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Vibrational energy of the monoalkyl zinc product formed in the
photodissociation of dimethyl zinc, diethyl zinc, and dipropyl zinc

Robert L. Jackson
IBM Research Division, Almaden Research Center, San Jose, California 95120-6099

(Received 17 October 1991; accepted 10 January 1992)

The gas-phase photodissociation of (CHj; ), Zn, (C,H;),Zn, and (#-C;H, ), Zn has been
examined at 248 nm using laser-induced fluorescence to detect the monoalkyl zinc radical and
zinc atom photoproducts. For each compound, the monoalkyl zinc radical is the primary
photoproduct and is formed sufficiently hot that it spontaneously dissociates to an alkyl radical
and a Zn atom without absorption of a second photon. Photodissociation was examined in the

presence of He buffer gas to measure the probability of quenching the secondary spontaneous
dissociation of the monoalkyl zinc species. For all three dialkyl zinc compounds, the
probability of quenching the secondary dissociation step increases substantially over the He
pressure range of 0-400 Torr. The quenching probability vs He pressure was fit using RRKM
theory in conjunction with a time-dependent master equation, treating the nascent vibrational
energy distribution of the monoalkyl zinc product as an adjustable function. The quenching
data for C,H;Zn and n-C; H,Zn can be fit only if it is assumed that these species are formed
with a hot, narrow vibrational energy distribution, much narrower than that predicted by
phase-space theory. A dissociation mechanism involving crossover from an optically prepared
singlet state to a repulsive triplet state is proposed to explain this observation. Spontaneous
dissociation of CH, Zn is quenched much more strongly by He than is calculated using any
reasonable vibrational energy distribution function for CH,Zn. This is attributed to the
inapplicability of RRKM theory to reactions involving very low-state-density molecules like

CH,Zn.

I. INTRODUCTION

One of the most interesting and technologically impor-
tant aspects of gas-phase organometallic photochemistry is
that absorption of a single uv photon often results in the
scission of several metal-ligand bonds. To illustrate this phe-
nomenon, consider the single-photon dissociation of a metal
carbonyl! such as Fe(CO),. Because the energy of a uv pho-
ton is much greater than the energy required to break the
first metal-ligand bond, a large fraction of the initial excita-
tion energy is retained by the metal-containing primary pho-
toproduct, Fe(CO),."* This product will spontaneously
dissociate if the energy retained is sufficient to break addi-
tional metal-ligand bonds. At very high excitation energies,
spontaneous dissociation can continue until all metal-ligand
bonds are broken, leaving the bare metal atom.>* Gas-phase
photodissociation of organometallics can thus be exploited
to prepare highly unsaturated catalytic species® and to pro-
duce metal films under extremely mild conditions.®

To understand the multiple-fragmentation process, it is
necessary to understand the dynamics of the primary photo-
dissociation step. In particular, we would like to know if
energy is partitioned statistically to the photoproducts or is
partitioned in a more specific manner. Recent studies have
attempted to address this question for the metal carbonyls.
For example, Vernon and co-workers have examined the
photodissociation of Fe(CO);, Cr(CO),, Mo(CO),, and
W(CO)¢ in a molecular beam using mass spectrometry to
measure the product velocity distributions.”® Photodisso-
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ciation of each species was examined at excitation energies
where the primary M(CO), photoproduct spontaneously
dissociates, either partially or completely. When secondary
dissociation processes of this kind occur in a molecular-
beam experiment, it is not straightforward to define a unique
velocity distribution for the products of each dissociation
step. Analysis of the mass spectrometric data is further com-
plicated because metal carbonyls fragment readily under the
high-energy electron-impact ionization conditions required
to detect the photoproducts with an acceptable signal-to-
noise ratio. Nevertheless, Vernon and co-workers extracted
information on the statistical nature of the primary photo-
dissociation process by fitting the composite velocity distri-
butions determined for each M(CO) /" product ion to the
distributions predicted by a simple statistical model for each
metal-CO dissociation step. They found that the product
velocity profiles are consistent with a statistical primary
photodissociation process for Fe(CO);,” but not for
Cr(CO)¢, Mo(CO),, and W(CO),.%

Hepburn and co-workers also performed a series of pho-
todissociation experiments on Fe(CO); using vuv laser-in-
duced fluorescence to measure the rovibrational state distri-
bution of the CO product.® The Doppler linewidths of the
transitions were used to assign a translational temperature to
the CO population. The most complete data were collected
at photolysis wavelengths where the Fe(CO), primary pho-
toproduct spontaneously dissociates. Under these condi-
tions, it is not possible to determine a unique rovibrational or
translational energy distribution for the CO produced in
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each dissociation step. Information on the photodissociation
mechanism was thus obtained by comparing the measured
composite CO energy distributions to the distributions ex-
pected from a simple statistical model for each dissociation
step. The conclusion of Hepburn and co-workers agrees with
the conclusion of Vernon and co-workers regarding the sta-
tistical nature of the Fe(CO); photodissociation process.
Related optical spectroscopic experiments have been per-
formed by Holland and Rosenfeld'® on W(CO), and by
Wight and co-workers on a series of metal nitrosyls.'"'?

By combining the information obtained in the Vernon
and Hepburn experiments, one would expect to obtain a very
complete dynamical picture of the Fe(CO)s photodissocia-
tion process. Unfortunately, the picture that emerges is less
complete than one would like because analysis of the data is
complicated by spontaneous dissociation processes. Similar
difficulties will often be encountered when molecular-beam
or optical spectroscopic experiments of this kind are per-
formed on organometallic molecules. While complications
due to spontaneous dissociation can be avoided by employ-
ing excitation wavelengths that result in scission of only one
metal-ligand bond, one is often interested in an organome-
tallic photodissociation process because of the possibility of
spontaneous dissociation processes. Consequently, we have
begun to use an indirect technique that exploits spontaneous
dissociation of the photoproducts to gain dynamical infor-
mation about photoprocesses in organometallic molecules.
We perform the photodissociation experiment in the pres-
ence of a buffer gas in an attempt to quench spontaneous
dissociation of the primary photoproduct. Once the proba-
bility of quenching as a function of buffer-gas pressure is
known, we fit the quenching data using RRKM theory to-
gether with a time-dependent master equation that describes
the competing processes of reaction and collisional deactiva-
tion of the hot primary photoproduct. The fit is extremely
sensitive to the choice of initial vibrational energy distribu-
tion for the primary photoproduct. While this method will
not yield the exact vibrational energy distribution for the
photoproduct of interest, it gives the average energy and
width of the distribution function. If a functional form is
specified for the distribution, e.g., a Gaussian or Boltzmann
distribution, a unique vibrational energy distribution can be
obtained.

