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The matrix isolation technique has been combined with infrared spectroscopy and theoretical calculations to
explore the reaction of (CH3),Zn with Oz over a range of time scales. Upon twin jet deposition, an initial
cage pair complex was observed, along with formation of the novel H;COZnCHj3 species. Subsequent UV
irradiation destroyed the complex and greatly increased the yield of H;COZnCHj. An extensive set of bands
were seen for this molecule, and '®O spectroscopic data were obtained as well. The identification of this
species was supported by theoretical calculations at the B3LYP/6-311++g(d,2p) level. Merged jet deposition
led to a very different set of products, including H,CO, CH;OH and C,Hs, identifications that were confirmed
by '80 substitution. In addition, a new variable length concentric deposition technique was developed to
permit study of the time scales between twin (relatively short) and merged (relatively longer) reaction times.
Mechanistic inferences for this reaction are discussed.

Introduction

The application of semiconducting thin films in the micro-
electronics industry has completely revolutionized society,
through the development of computers and a wide range of
electronic devices. The importance of these films has led
scientists and engineers to develop a variety of methods to
produce these films.!-3 These include electrolytic deposition
from solution, plasma deposition, chemical vapor deposition
(CVD), and atomic layer deposition (ALD).* ZnO is a wide
band gap semiconductor that is routinely used as a transparent
electrical contact, with many potential applications such as
optical wave guides, UV lasers, and short-wavelength light
emitting diodes (LEDs). ZnO is especially attractive for UV
laser applications* due to its band gap of 3.37 eV and high
exciton binding energy of 60 meV. One of the requirements
for ALD or CVD fabrication of thin films is the availability of
a volatile precursor of the metal, typically an organometallic
compound. For example, dimethyl zinc, (CH3)2Zn (MesZn), is
frequently employed for ZnO synthesis, along with O atoms
from O, or H,O as the oxygen source. In addition, Driess and
co-workers>® have experimentally studied the Me—Zn—0
system in recent years as a means of synthesizing ZnO
nanoparticles. In the past 5 years, the search for a better oxygen
source has led researchers to ozone, Os;. However, relatively
little is known about the gas or condensed-phase reactions of
Me,Zn with Os. Just one study has been reported to date, a
flow reactor study of the emission from the gas-phase reaction,
in an effort to produce an electronic transition chemical laser.”
Emission between 370 and 450 nm was identified as the cool
blue emission of H,CO. Beyond this, no mechanistic data were
obtained, and initial intermediates were not seen.

The matrix isolation technique®!! was developed to facilitate
the isolation and spectroscopic characterization of reactive
intermediates and has been applied to the study of diverse
species, including radicals, ions, and weakly bound molecular
complexes. This approach, combined with theoretical calcula-
tions, may provide access to the study of initial intermediates
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in the above reactions and shed light on the mechanism of
reaction of Me,Zn with O3 and O atoms. The present manuscript
reports a study of merged jet (thermal) and twin jet (photo-
chemical) reactions of Me,Zn and O3 with trapping in cryogenic
matrices, as well as a new modified deposition approach, a
variable distance concentric deposition device.

Experimental Section

All of the experiments in this study were carried out on a
conventional matrix isolation apparatus that has been de-
scribed.!? Dimethyl zinc (Strem Chemical) was introduced into
the vacuum system from lecture bottles into the vacuum system
and was purified by freeze—pump—thaw cycles at 77 K. O3
was produced by Tesla coil discharge of O, (Wright Brothers)
and trapping at 77 K to remove residual O, and trace gases.
1803 was produced in the same manner from '30-labeled O,
(94%, Cambridge Isotope Laboratories). Argon (Wright Broth-
ers) was used as the matrix gas without further purification.

Matrix samples were deposited in three different modes: twin
jet, merged jet, and a new concentric jet mode. In the first, the
two gas samples were deposited from separate nozzles onto the
14 K window, allowing for only a brief mixing time prior to
matrix deposition. Several of these matrices were subsequently
warmed to 33—35 K to permit limited diffusion and then
recooled to 14 K and additional spectra recorded. In addition,
many of these matrices were irradiated for 1.0 h or more hours
with either the H,O/Pyrex-filtered or the H,O/quartz-filtered
output of a 200 W medium-pressure Hg arc lamp, after which
additional spectra were recorded.

