+. An
other question concerns the origin of the solvated proton in the 
((NHj)n-(C3H6O)JH+ ions. Isotropic labeling can, in principle, 
provide an answer to this question. However, due to rapid H/D 
exchange, the ionization of mixed hydrogen and deuterated clusters 
formed by coexpansion (method 1) will not provide an answer. 
In contrast, mixed cluster formation methods 2 and 3 can give 
a satisfactory answer. Four isotropic labeling experiments have 
been carried out; each involves a second component gas molecule 
interacting with the preformed neutral clusters. 

First of all, the mixed clusters (NDJ)P-(CJH 6 O) 1 , are produced 
by reacting C3H6O molecules with (NDj)7, clusters. When the 
mixed clusters (ND3)^(CjH6O), are formed by this method, the 
unreacted neutral clusters (ND3)p also coexist. In order to identify 
the ion peaks resulting from the ionization of the mixed species 
(ND3)p-(C3H60)„, it is necessary to compare the cluster ion spectra 
of the neat (ND3),, and the (ND3)^(CjH6O), (prepared by mixed 
cluster formation method 2). Figure 4a is a portion of the TOF 
spectrum of (NDj)nD+. Three sharp peaks are the (NDj)nD+, 
n = 5-7, (masses 102, 122, and 142). The small peaks on the 
left side of them are the (ND3)„H+ ions (1 mass unit lower) 
resulting from impurity in the sample system. Figure 4b displays 
the same portion of TOF spectrum for the ionized (ND3)p-

(54) Tzeng, W. B.; Wei, S.; Castleman, A. W., Jr. Ammonia-Acetonitrile 
and Ammonia-Acetaldehyde Mixed Cluster Ions: Stability, Structure and 
Metastable Decomposition. To be submitted. 
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Figure 5. (a) TOF spectrum of neat (C3H6O)n, clusters. The major 
peaks are P = (C3H6O)2H

+, Q = (C3H6O)1n-CH3
+, m = 1-2; R = 

(C3H6O)n-C2H3O
+, w = 1-2. (b) TOF spectrum of (NDj)n-(C3H6O)n, 

clusters formed by method 3. In addition to those peaks observed in (a), 
two ion peaks corresponding to (ND3-(C3H6O)1n)H

+, m = 1-2 (labeled 
as XD and YD, masses 79 and 137) are observed. 

(C3H6O),. The peaks corresponding to the j(ND3)n-(C3H60) J D + , 
n = 2-4 (masses 100, 120, and 140) ions can be clearly seen. From 
a careful investigation of these spectra one can conclude that only 
the ((NDj)n-(C3H6O)JD+ rather than the {(ND3)„-(C3H60)JH+ 

are present. 
Secondly, deuterated acetone C3D6O molecules flowing from 

the reactant gas reservoir are directed to react with the neat 
(NHj)p clusters formed by supersonic expansion to produce 
(N H3)^-(C3D6O), clusters. The photoionization results show that 
only the ((NHj)n-(C3D6O)JH+ rather than the ((NH3),-
(C3D6O)JD+ ions are produced. 

A peculiar observation is that the proton in the mixed-cluster 
ion always originates from the preformed cluster species. To 
further confirm this observation, the third approach, which involves 
preparing mixed clusters (ND3)p-(C3H60), by method 3, is un
dertaken. Parts a and b of Figure 5 display cluster ion spectra 
taken under conditions where the neat (C3H6O), and the 
(ND3)^(C3H6O), are photoionized. Comparing the two spectra 
one can readily identify the peaks corresponding to the 
|(ND3)„-(C3H60)JH+ , n = 1, m = 1-2, (masses 79 and 137) 
cluster ions as shown in Figure 5b. The unassigned broad peaks 
on the left side of the peaks corresponding to (C3H6O)1nH+ and 
(C3H60)mC2H30+ (labeled as P and Q, respectively) are their 
daughter ions resulting from "bleed-through" in the reflection of 
the time-of-flight mass spectrometer.6 It should be noted that 
j(ND3)n-(C3H60)JH+ , M > 2, are not seen. The fact that only 
j(ND3)„-(C3H60)JH+, / » = 1 , ions are observed indicates that 
the amounts of the neutral (ND3)p-(C3H60),, p > 2, are negligible. 

Lastly, the (NH3)p-(C3D60), neutral clusters are produced by 
reacting NH3 molecules with preformed (C3D6O), neutral clusters 
(method 3). The results of photoionization of (NH3)P-(C3D6O), 
also confirm the formation of (NH3-(C3D6O)JD+. Based on the 
experimental results of above four different experiments (sum-



4104 J. Am. Chem. Soc, Vol. 112, No. 11, 1990 

Table I. Formation of Mixed Clusters and Observed Protonated 
Mixed-Cluster Ions 

reactant reactant formation observed 
cluster gas method cluster ion 

(ND3), C3H6O 2 j(ND3)„-(C3H60)JD+ 

(NH3). C3D6O 2 KNHj)n-(C3D6O)JH+ 

(C3D66), NH3 3 INH3-(C3D6O)JD+ 

(C3H6O)1? ND3 3 IND3-(C3H6O)JH+ 

marized in Table 1), the proton in the observed ((ammonia),,-
(acetone)mjH+ ions clearly originates from the preformed clusters. 