Similar quenching techniques together with RRKM
theory were used several years ago to explore the vibrational
energy distributions of products formed in the photodisso-
ciation of organic molecules.'>?® The RRKM calculations
were performed using the strong-collision approximation to
model the collisional vibrational energy transfer process.
The conclusions of these earlier papers are subject to ques-
tion, since it is now generally recognized that the strong-
collision approximation provides a very poor picture of colli-
sional energy transfer.?! A kinetic master equation offers a
much more realistic framework for modeling the pressure
dependence of unimolecular rate constants.?"?*> In addition,
collisional vibrational energy transfer in large polyatomic
molecules is understood much better than it was a decade
ago,?? and solutions to the appropriate kinetic master equa-
tions are now available.”® Hence, we can now apply quench-

ing techniques to problems in photodissociation dynamics
with more confidence. These techniques are readily applied
to organometallics, since secondary spontaneous dissocia-
tion of organometallic photoproducts is extremely common.
Indeed, Rayner and co-workers recently used quenching
techniques and a simple stepladder form of the master equa-
tion to study photodissociation of the Group 6 metal hexa-
carbonyls.?*

In this paper, we use the quenching method combined
with a full time-dependent master equation to determine the
vibrational energy of the monoalkyl zinc photoproduct
formed upon 248 nm photodissociation of three dialkyl zinc
compounds: (CH;),Zn, (C,H;),Zn, and (n-C;H, ),Zn.
In an earlier communication on the photodissociation of
(CH; ), Zn, we showed that the yield of the primary photo-
product, CH;Zn, increases significantly as the pressure of
He increases, with a concomitant decrease in the secondary
spontaneous dissociation product, Zn atom.?® This result
was attributed to a competition between dissociation and
collisional stabilization of the hot CH;Zn photoproduct,
with collisional stabilization becoming more favorable as the
He pressure increases. We show here that analogous results
are obtained for (C,H,),Zn and (n-C,H;),Zn. Using a
numerical solution to the time-dependent master equation
that we have described previously,?® we fit the quenching
data to obtain the nascent vibrational energy distribution of
the monoalkyl zinc photoproduct.

A. Spectroscopy and photochemistry of dialkyl metal
compounds

We begin with a brief examination of prior work on the
electronic spectroscopy and photochemistry of the dialkyl
zincs and the related dialkyls of cadmium and mercury. A
more thorough review was published recently.?’ The elec-
tronic spectra of (CH; ),Zn, (C,H),Zn, (CH,),Cd, and
(CH,; ), Hg show two partially overlapping broad bands in
the deep uv, which were assigned by Chen and Osgood.?®
The lower energy band shows little or no discernible struc-
ture, while the higher energy band shows diffuse vibrational
structure. The spectrum of (n-C;H, ), Zn has not been dis-
cussed in the literature, but we found that its spectrum is
similar to that of (C, Hs ), Zn. Recently, Amirav et a/. exam-
ined the spectrum of (CH, ), Cd in a molecular beam.?® The
linewidths of the vibrational structure in the higher energy
band narrow to approximately 100 cm ~! at low tempera-
ture, consistent with an excited state lifetime of ~ 50 fs. No
structure was observed in the lower energy band even at low
temperature, but structure in this band could be obscured by
a long progression in the low-frequency C-M-C bending
mode (~ 140 cm ~ ! in the ground state® ).

It has been known for several decades that uvirradiation
of the dialkyl compounds of zinc, cadmium, and mercury in
the gas phase yields the corresponding metal atoms,*! but
the mechanism of the photodissociation process was not
known prior to the work of Bersohn and co-workers in
1971.32 They photolyzed (CH, ), Cd in a bulb at low pres-
sure using polarized light from an arc lamp and found that a
Cd film formed preferentially on the face of the bulb perpen-
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dicular to the electric field vector of the incident light beam.
This result shows that the photodissociation process does
not involve concerted loss of both methyl groups, since a
concerted dissociation process would impart no net momen-
tum to the Cd atom. Strausz and co-workers confirmed the
stepwise nature of the photodissociation mechanism by ob-
serving the electronic spectrum of CH, Zn and CH, Cd upon
uv irradiation of the respective dimethyl compounds.®®
These spectra have been examined in greater detail recent-
ly.34—36

From the studies performed to date, we can conclude
that uv photodissociation of the dialkyl zinc compounds
yields Zn atom by the following mechanism:

hv

R,Zn—RZn' + R, (1)
RZn"—R 4 Zn, (2)

where R denotes an alkyl group and ' denotes vibrational
excitation. The first and second metal-alkyl bond-dissocia-
tion energies for the dialkyl zincs are given in Table 1.*’
Upon absorption of a 248 nm photon (115 kcal/mol) by the
dialkyl zinc compound, the first metal-alkyl bond is broken,
leaving 50-60 kcal/mol to be distributed among the product
degrees of freedom. The monoalkyl zinc product must retain
half of that energy as vibrational excitation for the second
metal-alkyl bond to be broken. Photodissociation of the
dialkyl zinc compounds at 248 nm does not provide suffi-
cient energy to form any of the products in an electronically
excited state.

Additional information on the photodissociation of
dialky! metal compounds comes from ir fluorescence and
molecular-beam experiments. Baughcum and Leone®® ob-
served ir fluorescence from the methyl radicals formed in the
248 nm photodissociation of gas-phase (CH, ), Hg at low
pressure. Fluorescence was observed from the CH; umbrel-
la mode (v,, 606 cm ~!) and the CH antisymmetric stretch-
ing mode (v;, 3162 cm ~ '}. A line shape analysis of the CH
antisymmetric stretch showed that the methyl radical has a
rotational temperature of 1200-1500 K. Similar results were
obtained by Chu et al. for (CH; ), Znand (CH, ), Cd.*® The
ir fluorescence experiments do not yield firm conclusions
about the primary photodissociation process, however, since
methyl radicals are formed via both Egs. (1) and (2) under
the conditions of the experiment. Bersohn and co-workers
examined the translational energy distribution of the methyl

TABLE L. Bond dissociation energies for the dialkyl zincs and monoalkyl
zincs.

Molecule DH'RZn-R (kcal/mol) DH°R-Zn (kcal/mol)
(CH;),Zn* 6374 1.5 24.5 £ 4.0
(C,H,),Zn* 5244 2.0 22.0 + 4.2

(n-C;H,),Zn" 524420 220442

2 Reference 37.

® Bond dissociation energies in (n-C; H, ), Zn assumed to be equal to those
in (C,H,),Zn. See, S. W. Benson, J. T. Francis, and T. T. Tsokis, J. Phys.
Chem. 92, 4515 (1988).

radicals formed in the 193 nm photodissociation of
(CH,),Zn and (CH,),Cd in a molecular beam.*® They
found that the translational energy distribution was relative-
ly cool. Again, two methyl radicals are formed under the
conditions of the experiment, but two separate translational
energy distributions were not resolved. Vernon and co-
workers performed molecular beam photodissociation ex-
periments on (C,H;),Zn at 193 and 248 nm, but because
[(C,H;),Zn], clusters were formed extensively in the mo-
lecular beam expansion, quantitative product translational
energy distributions were not obtained for photodissociation
of (C,Hs),Zn monomer.*'

The studies described above provide a good picture of
the photodissociation mechanism, but the dynamics of the
primary photodissociation process have not been unequivo-
cally established. In the experiments described below, we
attempt to understand the dynamics of the primary photo-
dissociation process by determining the vibrational energy
distribution of the monoalkyl zinc radical formed as the pri-
mary photoproduct in the 248 nm photodissociation of
(CH;),Zn, (C,Hs),Zn, and (n-C;H, ),Zn.