A number of experiments were conducted in the merged jet
mode,'? in which the two deposition lines were joined with an
UltraTorr tee at a distance from the cryogenic surface, and the
flowing gas samples were permitted to mix and react during
passage through the merged region. To more effectively model
the gas phase, the merged region was constructed of Teflon FEP,
either /4 or !/g in. 0.d. in a number of experiments. Copper
tubing of !/4 in. 0.d. was used in other additional experiments.
The length of the merged region (or reaction zone) was varied
from as short as 6 cm to as long as 70 cm.
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Twin jet and merged jet deposition probe different time scales
for reaction, very short for twin jet and somewhat longer for
merged jet. As will be reported below, quite different results
were obtained with these two modes. To probe the intermediate
time scale between twin and merged jet, a new concentric jet
device was developed. In this approach, an !/g in. o.d. Teflon
FEP tube was inserted inside of a larger, !/, in. o.d. tube, also
Teflon FEP. The length of the /g in. tube could be adjusted to
be shorter, longer, or the same as the outer tube. The distance
between the outlet ends of the two tubes is referred to as Ad =
(position of inner tube) — (position of outer tube). d > 0
indicates that the inner tube extends beyond the outer tube, and
d < 0 indicates that the inner tube is shorter than the outer tube
(more like merged jet). d = 0 indicates that the ends of the two
tubes are at the same distance from the cold window. Mixing
of the two samples begins at the outlet of the inner tube and
continues until deposition onto the cold window (typically 2—3
cm). In this manner, the time scale available for reaction could
be adjusted from nearly that of the merged jet to nearly that of
the twin jet. In all three deposition modes, matrices were
deposited at the rate of 2 mmol/h from each sample manifold
onto the cold window. Final spectra were recorded on a Perkin-
Elmer Spectrum 2000 Fourier transform infrared spectrometer
at 1 cm™! resolution.

Theoretical calculations were carried out on likely intermedi-
ates in this study, using the Gaussian 03 and 03W suite of
programs.'* Density functional calculations using the hybrid
B3LYP functional were used to locate energy minima, determine
structures, and calculate vibrational spectra. Final calculations
with full geometry optimization employed the 6-311 ++g(d,
2p) basis set, after initial calculations with smaller basis sets,
were run to approximately locate energy minima. Thermody-
namic functions for the reactants and potential intermediates
were also calculated.

Results

Prior to any co-deposition experiments, blank experiments
were run on each of the reagents used in this study. In addition,
a blank of CoHg in argon was run to provide an authentic
spectrum for comparison to spectra recorded in this study. In
each case, the blanks were in good agreement with literature
spectra, and with blanks run previously in this laboratory.!3-17
Each blank experiment was then irradiated by the H,O/Pyrex-
filtered output of a 200 W Hg arc lamp for 1.0 h, and no changes
were noted.

(CH3)2Zn + O3, Merged Jet. In an initial merged jet
experiment, a 55 cm length of !/4 in. 0.d. Teflon FEP tubing
was used for the merged region or reaction zone. In this
experiment, sample concentrations were Ar/Me,Zn = 250 and
Ar/O3 = 250. Numerous product bands were seen in the final
spectrum from this experiment, ranging from very intense bands
(e.g., 1742 and 1499 cm™!) to quite weak bands. All of the
product bands seen in this experiment are listed in Table 1. The
spectrum of this matrix sample is shown in Figure 1. In addition,
parent bands of O3 at 704 and 1043 cm™! were observed, with
intensities much less than those seen in blank experiments at
the same concentration. Bands due to parent Me,Zn were
essentially absent in this experiment, indicating that extensive
reaction had occurred.

Numerous additional merged jet experiments were conducted
using the 55 cm long reaction zone. In these experiments, the
absolute and relative concentrations of the two reagents were
varied in a systematic manner. Relative concentrations ranged
from 2:1 to 1:2, and absolute concentrations ranged from 500:

Varma and Ault

TABLE 1: Product Bands Positions, Intensities, and
Assignments from the Merged-Jet Co-deposition of Ar/
(CH3),Zn = 250 with Ar/O; = 250

band position, cm™!