The fact that the proton in the observed ((NH3V(C3H6O)JH+ 

ions originates from the preformed clusters can be explained by 
the following two situations. When the mixed neutral clusters 
(NH3V(C3H6O), are produced by method 2 (preformed ammonia 
neutral clusters), the ((NH3V(C3H6O)JH+ ions are produced 
through internal ion-molecule N H 3

+ - N H 3 reaction if the am
monia is initially ionized. However, if the electron is initially 
ejected from the acetone molecule, a rapid electron-transfer re
action from the collective of ammonia molecules that have lower 
ionization potentials28 to the acetone molecule in the cluster will 
take place. It follows that a proton transfer or a hydrogen atom 
transfer occurs in the collective of ammonia molecules, leading 
to a formation of NH 4

+ -NH 2 . A bond cleavage between the 
NH4

+ and NH2 gives rise to the protonated mixed clusters 
((NH3V1-(C3H6O)JNH4

+ and neutral species. The processes 
can be expressed as 

RNH 3 V(C 3 H 6 O) /* - KNH3V(C3H3O),!* 
(electron transfer may occur) 

(internal ion-molecule N H 3
+ - N H 3 reaction) (15) 

J(NH3V(C3H6O)9I+* -

((NH3Jn-(C3H6O)JNH4
+ + NH2 + other neutral products 

(16) 

In the second case, when the mixed neutral clusters 
(NH3V(C3H6O), are produced by method 3 (preformed acetone 
neutral clusters), very few neutral clusters (NH3V(C3H6O),, p 
£ 2, are formed as discussed in a previous section. In general, 
there are more acetone molecules than ammonia molecules in the 
cluster and it is more likely the electron is ejected from the acetone 
molecule. It follows that the J(NH3V(C3H6O)JH+ ions are 
produced through intracluster ion-molecule reaction between two 
neighboring acetone molecules in the cluster ion ((NH3V 
(C3H6O),*)*. Alternatively, if the ammonia molecule in the cluster 
is initially ionized, a rapid electron-transfer reaction from the 
acetone to the ammonia molecule will occur before the internal 
ion-molecule C3H6O+-C3H6O reaction. Similarly, a proton 
transfer or a hydrogen atom transfer may occur and form C3H7O+ 

+ C3H5O. This yields the protonated mixed clusters ((NH3V 
(C3H6O)n^1)C3H7O+ and neutral fragments. The processes can 
be expressed as follows: 

Tzeng et al. 

KNH3V(C3H6OV+* -
j(NH3)p-(C3H60),)+* (electron transfer may occur) 

(internal ion-molecule C3H6O+-C3H6O reaction) (17) 

KNH3V(C3H6OV+* - KNH3V(C3H60)m_,)C3H70+ + 
C3H5O + other neutral products (18) 

The findings concerning the origin of the solvated proton in the 
1(NH3Jn-(C3H6O)JH+ ions provide insights into reaction dynamics 
within heteromolecular cluster ions. 

Conclusion 
The present experiment demonstrates that different methods 

for preparing mixed neutral clusters can lead to observable dif
ferences in the cluster ions produced from the neutral precursors, 
which depends on the relative concentration of each type of neutral 
cluster in various formation methods. This provides a method 
for studying the composition, structure, bonding, and detailed 
intracluster ion-molecule reactions in the mixed cluster systems. 

In the expansion experiment (method 1), the ion intensity ratio 
[(C3H6O)nJ+1

+] /[(C3H6OV-H+] increases as the ammonia/ 
acetone mixing ratio increases. The result indicates that the 
unprotonated cluster ions (C3H6OV+1

+ result from the ionization 
of the mixed clusters (NH3V(C3H6O), and suggests that the keto 
form of the ion is responsible for proton transfer in this system. 

The observation of the J(NH3V(C3H6O) J H + , n = 1-18, m 
= 1-5 ions in mixed cluster formation method 2 suggests that the 
acetone molecules can strongly interact with the neutral ammonia 
clusters to form long-lived mixed neutral acetone-ammonia 
clusters (NH3V(C3H6O),. In contrast, when mixed neutral 
clusters are formed by method 3, only small signals of 
((NH3V(C3H6O)JH+ ion peaks for n = 1 and m = 1-4 are 
observed even at high ammonia flow rate. This indicates that the 
incoming ammonia molecule is not well accommodated in the 
preformed acetone clusters to form mixed acetone-ammonia 
clusters. 

In formation method 2, stable cluster ions ((NH3V 
(C3H6O)JH+ , n + m = 5, are observed. These cluster ions can 
be pictured as a central ammonium ion bound to four constituents 
in any combination of ammonia and acetone molecules. 

The experimental results in the studies of the origin of the 
solvated proton in the ((NH3V(C3H6O)m!H+ ions show that the 
proton generally comes from the preformed neat cluster because 
of the excess number of such species in the neutral precursors. 
They are formed through the internal ion-molecule reaction 
between two like molecules accompanying an electron-transfer 
reaction in a heteromolecular cluster. 
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