Il. EXPERIMENT

Dimethyl zinc and diethyl zinc were purchased from
Alfa in the highest available purity and were used as re-
ceived. Dipropyl zinc was prepared by reaction of n-propyl
iodide with zinc/copper powder (Alfa) followed by vacuum
distillation. Analysis by gas chromatography/mass spec-
trometry showed the product to be 98% pure, with n-propyl
iodide as the only detectable impurity. For the photodisso-
ciation experiments, the dialkyl zinc compounds were trans-
ferred to a Teflon-lined stainless steel bubbler fitted with
VCR fittings. To avoid cross contamination when changing
the dialkyl zinc compound, the bubbler was emptied by eva-
cuation and then was opened and cleaned with successive
rinses of 10% aqueous HCI, deionized water, and isopro-
panol. The bubbler was then thoroughly vacuum dried prior
to use. Caution: the dialkyl zinc compounds flame upon expo-
sure to the atmosphere.

Photodissociation of the dialkyl zinc compounds was
performed in a flow cell constructed from a stainless steel
cube with 1.33 in. diameter vacuum flanges on each face (see
Fig. 1). Two of the opposing side faces of the cube were fitted
with 3/4 in. 0.d., 2 in. long stainless steel tubes to which
quartz windows were attached at Brewster’s angle via Viton
O rings. A quartz window, which served as the fluorescence
viewport, was attached to one of the remaining side faces of
the cube, while the face of the cube opposite the fluorescence
viewport was blanked off. A valve leading to a vacuum sys-
tem was attached to the top face of the cube, while the dialkyl
zinc bubbler was attached to the bottom face. The cell was
evacuated between photolysis runs to a base pressure of
1x 10~ ¢ Torr using a diffusion pump. During a photolysis
run, the cell was continuously pumped with a mechanical
pump. Helium carrier gas was used to deliver the dialkyl zinc
vapor into the cell, with the flow rate controlled by a mass
flow controller. The dialkyl zinc flow was held constant
throughout all experiments. Buffer gas was admitted to the
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cell via ports aimed at each Brewster window (to prevent
material deposition on the windows ), with the flow rate con-
trolled by a second mass flow controller. The buffer-gas
pressure was varied by changing the flow rate of the second
flow controller, adjusting the opening of the vacuum valve to
maintain a linear relation between buffer-gas flow rate and
pressure. The buffer-gas flow rate was always at least 50
times greater than the flow rate of the dialkyl zinc com-
pound.

An excimer laser operating on the KrF line at 248 nm
was used to dissociate the dialkyl zinc compounds and a
Nd:YAG-pumped dye laser was used to detect the products
by laser-induced fluorescence (LIF). The lasers were pulsed
at 10 Hz. The excimer laser pulsewidth was ~ 20 ns while the
dye laser pulse width was ~8 ns (FWHM). The excimer
and dye laser beams were collinear and counterpropagating.
Firing of the excimer and dye lasers was synchronized by
controlling the delay between triggering of the excimer laser
thyratron and the Nd:YAG laser Q switch. Due to jitter in
the firing of the excimer laser, the delay could not be con-
trolled to better than 20 ns. The jitter in the delay, combined
with the pulse widths of the excimer and dye laser, translates
into a temporal resolution of ~40 ns. The intensity of the
excimer and dye lasers was measured by directing the reflec-
tion from a beamsplitter into calibrated power meters
(Scientech). The fluorescence intensities and relative yields
are corrected for variations in the intensity of the excimer
and dye laser beams during a photolysis run.

Zn atom was monitored by pumping a two-photon tran-
sition at 66 037.6 cm ~ ' from the ground state to the 4s6s'S
state.”  Fluorescence was observed from the
4565'S —4s4p' PO transition at 19 292.2 cm~'. CH;Zn was
monitored by pumping the 03 band of the 4 2E, ,, < X %4,
transition at 23 956 cm ~'.3%3® Fluorescence was observed
from several vibronic bands of the same transition. Fluores-
cence from Zn and CH;Zn was dispersed using a 0.32 m
monochromator with a 1200 groove/mm grating. Zn atom
fluorescence was detected using a photomultiplier tube and
boxcar integrator, while CH, Zn fluorescence was detected
using a gated diode array (Princeton Instruments). The
temporal resolution of the detection system in each case was
6 ns. The Zn atom LIF intensity was determined by scanning

the dye laser through the absorption line and integrating the
resulting fluorescence peak. The CH;Zn LIF intensity was
determined at a fixed dye laser wavelength by measuring the
height of the resulting fluorescence peaks. The relative inten-
sities of the vibronic bands in the CH, Zn fluorescence spec-
trum do not depend on pressure when the dye laser is tuned
to the 03 band,>* so we monitored the strongest band in the
fluorescence spectrum.

For Zn, the LIF intensity should vary with the square of
the dye laser intensity, since we are pumping a two-photon
transition. We found, however that the Zn LIF intensity
scaled approximately as 7 ' under typical dye-laser operat-
ing conditions (3-10 mJ/pulse, 5 mm beam diameter, unfo-
cused), reflecting partial saturation of the transition. No Zn
LIF signal was detected in the absence of excimer laser radi-
ation or if the dye laser was fired before the excimer laser.
For CH, Zn, the LIF intensity should vary linearly with the
dye-laser intensity, but we found that the CH; Zn transition
is particularly easy to saturate under our typical dye-laser
operating conditions. We therefore expanded the dye laser
beam 3 X and stopped the beam down to its original size in
order to maintain a linear dependence of the fluorescence
signal on dye-laser intensity. No CH, Zn fluorescence signal
was detected if the excimer laser beam was blocked or if the
dye laser was fired prior to the excimer laser.

To properly interpret the pressure dependence of the
photoproduct LIF signals, we must ensure that the dialkyl
zinc partial pressure remains constant as the buffer-gas pres-
sure is varied. We could not directly ensure this by monitor-
ing the product LIF signals at various buffer-gas pressures,
since the product yields vary with pressure. We could deter-
mine the relationship between the dialkyl zinc partial pres-
sure and buffer-gas flow rate, however, by performing a dif-
ferent experiment: We monitored the intensity of the Zn LIF
signal obtained upon photodissociation of (CH,),Zn at
constant buffer-gas pressure, but with varying flow rates of
buffer gas. If the flow cell is operating as expected, the
(CH; ), Zn partial pressure, and thus the Zn LIF signal,
should vary inversely with buffer-gas flow rate. The Zn LIF
intensity indeed depends inversely on buffer-gas flow rate, as
shown in Fig. 2 for a He pressure of 250 Torr. Similar results
were obtained at all other pressures examined.

INl. RESULTS
A.(CH,),Zn

Figure 3 shows the buffer-gas pressure dependence of
the LIF signals observed for Zn and CH; Zn upon photodis-
sociation of (CHj; ),Zn. The intensity of the Zn LIF signal
decreases while the intensity of the CH,Zn LIF signal in-
creases with rising He pressure. The results shown in Fig. 3
may be understood from the two-step mechanism given in
Egs. (1) and (2) for photodissociation of (CH, ), Zn. Colli-
sional vibrational energy transfer from the hot CH; Zn pho-
toproduct to the buffer gas competes with Eq. (2), reducing
the yield of Zn and increasing the yield of CH, Zn.