10 180 intensity assignment
1033 1008 S CH;0H
1169 1168 m H.CO
1206 1186 w
1245 1239 w H.CO
1335 1335 w CH;0H
1349 1349 w CH3;CHO
1374 1374 w CzHG
1466 1466 m C,Hs
1474 1474 w CH;0H
1499 1489 s H.CO
1728 1696 m [HoCO]J, or CH;CHO?
1742 1709 Vs H,CO
1764 1735 mw HCOOH?
2719 2708 w CH3;CHO?
2746 2746 A
2798 2798 Vs H.CO
2864 2849 s H.CO
2893 2893 m C,Hs
2955 2955 m C,Hs
2962 2962 m C,Hg, CH30H
2980 2980 w
3005 3005 w CH;0H
3464 3449 w H>CO (2v»)
3667 3656 m CH;0H

1:1 to 2000:1:1. Throughout these experiments, the same set of
product bands listed in Table 1 was observed. Moreover, the
intensities of these bands varied directly with the total absolute
concentrations employed; i.e., higher concentrations led to
greater band intensities. In addition, the relative intensities of
the product bands appeared to remain constant, to the degree
that the weaker and overlapped bands could be measured
accurately.

Several experiments were conducted to explore the product
yield as a function of the length and diameter of the reaction
zone prior to deposition. In these experiments, the length was
varied from 55 to 20 cm, and both /g and !/5 in. diameter Teflon
FEP tubing were used. In these experiments, the bands listed
in Table 1 were observed, and with approximately the same
yield. Small variations in yield were seen in some experiments.
However, these were not systematic with a change in reaction
zone length and probably reflect slight variations in sample
concentrations and flow rates (particularly O3 samples, which
can slowly lose O3 to the walls of the sample during the course
of an experiment). Also, a number of experiments were run
using copper tubing for the reaction zone, instead of Teflon FEP.
Again, the product bands, yield, and distribution were compa-
rable to those described above at fixed concentrations, suggesting
that the wall material is unimportant in these particular reactions
and that the products are forming via gas-phase reactions.

A parallel set of experiments was conducted with samples
of Ar/'80; and Ar/(CH3),Zn in the merged jet mode with a 55
cm Teflon reaction zone. As anticipated, extensive reaction was
observed so that very little of either parent species was observed
in the resulting spectrum. Rather, an extensive set of product
bands was observed. A number of these were shifted relative
to the 1°03 experiments described above, while several of the
bands were unshifted. In addition, for the bands that shifted,
weak bands were noted at the position of the '°O product. For
example, the 1742 cm™! band reported above shifted to a strong
band at 1709 cm™! with '803. A weak band was nonetheless
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Figure 1. Infrared spectra after merged jet deposition of a sample of Ar/(CH3),Zn = 500 with a sample of Ar/Os = 250. Panel a shows the region
of 1140—1520 cm™! for this sample (blue) and a blank of (CH3),Zn (red), including the 1499 cm™! band of H,CO, and the loss of the parent Me,Zn
band at 1180 cm™!. Panel b shows the region of 1000—1100 cm™! for this sample (top, blue) and a blank of O3 (bottom, red) showing the loss of

the O3 parent band and growth of the C—O stretch of CH;0OH.

observed at 1742 cm™! due to residual °O in the '*0; sample.
These results were reproduced in several subsequent experi-
ments. Product band positions in the 305 experiments are also
listed in Table 1.

(CH3)2Zn + O3, Twin Jet. In general, quite different results
were obtained in the twin jet experiments compared to the results
described above for merged jet. In an initial experiment, a
sample of Ar/(CH3),Zn = 250 was co-deposited with a sample
of Ar/O; = 250 using twin jet deposition. Several weak bands
were observed upon initial deposition, none of which coincide
with product bands in the merged jet experiments. The most
intense of these was located at 1090 cm™!, followed by a band
at 2815 cm™!. This matrix was then irradiated for 2 h with light
of 2 > 200 nm. A few of the bands present before irradiation
decreased or were destroyed by irradiation. These will be
referred to as set A. An additional set of the weak bands present
before irradiation grew greatly as a result of irradiation, and
will henceforth be called set B. Finally, a number of additional
weak bands appeared upon irradiation. These may be associated
with set B as well, but were too weak to be detected prior to
irradiation. These bands did not coincide with any of the product
bands in the merged jet experiments. The bands of sets A and
B are listed in Table 2 and shown in Figure 2.