To ensure that fluorescence quenching does not affect
our LIF signal intensities, we measured the fluorescence life-
time vs He pressure for both Zn and CH; Zn. The fluores-
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FIG. 2, Plot of the inverse of the Zn LIF intensity obtained upon photodis-
sociation of (CH; ),Zn vs the flow rate of He buffer gas. The He pressure
was held constant at 250 Torr. The line represents a least squares fit forced
through the origin.

cence lifetime for each species was found to be independent
of He pressure to 400 Torr, within experimental error. To
ensure that pressure broadening does not affect the atomic
Zn LIF signal intensity, we scanned the dye laser through
the Zn line and integrated over the resulting peak. It is diffi-
cult to assess the effect of pressure broadening on the spec-
trum of CH;Zn, but we observed no difference in the spec-
tral line shape of the CH, Zn transition in the vicinity of the
dye-laser wavelength as a function of He pressure to 400
Torr. Also, the CH;Zn transition is several wave numbers
wide due to the presence of many overlapping rotational sub-
bands. We therefore do not believe that the LIF signal inten-
sity for CH; Zn is affected by pressure broadening.

For Zn, the LIF signal rises to full scale at all pressures
within the temporal resolution of the experiment, indicating
that the reactions in Egs. (1) and (2) are completed within
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FIG. 3. Yield of CH,Zn (A ) and Zn (@) obtained upon photodissociation
of (CHj; ), Zn vs He buffer gas pressure. Data are normalized to an average
total yield of 1.0 (O), represented by the dotted line.

40 ns. In contrast, the CH;Zn LIF signal rises to about 15%
of full scale within 40 ns, followed by a slow rise to full scale
with a time constant in the microsecond regime (see Fig. 4).
The results for Zn show that this behavior is not due to slow
formation of (CH,)Zn. Instead, the CH;Zn signal rises
slowly because CH, Zn is formed with substantial rovibra-
tional excitation. Since we are pumping the 03 band of
CH, Zn, only molecules in the vibrational ground state will
be excited. (Recent high-resolution spectroscopic results
suggest that no sequence bands overlap the 0 band of
CH,Zn.*®) Thus, as the CH, Zn population is collisionally
cooled, the LIF signal intensity increases. This explanation
is consistent with our observation that the rate at which the
LIF signal reaches its maximum value increases with in-
creasing buffer gas pressure. The CH; Zn fluorescence signal
requires > 100 collisions to reach full scale, suggesting that
the slow risetime represents predominantly vibrational,
rather than rotational, relaxation. To account for the effect
of vibrational excitation on the CH, Zn LIF signal, all of the
pressure-dependence measurements were performed with a
delay of 10 us between firing of the excimer and dye lasers.
With this time delay, the LIF signals for both Zn and CH; Zn
have reached their maximum intensities and are constant.
Only when the delay is extended into the millisecond time
regime do the LIF signals begin to decay due to transport of
the photoproducts out of the region of the cell sampled by
the dye-laser beam.

Since we have accounted for the effects of He pressure
on the probability of absorbing the dye-laser beam and on
the subsequent emission for both Zn and CH,Zn, the LIF
signal intensity may be taken to be proportional to the rela-
tive yield of each species. The absolute yields can then be
determined by summing the LIF signal intensities for Zn and
CH, Zn to give a total yield of unity. This normalization is
reflected in Fig. 3. Normalizing the data in this manner as-
sumes that the primary photodissociation process is not
quenched by He. Given the very fast rate of this process,
quenching is extremely unlikely.

Figure 3 shows that ~95% of the CH, Zn formed at low
pressure undergoes secondary spontaneous dissociation to

.2
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FIG. 4. Dependence of the CH, Zn LIF signal on the delay between firing of
the excimer laser and the dye laser. Top: 75 Torr Ar. Bottom: 72 Torr He.

J. Chem. Phys., Vol. 96, No. 8, 15 April 1992



Robert L. Jackson: Photodissociation of zinc compounds

Zn, but at He pressures »>400 Torr, more than half of the
CH, Zn is stabilized. Fig. 3 differs somewhat from the data
presented in our earlier communication,?® since in that pa-
per, we did not properly account for pressure broadening of
the Zn atomic absorption line. As a result, the yield of Zn
depends slightly less strongly on He pressure than we pre-
sented earlier, and the yield of CH;Zn at low pressure is
slightly smaller than we reported earlier (~ 5% vs ~20%).

We also examined the pressure dependence of the LIF
signals for Zn and CH, Zn using Ar as a buffer gas. Quantita-
tive data could not be obtained for the dependence of the Zn
yield on Ar pressure, since Zn fluorescence is strongly
quenched by Ar. In contrast, the CH,Zn fluorescence life-
time is not affected by Ar at pressures up to 400 Torr. The
CH; Zn yield vs Ar pressure is shown in Fig. 5. To permit
direct comparison of the Ar and He data in Fig. 5, we set the
CH, Zn yield at 20 Torr of Ar equal to the yield at 20 Torr of
He. The Ar pressure dependence is somewhat stronger than
the He pressure dependence, indicating that Ar stabilizes
CH, Zn more strongly than He at equivalent pressures. This
conclusion is consistent with the noticeably faster risetime
observed for the CH; Zn LIF signal in the presence of Ar vs
He (see Fig. 4). CH,; Zn/Ar collisions occur at a slower rate
than CH,;Zn/He collisions at a given pressure, so on a per
collision basis, Ar is the more efficient quencher.

The Zn and CH,Zn LIF signal intensities vs excimer
laser fluence are shown in Figs. 6 and 7, respectively. The
data for Zn are fit by a straight line through the origin, indi-
cating that Zn is formed predominantly by single-photon
dissociation of (CH;),Zn. The fluence dependence of the
CH,Zn LIF signal is also linear at low fluence, but then falls
off at higher fluences. The falloff is not due to saturation of
the (CH; ), Zn transition, given the low laser fluence used in
our experiments and the small absorption cross section of
(CH,);Znat 248 nm (1.1 X 10~ ” cm?). The falloff may be
attributed to secondary photodissociation of CH,Zn, how-
ever. Indeed, Strausz®® and co-workers observed a series of
CH,; Zn absorption bands originating at 274 nm that have
been assigned to a vibrational progression in the
C24, —X A4, band.* The data presented by Strausz and
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FIG. 6. LIF intensity obtained for Zn upon photodissociation of (CH; ), Zn
vs excimer laser fluence. The He pressure was 100 Torr. The line represents
a least-squares fit forced through the origin.

co-workers does not extend to 248 nm, but the fifth peak in
the progression would lie at 248 nm.

We can fit the excimer-laser fluence dependence ob-
served for the CH,Zn LIF signal using the kinetic expres-
sions appropriate for a sequential two-photon dissociation
process.** The only unknown parameter is the photodisso-
ciation cross section of CH; Zn. Adjusting this cross section
to fit the data (see Fig. 7) yields a value of 4.1 X 10~ "7 cm?
Figure 7 shows the fluence dependence expected in the ab-
sence of CH;Zn photodissociation. Our pressure-depend-
ence data for Zn and CH; Zn were taken at an excimer-laser
fluence of 5 mJ cm ~ 2 pulse ~ !, where secondary photodisso-
ciation of CH; Zn is minimal.