Twin jet experiments on this system were repeated numerous
times, varying the concentration of the two reagents. The results
described above were reproduced in all of these experiments.
The same product bands were seen before and after irradiation,
with intensities that were directly proportional to sample
concentrations. In addition, the relative intensities of the initial
product bands and those formed or increased upon irradiation
remained constant from one experiment to the next, with the
two groups (sets A and B).

A similar set of twin jet experiments was conducted with
samples of Ar/(CH3),Zn and Ar/'®03 made from 80, containing

TABLE 2: Product Band Positions® in the Twin-Jet
Deposition of Ar/(CH3),Zn with Ar/O; before and after
Irradiation

band position, cm™!

150 80 irradiation behavior assignment
526 515 1 H3COZnCHj3
638 v complex/cage pair
869 v complex/cage pair
975 949 v complex/cage pair
1078 i H3;COZnCHj; (second site)
1090 1060 1 H3COZnCH3
1175 1168 v complex/cage pair
1195 1189 1 H3COZnCH3
1273% 1270 i H3;COZnCHj; (second site)
1280 1277 1
1346° 1
1452° 1451 t H3COZnCH3
2815 2815 1 H3COZnCH3
2877° 2877 1 H3COZnCH3
2883% 2882 i H3;COZnCHj (second site)
2896 2895 1 H3COZnCH3
2932 2931 1 H3COZnCH3
2942 2941 i H3;COZnCHj (second site)
2948 2948 t H3COZnCH3

@ Band positions in cm™!. » Not observed before irradiation.

approximately 94% '80. Upon initial sample deposition, similar
weak product bands were observed, in a number of cases shifted
somewhat from the positions with 0. For example, the 1090
cm~! band shifted to 1060 cm™!, while the 2815 cm~! band
did not shift at all. In some cases, the weak product bands could
not be observed due to overlap with the intense parent peaks.
After irradiation, the set A bands again decreased, while the
set B bands grew substantially. All of these are listed in Table
2. Of particular importance, sufficient '°0 remained in this '30;
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Figure 2. Infrared spectra from 940 to 1140 cm™! after twin jet deposition of a sample of Ar/(CHs),Zn and Ar/Os, before and after irradiation.
Note the growth of the bands at 1090 and 1195 cm™! and decrease of the band at 975 cm™'.

sample such that a small amount of the '°0 product was weakly
observed for several products. These include the '°0/'80 pairs
at 526/514, 1090/1060, and 1193/1189 cm™'. No intermediate
bands were observed between the position of the '°0O product
and the '80 product. These results were reproduced in each
experiment, with a variation in product band intensities that was
proportional to the reagent concentrations.

(CH3)2Zn + O3, Concentric Jet. The reaction of these two
species was explored in several concentric jet experiments as
well, all with concentrations of 250:1 for each reagent, and d
ranging from —5.0 to +1.3 cm. In an experiment withd = +1.3
cm, the bands seen in the twin jet experiments (sets A and B)
were seen very clearly with yields similar to those in the twin
jet experiments. However, the most intense band seen in the
merged jet experiments, at 1742 cm™!, was seen only very
weakly in this experiment, and none of the remainder of the
bands in the merged jet experiments were observed. When an
experiment was conducted with d = 0, similar results were
obtained, with a slightly increased yield of the sets A and B
bands, and very low intensity for the 1742 cm™' merged jet
band. In contrast, in an experiment with d = —1.3 cm, sets A
and B bands had similar intensity, while the 1742 cm™! band
grew substantially along with the more intense of the bands
seen in the merged jet experiments. Additional experiments were
conducted with d = —2.5 and —5.0 cm. In these experiments,
set A and B bands were about the same intensity, while the
bands due to the merged jet products grew greatly. The
experiment with d = —5.0 cm resembled closely the merged
jet experiments described above. No new bands (i.e., bands not
seen in either the twin or merged jet experiments) were seen in
any of these experiments. Table 3 compares product band
intensities as a function of d, while Figure 3 shows spectra with
d=+13and —1.3 cm.

TABLE 3: Product Ratios® in Concentric Jet Experiments
as a Function of d

d, cm (1090 cm™!), O.D. I(1742 cm™!), O.D. ratio 1(1090)/1(1742)

+1.3 0.048 0.013 3.69
0.0 0.079 0.012 6.58
—-1.3 0.044 0.113 0.39
—25 0.042 0.159 0.26
—5.0 0.039 0.329 0.12
—55b 0.002 0.81 0.003

1090 cm™! absorption of H;COZnCH;3 compared to 1742 cm™!
absorption of H,CO. ®From merged jet experiment with 55 cm
reaction zone.

Results of Calculations

Likely radical and closed shell products arising from the
reaction of (CH3),Zn with O3 were considered. Many possible
products are known species for which experimental spectra are
available for comparison. For possible products that are not well-
known and characterized spectroscopically, theoretical calcula-
tions using density functional methods were carried out to locate
potential energy minima and compute infrared spectra, including
180 isotopic shifts. These included CH3Zn, H;COZnCHj3, and
similar molecules. All of the species under consideration
optimized to energy minima on their respective potential energy
surfaces, with all positive vibrational frequencies. Of particular
interest was H3COZnCH3, for which there has been one previous
theoretical report concerning the monomer and the tetramer,!8
and for which the tetramer has been synthesized,!® but not the
monomer. The structure calculated here at the B3LYP/6-
311++g(d,2p) level agreed very well with the calculated
structure in this previous report, particularly the slightly bent
geometry at the Zn center (here 174.7° versus 174.3° in the
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Figure 3. Comparison of spectra between 1708—1788 and 1065—1145 cm ™! after concentric jet deposition, as a function of d. In the blue (lower)
trace d = +1.3 c¢m, and in the upper (red) trace, d = —1.3 cm. The 1742 cm™! band of H,CO is noted with * in a, and the 1090 cm™' band of

H3;COZnCHjs; is noted with a # in b.

Figure 4. Structure of H;COZnCHj;, computed at the B3LYP/6-
311++g(d,2p) level of theory. Note the slightly nonlinear (174.7°)
C—Zn—O0 angle. Additional structural parameters of interest: R(C—Zn)
= 1.935 A, R(Zn—0) = 1.789 A, R(O—C) = 1.411 A, R(C—H) =
1.09 A, and a(Zn—0—C) = 131.3°.

previous report at the B3LYP/6-311++g(3df,3pd) level). The
spectrum calculated here agreed within a few cm™! of the
previous report; the calculated spectrum of the 80 species was
also carried out here. The calculated structure is represented in
Figure 4, and the calculated spectrum is listed in Table 4.

Discussion

Merged jet and twin jet deposition probe somewhat different
time and temperature regimes with respect to the mixing and
reacting of (CH3),Zn and Osz. Twin jet deposition allows for
only a very brief mixing time on the surface of the condensing
matrix surface, at temperatures below room temperature but
above the 14 K temperature of the rigid matrix. Merged jet
deposition allows for room temperature mixing and flow through
the reaction zone before condensation into the matrix. The time
available for reaction, on the order of milliseconds, is much
longer than in the twin jet. For (CH3),Zn and O3, quite different
products were seen upon merged jet as compared to twin jet

TABLE 4: Comparison of Experimental and Calculated
Bands and Isotopic Shifts for H;COZnCH3

CH30ZnCH;

caled freq*? I¢° exptl freq  '80 caled  calcd shift exptl shift
494 .4 10 526 483.6 12 -9 —11
629.2 49 619.8 46 -9