It is important to note that the excimer-laser fluence
dependence observed for the Zn LIF signal differs signifi-
cantly from that observed for the CH;Zn LIF signal.
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FIG. 7. LIF intensity obtained for CH; Zn vs excimer laser fluence. The He
pressure was 100 Torr. The solid line represents a fit to the data for a sequen-
tial two-photon dissociation model, where the photodissociation cross sec-
tion of CH, Zn is 4.1 X 10~ ' cm?. The dashed line represents the behavior

expected in the absence of secondary photodissociation of CH; Zn.
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CH,; Zn is the precursor to Zn, so one would expect the LIF
signals for both species to show the same dependence on
excimer-laser fluence. The difference can be readily under-
stood, however, if secondary photodissociation of CH;Zn
yields predominantly Zn. In that case, Zn is formed via two
pathways; the first shows a weaker than linear dependence
on excimer laser fluence [Eq. (2) ], while the second shows a
stronger than linear dependence on excimer laser fluence
[Eq. (1) followed by secondary photodissociation of
CH,Zn]. The result is that the yield of Zn depends approxi-
mately linearly on excimer-laser fluence.

At the higher excimer-laser fluences, secondary photo-
dissociation of CH;Zn makes an important contribution to
the overall yield of Zn. The dependence of the Zn yield on
buffer-gas pressure may thus be different at high and low
excimer-laser fluences, since the quenching probabilities for
secondary spontaneous dissociation and secondary photo-
dissociation of CH;Zn may be quite different. Figure 8
shows that the yield of Zn depends slightly more weakly on
He pressure at an excimer-laser fluence of 15 vs 5
mJ cm ™2 pulse ~ !, indicating that secondary photodissocia-
tion is quenched more weakly than secondary spontaneous
dissociation at a given pressure.

Our results for the 248 nm photodissociation of
(CH; ),Zn can be summarized as follows. Absorption of a
single 248 nm photon by (CH, ), Zn yields vibrationally hot
CH;Zn; ~95% of the CH,Zn population is formed suffi-
ciently hot that it spontaneously dissociates to Znin <40ns.
In the presence of a buffer gas, collisional vibrational energy
transfer stabilizes some fraction of the CH;Zn population.
The probability of stabilization increases with increasing
buffer-gas pressure. At He pressures »400 Torr, CH;Zn be-
comes the dominant product. Ar stabilizes CH; Zn more ef-
ficiently than He at a given pressure. Secondary photodisso-
ciation of CH,Zn yields predominantly Zn and becomes a
significant reaction pathway at higher excimer laser
fluences.
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FIG. 8. Yield of Zn obtained upon photodissociation of (CH;),Zn at an
excimer laser fluence of 5 (@) and 15 (A ) mJ cm ~2? pulse . The He pres-
sure was 100 Torr.
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B. (C,Hg).Zn and (7-C;H,),Zn

Buffer-gas quenching experiments identical to those
performed for (CH,),Zn were also performed for
(C,H,),Zn and (n-Cy;H;),Zn. The effect of He pressure
on the relative yield of Zn obtained from (C,H;),Zn and
(n-C;H, ),Zn, shown in Fig. 9, is qualitatively the same as
that shown in Fig. 3 for (CH,; ), Zn. Unfortunately, data on
the relative yield of C, H; Zn and n-C; H, Zn as a function of
buffer-gas pressure were not obtained, since the fluorescence
spectrum for these two monoalkyl zinc compounds was not
observed. We carefully scanned the dye laser over the spec-
tral region from 23 470-25 480 cm ~ ! in search of fluores-
cence from these two monoalky! zinc species following pho-
todissociation of their respective dialkyl zinc precursors. For
CH, Zn, several vibrational bands of the 4 2E, ,, — X 24, and
A %E,,, — X *A, transitions are observed in this spectral re-
gion.>*38 It is possible that all vibrational bands of the 4 — X
transition for C, H;Zn and n-C; H, Zn lie outside this spec-
tral region, but this is highly unlikely, given the minimal
perturbation of the molecular orbitals involved in this transi-
tion upon changing the alkyl group from methyl to ethy! or
propyl.* Itis also possible that the photodissociation mech-
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FIG. 9. Yield (@) of Zn obtained upon photodissociation of (C,H;),Zn
(top) and (n~-C; H, ),Zn (bottom) vs He pressure. The data are normal-
ized to an extrapolated (Stern-Volmer) yield of unity at zero pressure. The
solid line represents the best fit obtained from master equation calculations
(see the text). The dotted line represents the fit obtained assuming that the
vibrational energy distribution is a Gaussian function with a width
(FWHM) of 3000 cm ~ !. The dashed line represents the fit obtained assum-
ing that the vibrational energy distribution is given by phase-space theory.
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anism changes so radically upon going from (CH;),Zn to
(C,H;),Zn and (n-C3;H;),Zn that the monoalkyl zinc is
not formed. This is also highly unlikely, given the qualita-
tively similar effect of He pressure on the yield of Zn formed
via photodissociation of all three compounds. Our report on
the formation of ZnH via sequential two-photon dissociation
of (C,Hy),Zn and (n-C;H,),Zn provides additional evi-
dence that the monoalkyl zinc is the primary photodissocia-
tion product for both molecules.**

The absence of fluorescence from C,H;Zn and n-
C,H,Zn can be attributed to an increased rate of internal
conversion relative to CH; Zn. The rate of internal conver-
sion is proportional to the square of matrix elements of the
nuclear kinetic energy operator connecting the upper and
lower states.*> For CH, Zn excited to the ground vibrational
level of the 4 state, it can be readily shown that many of these
matrix elements vanish for reasons of symmetry. Internal
conversion therefore occurs slowly, giving the excited state
time to fluoresce. For C,H;Zn and n-C,H,Zn, symmetry
places few restrictions on these matrix elements. In addition,
the density of accepting vibrational states in the internal con-
version process is much higher for C,H; Zn and #n-C,;H,Zn
than for CH; Zn. Internal conversion of electronically excit-
ed C,H;Zn and n-C;H,Zn may therefore occur quickly,
resulting in a much lower fluorescence quantum yield. We
note that related behavior is observed in the fluorescence of
the n* states of aldehydes.*® Internal conversion is much
slower, and thus the quantum yield for fluorescence is much
higher, for the small, symmetric molecule formaldehyde
than for the larger asymmetric aldehydes, such as acetalde-
hyde and propanal.

For (CHj; ), Zn, we obtained the absolute yields of Zn
and CH, Zn vs buffer-gas pressure by normalizing to a total
yield of unity. The same normalization cannot be performed
for (C,H,),Zn and (n-C;H, ), Zn, since LIF data are not
available for the monoalkyl zinc photoproduct. The norma-
lization shown in Fig. 9 reflects a fit of the Zn data to a Stern—
Volmer model, with the yield of Zn chosen to be 100% at
zero pressure. This fit is reasonable, given that the yield of
Zn obtained from (CH; ), Znis ~95% at zero pressure and
that more energy is released to products upon photodissocia-
tion of (C,H;),Zn and (#-C,;H, ), Zn than upon photodis-
sociation of (CH, ),Zn (see Table I). Hence, we expect that
C,H,Zn and n-C;H,Zn are formed hotter than CH,Zn,
resulting in a higher yield of Zn from (C,H;),Zn and
(n-Cy;H, ),Zn than from (CH; ),Zn at zero pressure. The
data in Fig. 9 thus accurately represent the relative yield of
Zn vs He pressure, but only an estimate to the absolute yield,
limited by the accuracy of our assumption that the yield of
Zn is 100% at zero pressure.