724.2 35 7239 34 0

726.2 32 726.0 32 0

1109.2 273 1090 1076.5 258 —33 —30
1165.7 0 1163.0 0 -3

1186.2 20 1195 1180.9 7 -5 —6
1220.5 2 1220.2 1 0

1464.5 1 1464.5 1 0

1465.9 1 1465.9 1 0

1480.8 25 1452 1479.7 29 -1 -1
1500.7 2 1500.6 2 0

1502.1 2 1502.0 2 0

2957.2 142 2815 2957.2 142 0 0
2994.0 74 2994.0 74 0

3028.8 60 2895 3028.7 60 0 -1
3032.5 13 30325 13 0 0
3107.7 9 2932 3107.7 9 0 -1
3109.6 9 2948 3109.6 9 0 0

@Band positions in cm™!. » Calculated frequencies at the B3LYP/
6-311++g(d,2p) level, unscaled. ¢ Intensities in km/mol.

deposition. Concentric jet deposition was designed to probe the
time regime intermediate between twin and merged jet deposition.

An extensive set of product bands was seen with merged jet
deposition, as listed in Table 1. These product bands were nearly
independent of the length of the merged region over the range
of 20—55 cm and were likewise independent of the sample
concentrations that were employed. A number of the product
bands showed distinct shifts with 80 substitution, indicating
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the presence of one or more O atoms in the absorbing species,
while other bands did not shift with 80 substitution. For the
more intense product bands in the %0 experiments that did shift,
a weak residual band at the '°0 band location was observed,
with no intermediate bands (i.e., a 1709, 1742 cm™! 30/'°0
pair was seen, with no product bands between them). This
indicates that there must be exactly one O atom in the absorbing
species. Using these results and the observation made by Lee
and Zare’ that H,CO emission was observed from gas-phase
flames of Me>Zn and O3, product identifications can be made.
In these merged jet experiments, all of the product bands can
be assigned to known, stable species. All six fundamentals of
H,CO were seen,?® dominated by the C=0 stretch at 1742 cm™!
and followed by the CH, bend at 1499 cm™!. In addition, several
modes, including the C—O and O—H stretches, of CH;0H were
clearly observed,”! along with their '30 counterparts. Finally,
one set of product bands did not shift with 80 substitution.
These match the most intense bands of ethane, CoHg and are so
assigned.?> Beyond these three major products, a few weak
bands remain. A few are close to bands of formic acid, HCOOH,
and acetaldehyde, but their low intensity precludes definitive
identification.?>** A potential product (see below) is HZnCHs.
However, the most intense band of this species has been
identified® at 1867 cm™! and is not observed here. As discussed
below, the proposed mechanism involves radical formation and
destruction, so the formation of radicals such as CH;0O, CH,OH,
CH3, and CH3Zn must be considered as well. The infrared
spectra of the first three are known.?0-2® The weak bands
observed here are near but not identical to bands of CH30 and
CH,0H, so no firm conclusion may be reached as to whether
these species are or are not present at low levels. The most
intense absorption of CHj at 617 cm™! overlaps nearly exactly
a parent mode of (CHj3),Zn, so that it is difficult to draw any
conclusions about this radical. However, in one experiment with
O3 in excess, the parent bands of Me,Zn were nearly completely
absent. In this experiment, a very weak absorption was then
noted at 615 cm™!. This could be due to a very small residual
of Me,Zn or a trace of CH3. No definitive conclusion can be
drawn. CH3Zn has been observed by LIF in the gas phase,3”
providing some information about a few of the ground-state
fundamentals of this species. This information is consistent with
the spectrum calculated here for CHsZn. The calculations predict
weak bands only and do not match well to the weak bands
observed here. Hence, this species is likely not present.

The results in the twin jet experiments were quite different.
First, only quite weak bands were observed upon initial
deposition, consistent with the very brief mixing time and low
mixing temperature. Second, none of the bands in the twin jet
experiments matched bands observed in the merged jet experi-
ments, indicating that the reaction was being quenched at an
earlier step in the reaction sequence. The initial twin jet product
bands could be sorted into two sets, A and B, on the basis of
their behavior upon subsequent irradiation. The set A bands were
diminished and in some experiments destroyed by UV irradia-
tion, while the set B bands grew up to a factor of 10-fold as
shown in Figure 2. The set A bands were generally near parent
bands of either (CH3),Zn or Os. Those set A bands near parent
bands of Me,Zn did not shift upon '30 substitution, while those
near parent bands of O3 shifted strongly. These observations,
combined with the photosensitivity of the set A bands, suggest
that they are due to an initial weak complex formed between
the two reactants, either by distinct chemical interaction or cage
pairing in the argon matrix. The set B bands were present weakly
initially and increased significantly upon irradiation and destruc-
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tion of the initial complex. Additional weaker bands also grew
in and are likely due to the species responsible for the set B
bands. O3 is known to be a good photochemical O atom source,
suggesting that this absorber may be the product of the reaction
of an O atom with Me,Zn. Lee and Zare’ proposed that the
initial step in the gas phase reaction was insertion of an O atom
into a Zn—C bond, forming excited CH30, presumably along
with ZnCHs. In the gas phase, this species could go on and
react further, ultimately leading to the H,CO emission observed
by these researchers. However, in an argon matrix, excess energy
is rapidly quenched by the matrix, and initially formed species
cannot separate and diffuse apart. Radical recombination will
then occur, and a likely product is H3COZnCHj. While this
species has never been observed, its tetramer has been identified
in previous studies.!”

To complement the experimental data, density functional
theory (DFT) calculations were carried out for H;COZnCHs,
to determine the optimized structure and calculate the infrared
spectrum of this species. An energy minimum was located, and
the vibrational spectra of both the normal isotopic species and
the '80-substituted species were calculated. As shown in Table
3, the agreement between experiment and calculation is excel-
lent. The most intense band is calculated to come at 1109 cm™!
with a 33 cm™' 80 shift. The most intense band in the
experimental spectrum came at 1090 cm™!, with a 30 cm™!
isotopic shift. The second most intense band, the lowest
frequency C—H stretch, was computed at 2957 cm™! (harmonic
frequency). With scaling due to anharmonicity, this matches
well the second most intense experimental band, a C—H stretch
at 2815 cm™!. Overall, the agreement between the calculated
spectrum, including isotopic shifts and relative intensities, and
the experimental results is excellent. Consequently, the set B
bands, including many of the weaker bands seen only after
irradiation, are assigned to the oxidizing product H;COZnCHs.

Results from the concentric jet experiments support both the
twin and merged jet results and provide insights into the
intermediate time regime. With d > 0, the results were very
similar to twin jet deposition with observation of bands due to
H3COZnCHj; and the cage pair complex, with very little CH,O.
As d became negative, from —1.25 to —5.0 cm, the yield of
CH;O increased dramatically while the yield of H3COZnCHj3
remained constant or declined slightly, very similar to merged
jet deposition. Significantly, no new bands (other than those
seen in twin and merged jet deposition experiments) were
observed at any value of d, suggesting that this technique is
able to tune continuously from twin jet to merged jet deposition.
While no new intermediates were seen for this particular pair
of reactants, concentric jet deposition may be quite valuable
for a number of chemical systems.

Reaction Mechanism. The “snapshots” of the reaction at
different times probed by twin jet, concentric jet, and merged
jet deposition provide some insight into the mechanism of the
reaction. As proposed by Lee and Zare, the first step appears to
be oxidation of the Zn—C bond, forming H;CO and (presum-
ably) ZnCHj3 or Zn + CH3

(CH;),Zn + O;—~H;CO* + ZnCH;+ O,  (la)
or
(CH;),Zn + O;—~H;CO +Zn+ CH;+ O,  (Ib)

Both of these steps are calculated to have AEy°® < 0, although
only slightly so in the case of reaction 1b. In the matrix or in
the relatively dense region immediately in front of the condens-
ing matrix, these recombine to form the observed H;COZnCHj3
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product, while in the gas phase they separate and react further.
It is interesting that a small amount of H3COZnCHj is formed
upon initial deposition, before irradiation. This must occur late
in the matrix condensation process, just as the matrix is
becoming rigid, so that the two radicals cannot diffuse apart
and be trapped in separate cage sites.