We found that the Zn LIF signal rises to full scale within
the temporal resolution of the experiment at all pressures.
We also found that the Zn LIF signal depends linearly on
excimer-laser fluence, indicating that coherent two-photon
dissociation of (C, H; ), Zn and (n-C; H, ), Zn does not con-
tribute significantly to the yield of Zn. These results are iden-
tical to those found for Zn formed from (CH, ),Zn. As we
noted above for (CH; ), Zn, however, the linear dependence
of the Zn LIF signal on excimer-laser fluence does not rule

out secondary photodissociation of the monoalkyl zinc pho-
toproduct. Indirect evidence that C,HsZn and n-C,H,Zn
undergo secondary photodissociation comes from a com-
parison of the relative yield of Zn vs He pressure at high and
low excimer-laser fluence. The pressure dependence of the
Zn yield is weaker at an excimer-laser fluence of 15
mJcm~?*pulse”! than at 5 mJcm~?pulse”’! for
(C,Hs),Zn and (n-C; H, ), Zn, just as it is for (CH; ), Zn.
From this, we conclude that secondary photodissociation of
C,H;Zn and n-C, H, Zn does take place, but that secondary
photodissociation is no more important for these species
than for CH; Zn. Additional evidence for the secondary pho-
todissociation of C, H;Zn and n-C; H;Zn may be found in
Ref. 44.

Our results for (C,Hs),Zn and (n-C;H; ), Zn are less
complete than those for (CH; ),Zn, but in cases where the
same experiment could be performed on all three com-
pounds, the results are qualitatively identical. From this, we
conclude that the photodissociation process for (C,H;),Zn
and (n-C, H, ), Zn is analogous to that for (CH, ), Zn. Pho-
todissociation of all three dialkyl zinc compounds at increas-
ing buffer-gas pressure results in a decreasing yield of Zn,
which we attribute to collisional stabilization of the monoal-
kyl zinc primary photoproduct.

V. MODELING OF MONOALKYL ZINC SPONTANEOUS
DISSOCIATION

A. RRKM caiculations

RRKM calculations on the monoalkyl zincs were based
on the standard RRKM equation*’
W(EJ)
ho(EJ)"”
where W is the internal sum of states for the transition state
and p is the internal density of states for the reactant. Vibra-
tional contributions to the internal state sums and state den-
sities were computed within the harmonic oscillator approx-
imation using the Beyer-Swinehart state-counting
algorithm.*® The vibrational frequencies for the monoalkyl
zincs are largely unknown, but they are readily derived from
those of the corresponding alkyl bromide.*>*° The derived
frequencies should be quite accurate, since few significant
variations are observed among the vibrational frequencies of
a given family of substituted hydrocarbons, RX (e.g.,
C,H,F, C,H,Cl, C,HBr, and C,H,I), except for modes
involving substantial deformation of the C—X bond.*>*°
These deformations will have a lower frequency in the mon-
oalkyl zincs than in the alkyl bromides, since the C-Zn bond
strength®” is significantly weaker than the C-Br bond
strength.®’ Table II summarizes the vibrational frequencies
and rotational constants used in the calculations.

We determined the transition state vibrational frequen-
cies using a procedure that worked well in RRKM calcula-
tions on (CH;),Zn, (C,H;),Zn, (CH,;),Cd, and
(CH, ),Hg.*" In those calculations we found that the high-
pressure 4 factor, as well as the temperature- and pressure
dependence of the pyrolysis rate constants, could be repro-
duced by taking the vibrational frequencies of the transition

k(EJ) = (3)
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TABLE II. Vibrational frequencies and rotational constants for the mon-
oalky! zincs used in the RRKM calculations.

CH;Zn C,H;Zn n-C;H,Zn
Vibrational frequencies (cm ')
2900 (3) 2900 (5) 2900 (7)
1400 (2) 1450 (3) 1450 (4)
1060 (1) 1380 (1) 1350 (2)
500 (2)* 1100 (2)* 1300 (1)
445 (1)° 950 (3) 1100 (3)*
650 (1) 1000 (2)
445 (1)° 800 (1)
250 (1) 750 (2)
200 (1)° 445 (1)°
300 (1)
200 (2)°

120 (1)
Rotational constants (cm ~')¢

A,B=15239 (5.239)
C=0.2591 (.04383)

A,B =0.9370 (0.8556) A,B=0.8465 (0.7597)
C=0.1046 (0.03480) C=0.04377 (0.02588)

2 Mode involving twist of the carbon atom adjacent to the Zn atom; frequen-
cy lowered to 150 cm ~ ! in the transition state (only one frequency of the
group lowered in C, H,Zn and n-C;H,Zn).

®Mode involving a skeletal deformation that is lost in the products; frequen-
cy lowered to 90 cm ~ ! in the transition state.

¢ C—Zn stretching mode; treated as the reaction coordinate.

“Values in parentheses are for the transition state. C, H;Zn and n-C;H,Zn

are taken to be prolate symmetric tops.

state to be the same as those of the reactant, except for the
five vibrations that become rotations in the products. Two of
these five incipient rotations are derived from C-M-C
bends, to which we assigned a frequency of 90 cm ~ ! in the
transition state. The three remaining incipient rotations are
derived from higher frequency C-Zn deformations, to which
we assigned a frequency of 150 cm ~* in the transition state.
Note that for the monoalkyl zincs, only two vibrations be-
come rotations in the products, since one of the products is
an atom.

The geometry of the monoalkyl zinc was taken to be
equivalent to that of the corresponding dialkyl zinc,?? except
that the C—Zn bond was lengthened to reflect the lower bond
dissociation energy of the monoalkyl zinc. Using the bond-
energy/bond method,*® we derived a C—Zn bond length of
2.2 A for the monoalkyl zincs. The molecular geometry was
assumed to be unchanged on going from reactant to transi-
tion state, except for the length of the breaking C-Zn bond.

The internal rotors of C, HsZn and n-C; H, Zn were in-
cluded as active degrees of freedom in the state-density and
state-sum calculations. Internal rotors are typically treated
as classical free rotors in RRKM calculations,*” but this can
lead to significant errors in the rate constants at energies
close to the activation energy.*®* We treated the internal ro-
tors as harmonic oscillators, since this is more accurate at
the relatively low energies of interest in the monoalkyl zinc
calculations.*®

For a symmetric top, the rotational degree of freedom
associated with the top axis is an active degree of freedom,
since it exchanges energy with the degenerate vibrational
modes via coriolis coupling.*” CH, Zn is a prolate symmetric
top, while C,H;Zn («x= —0980) and n-C;H,Zn

(k= —0.996) are near-prolate tops. Consequently, we
treated the rotation associated with the top or near-top axis
as an active degree of freedom for all three molecules. The
two remaining rotations are inactive, but these rotations af-
fect k(E,J) by altering the centrifugal barrier.*” This effect
was included via the J-averaging method of Smith and Gil-
bert.>* The transition state was located by canonical vari-
ation.>*

The uncertainty in the vibrational frequencies and mo-
lecular geometries of the monoalkyl zincs lends some uncer-
tainty to the RRKM calculations, but we note that the high-
pressure A factors gomputed at 295 K for dissociation of
CH,Zn (log A4 =14.7), C,H;Zn (logA4 = 14.4), and »-
C,H,Zn (log A = 14.2) are quite reasonable. They com-
pare favorably with estimates by O’Neal and Benson of the
high-pressure 4 factors for dissociation of related alkyl and
aryl bromides.’®* Troe and co-workers have previously
shown that if the vibrational frequencies chosen for an
RRKM calculation reproduce the high-pressure 4 factor for
the reaction, the exact choice of frequencies is not critical.>
We thus expect that our RRKM rate constants are accurate
to within a factor of 2.