The major products formed in the merged jet experiments
are all stable, known species which must be accounted for in
the reaction mechanism. Lee and Zare suggested that the
following reaction occurs to account for the electronically
excited H,CO they observed:

H,CO + H,CO— CH,OH + H,CO* )

Presumably other H atom acceptors (e.g., CHs, ZnCHj3) could
also react with H3CO, leading to H,CO formation. Step 2
accounts for the formation of two of the major observed
products, methanol and formaldehyde. Since reaction 2 is second
order in CH30, it requires a sufficient quantity of the methoxy
radical to proceed. This, in turn, suggests that reaction 1 is very
rapid at room temperature, in agreement with the results from
this study and that of Lee and Zare.

Several questions remain about the mechanism: How is C,Hg
formed in this reaction? What is the fate of Zn in the gas-phase
reaction? How do the minor products form? Although CHj
radicals were not detected, possibly due to band overlap with
Me,Zn, the following may occur:

CH,+CH,+Ar—C,H,+ Ar  AE, =—82.0 kcal/mol
(3a)
CH,+CH,Zn—C,H,+Zn AE, =—71.3 kcal/mol

(3b)

CH, + CH,Zn—H,C=Zn+ CH, AE, =—3.7 kcal/mol
(3¢)

AE, =—60.7 kcal/mol
(3d)

CH;Zn + CH;Zn— C,H; +2Zn

CH,Zn+ CH,Zn—H,C—Zn—Zn—CH, AE, =—

52.4 kcal/mol (3e)

(all AE (° values calculated at the B3LYP/6-311++g(d,2p) level
of theory). Reactions 3a, 3b, and 3d provide viable pathways
for the formation of C;Hg and cannot be distinguished with the
available data, while reaction 3c provides an alternative route
for the disappearance of CHj, and reaction 3e provides an
alternative route for the disappearance of CH3;Zn. However,
these reactions are energetically less favorable than their
counterpart reactions 3b and 3d. More importantly, the calcu-
lated spectra of H,C=Zn and H3;C—Zn—Zn—CH;3; were not
consistent with the observed spectra, while C;Hg was experi-
mentally observed.

While Zn is clearly present in the twin jet experiments as
H3COZnCHs;, its fate is not as apparent in the merged jet
experiments. No Zn-containing products were observed in these
experiments. Many of these would be very weak infrared
absorbers and might have escaped detection. Of course, Zn and
Zn, are infrared-inactive. If formed through reactions 1b, 3b,
or 3d, they would not be observed spectroscopically. It is
noteworthy that Lee and Zare” observed Zn atom emission, as
well as ZnH emission, from the reaction of Oz with (C;Hs),Zn.
Finally, ZnO and HZnCHj3; are also reasonable products in this
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system. Little is known about the spectrum of ZnO. It has been
reported at 811 cm™! in N, matrices,? with a 40 cm™! 130 shift.
The argon matrix positions are likely to shift slightly, but should
be in the same region. No absorptions were observed which
could be attributed to ZnO. As noted above, HZnCH3 was not
observed in the present study. The most likely explanation for
the fate of zinc under the present reaction conditions is the
formation of Zn atoms or dimers which are not observable
spectroscopically.

Several weak bands due to minor products were seen in the
merged jet experiments as well. These cannot be definitively
identified due to the weakness of the absorptions, and probably
arise from secondary reactions (i.e., reactions with additional
molecules of either O3 or Me,Zn). Without more information,
no mechanistic conclusions may be drawn about the formation
of these minor products.

Conclusions

Merged jet co-deposition of reacting mixtures of Me,Zn and
O3 in argon leads to the isolation of H,CO, CH30H, and C;Hg
as primary products, nearly independent of the length of the
merged region. Twin jet deposition leads to initial formation
of a cage pair complex (species A) along with a small amount
of the oxidation product H3COZnCHj (species B). The complex
is destroyed by subsequent irradiation, while the yield of
H3COZnCHj; is greatly enhanced. Concentric deposition pro-
vides a continuous transition from twin-jet-like to merged-jet-
like conditions, allowing for simultaneous observation of both
types of products. The data obtained here support a mechanism
in which the initial step is the formation of an excited H;CO
radical from which H,CO is formed via hydrogen atom loss
and from which CH3OH is formed through H atom addition.
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