B. Time-dependent master equation

To model the quenching process in the monoalkyl zincs,
the RRKM rate constants must be combined with a time-
dependent master equation to describe the competition be-
tween spontaneous secondary dissociation and collisional
energy transfer. We have previously described the time-de-
pendent master equation and its solution in photochemical
quenching problems.?® Denoting the monoalkyl zinc species
as A, the time-dependent master equation appropriate to the
problem at hand is

dA(E,t)

i =A(E0)¢(E)dE + w J‘m P(E,E'YA(E',;t)dE'
(4]

— wA(E,t) — k(E)A(E,1). 4)

The first term on the rhs of Eq. (4) defines the concentration
and vibrational energy distribution of 4 created by photodis-
sociation at ¢ = 0, the second and third terms define the rate
of inelastic collisions between the monoalkyl zinc and a buff-
er gas, and the fourth term defines the rate of spontaneous
dissociation of the monoalkyl zinc. The meaning of the vari-
ables and their values are given below.

¢(E)dE is the probability that photodissociation of X
yields 4 with internal energy between £ and E + dE. This
function is the differential form of the vibrational energy
distribution for the monoalkyl zinc, and is thus treated as an
adjustable function. ¢(E)dE is normalized to the overall
quantum yield of the reaction, which we take to be unity.

w is the collision rate between 4 and the buffer gas. We
employed Lennard-Jones collision rates calculated using the
parameters defined in Table III. For the collision diameters
and Lennard-Jones interaction parameters of the monoalkyl
zinc, we used the values for the corresponding alkyl bro-
mides.’” The Lennard-Jones collision rates differ little from
hard-sphere collision rates, so errors in the interaction pa-
rameters will not have a significant effect on the master
equation calculations.
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TABLE I11. Parameters used to calculate the Lennard-Jones collision rates
for the monoalkyl zincs.

Molecule Diameter (A) Interaction parameter (K)
CH,Zn 4.31 416
C,H,Zn 4.86 455
n-C;H,Zn 5.32 485
He 2.55 10

k(E) is the J-averaged RRKM rate constant for disso-
ciation of 4. The energy grain size was 100 cm ™~ .

P(E',E) is the normalized probability that a single colli-
sion transforms 4 (E) into A(E').?* Theories of collisional
vibrational energy transfer are not yet sufficiently well devel-
oped for polyatomic molecules to yield a general functional
form for P(E',E), so a suitable mathematical model for
P(E',E) must be specified. A common model, and the one
we use in this paper, is the exponential-down model.?®

PEE =——exp( —E2E), m>E,(5)

N(E) a(k)

where N(E) is a normalization factor and «(E) is a param-
eter with units of energy that determines the average quanti-
ty of vibrational energy transferred per collision. The value
of a(FE) can be determined from direct measurements, as
have been performed on several polyatomic molecules,** but
data of this kind are not available for the monoalkyl zincs.
Semiquantitative data on the rate of thermalization of
CH, Zn are available, however, from Fig. 4. These data do
not give a( E) directly, since the initial energy distribution of
CH;Zn is not known nor are the Franck—Condon factors
required to translate the LIF signal intensity into a vibra-
tional temperature. We thus calculated o ( E) for each choice
of $(E) such that the time required to reach thermal equilib-
rium is reproduced. Data similar to that in Fig. 4 are not
available for C, H;Zn and n-C; H, Zn, but recent studies in-
dicate that the quantity of vibrational energy removed per
collision by a given buffer gas does not vary greatly from one
molecule to the next.*® Hence we used Fig. 4 to determine
a(E) for all the monoalkyl zincs.

Figure 4 provides only a semi-quantitative measure of
a(E), since we do not know how the quantity of energy
transferred per collision varies with energy. Direct measure-
ments indicate that for large molecules like azulene,*® this
quantity is linearly proportional to E, while for small mole-
cules like CS,,* it is proportional to E % For intermediate
size molecules like CF,1,%° it depends approximately on
E '3 We calculated a( E) assuming a dependence of E !° for
the monoalkyl zincs.

C. Fits to the quenching data for CH;Zn, C,H;Zn, and n-
C;H,Zn

The results obtained from the RRKM calculations and
the time-dependent master equation were used to fit the
quenching data of Figs. 3 and 9. The fits were performed by
choosing a distribution function ¢(£) and then deriving

a(E) as described above. The time-dependent master equa-
tion was then solved®® to obtain the yield of monoalkyl zinc
at several pressures from 0—400 Torr. This procedure was
repeated until the calculated quenching curve reproduced
the data.

A variety of vibrational energy distribution functions
was used in the fitting procedure, including Boltzmann,
Gaussian, and Poisson functions. For C,H;Zn and n-
C, H, Zn, we found that our quenching data could be repro-
duced only by assuming a very narrow vibrational energy
distribution. The exact shape of the function is not critical.
For C,H;Zn, a good fit to the data is obtained by represent-
ing #(E) as a Gaussian function with a full-width at half-
maximum (FWHM) of 500 cm ~! centered at 7600 cm ™,
while for n-C,H,Zn, a good fit is obtained for a Gaussian
function with a FWHM of 1250 cm ™! centered at 9200
cm ~ ! (see Fig. 9). For comparison, a fit is also shown in Fig.
9 for C, H;Zn and n-C; H, Zn using a broader Gaussian dis-
tribution (FWHM = 3000 cm ~!). The fit is clearly poorer.

The narrow vibrational energy distribution functions
we used to fit the quenching data for C,H,Zn and n-
C,H,Zn may be compared with distribution functions de-
rived from phase-space theory (PST)®' and separate statis-
tical ensemble theory (SSE),%* both of which have been used
successfully to compute product rovibraticnal and transla-
tional energy distributions in photodissociation processes.
The input to the calculations is summarized in Tables IT and
IV. The vibrational energy distributions obtained from PST
and SSE are very broad and are nearly Gaussian in shape,
with energy maxima and widths given in Table V. Figure 9
shows that the PST and SSE distributions provide a very
poor fit to the data.

TABLE 1IV. Vibrational frequencies for the alkyl radicals and rotational
constants for the dialkyl zincs and alkyl radicals used in the PST and SSE
calculations.

R=CH, R=C,H, R =nC,H,
Vibrational frequencies (cm ™ ')*
3162 (2) 3112 (1) 2950 (7)
3044 (1) 3033 (1) 1450 (4)
1396 (2) 2987 (1) 1350 (2)
617 (1) 2920 (1) 1300 (1)
2842 (1) 1100 (2)
1462 (1) 1000 (1)
1440 (1) 900 (1)
1427 (1) 700 (2)
1366 (1) 530 (1)
1138 (1) 300 (1)
948 (2) 200 (2)
713 (1)
540 (1)
193 (1)
Rotational constants (cm = ')
RZn: 0.706 RZn: 0.221 RZn: 0.126
R:7.37 R:1.21 R:0.428

*Frequencies for CH; from A. Snelson, J. Phys. Chem. 74, 537 (1970), for
C,H; from J. Pacansky and B. Schrader, J. Chem. Phys. 78, 1033 (1983).
Frequencies for #n-C; H, extrapolated from those for C, Hs, C, H; Br (Ref.
50), and n-C,H, Br (Ref. 49).

®Geometric mean (ABC)'2.
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TABLE V. Energy maximum and width (FWHM) of the vibrational energy distributions computed via PST

and SSE theory.
PST SSE
Molecule Maximum (cm ™ ') Width (cm ™) Maximum (cm ™ ") Width (cm ")
CH;Zn 7 800 8200 9200 7500
C,H,Zn 10 800 7600 11200 7800
n-C;H,Zn 11 100 7000 9 000 7600

Quenching curves were also calculated for CH,; Zn, but
we were not able to reproduce the data using any reasonable
distribution function, including very narrow Gaussian dis-
tributions and the distributions obtained from PST and SSE
theory. The effect of buffer-gas pressure on the spontaneous
dissociation of the CH,Zn photoproduct is much stronger
than that predicted by our calculations.

V. DISCUSSION

The master equation fits to the monoalkyl zinc quench-
ing data yield two surprising results: (1) The quenching
curves for C, H; Zn and n-C; H, Zn can be reproduced only if
the nascent vibrational energy distribution of the monoalkyl
zinc photoproduct is hot and is much narrower than that
predicted by statistical theories of energy partitioning; (2)
The quenching data for CH;Zn cannot be fit using any vi-
brational energy distribution, narrow or otherwise. We be-
gin by focusing on the results for C,H;Zn and n-C,H,Zn
and then on the results for CH, Zn.

A. Quenching of C,H;Zn and n-C,H,Zn

Before we can conclude that the nascent vibrational en-
ergy distributions of the C, H;Zn and n-C, H, Zn photopro-
ducts are indeed narrow, we must be certain that the master
equation results are reasonable. In fact, it would be possible
to fit the quenching data for C, H;Zn and n-C, H, Zn using a
much broader nascent vibrational energy distribution if we
have grossly underestimated the quantity of energy trans-
ferred per collision from the monoalkyl zinc to the buffer
gas. For the vibrational distributions used to obtain the best
fits in Fig. 9, ~90 cm ' is transferred per collision at
E =20000cm !, while ~30 cm ~!is transferred per colli-
sion at E = 10 000 cm ~ ', These values compare very favor-
ably with values measured at similar energies for many mole-
cules.?>%® To fit our quenching data using the statistical
vibrational energy distribution functions obtained from PST
or SSE would require the energy transferred per collision to
be > 35 times higher for n-C; H,Zn and > 100 times higher
for C,H;Zn.

It would also be possible to fit the quenching data for
C,H;Zn and n-C, H,Zn using the PST or SSE vibrational
energy distributions if we have overestimated the values of
k(E) for Eq. (2) by a factor of ~30 for n-C;H,Zn and a
factor of ~100 for C,H;Zn. We do not believe that our
RRKM calculations could be in error by such a large factor,
given that the k(E) values yield proper high-pressure 4 fac-
tors. Large errors in k(E) can arise, however, if the funda-

mental statistical assumption of RRKM theory, i.e., that
internal vibrational relaxation (IVR) occurs at a rate much
faster than the rate of reaction, does not apply to C,H;Zn
and n-C, H,Zn. While this explanation cannot be unequivo-
cally dismissed, we note that n-C, H, Zn is a relatively large
molecule with several low-frequency vibrational modes and
a correspondingly high vibrational state density
(1.1X10°/cm ~ ! at the activation energy for dissociation).
IVR in n-C; H, Zn would be expected to occur in the picose-
cond or faster time regime,%® while the X(E) values for dis-
sociation of n-C, H,Zn are <10° s~ . IVR is more likely to
might compete with dissociation in C, H; Zn, since the k(E)
values for C, H; Zn are higher by a factor of 5 to 8 than those
for n-C; H,Zn and IVR in molecules with comparable vibra-
tional state densities (1.0X 10°/cm ~ ! at the activation ener-
gy for dissociation) requires on the order of 10-100 ps.®* We
were equally successful in fitting the quenching data for
C,H,Zn and n-C,H,Zn, however, and a narrow vibrational
energy distribution was required to fit the data in each case.
Given the qualitatively similar conclusions of our

RZn* + R

RZn + R

»

> Tc.zn

FIG. 10. Cross section taken along the breaking C-Zn bond of the potential
energy surfaces involved in photodissociation of the dialky! zincs.
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RRKM/master equation fits for both C,H;Zn and n-
C,H,Zn, we do not believe that RRKM theory provides
inaccurate rate constants for either species.

In fitting the quenching data for (C,H;),Zn and
(n-CyH, ),Zn, we assumed that the yield of Zn is unity at
zero pressure. This is a reasonable assumption, given that the
yield of Zn formed from (CH, ), Zn is ~95%, but relaxing
this assumption does not alter our conclusions. If we assume
that the yield of Zn at zero pressure is 75%, rather than
100%, the best fit to the quenching data requires a vibration-
al energy distribution that is somewhat broader ( ~3 X ) and
shifted to lower energies (by ~300 cm ~!) than the distribu-
tion function used to obtain the best fit in Fig. 9. Even these
functions are much narrower than those predicted by PST or
SSE, however.

We now turn to a discussion of the photodissociation
pathways available in the dialkyl zincs to rationalize the hot,
narrow vibrational energy distribution of the monoalkyl
zinc photoproducts. Figure 10 shows a one-dimensional
cross section, taken along the breaking C-Zn bond, of the
potential-energy surfaces involved in photodissociation of
the dialkyl zincs. The diagram is constructed from the va-
lence electron model of Chen and Osgood,?® noting that the
symmetries of (C,H;),Zn and (n-C;H;),Zn are much
lower than the symmetry of the quasitriatomic molecule
they considered. Interaction of the ground state monoalkyl
zinc with a ground state alkyl radical creates two states: the
bound singlet ground state of the dialkyl zinc and a repulsive
triplet state. Within the highest symmetry maintained along
the reaction coordinate { C, ), both states are totally symmet-
ric (4'). Interaction of the excited monoalkyl zinc with a
ground state alkyl radical creates two quasibound (metasta-
ble) singlet states, which give rise to the two transitions ob-
served in the uv spectrum of the dialkyl zincs.?® The symme-
try of the lower energy excited state is 4 ' while the symmetry
of the higher energy excited stateis 4 ”. Neither excited state
can dissociate directly to ground state products. Hence, dis-
sociation must involve internal conversion to the ground
state or intersystem crossing to the repulsive triplet state.

Numerous examples are known of photoprocesses that
involve reaction of a hot ground state formed via internal
conversion. The reaction rates can be very adequately mod-
eled by RRKM theory®® or variational transition-state
theory,® where one assumes that the initially prepared dis-
tribution of vibronic states evolves into a statistical distribu-
tion before the molecule fragments. For small molecules that
dissociate via this pathway, such as ketene®**’ and
NCNO,% measurements of the product rovibrational state
distributions can be very adequately modeled by PST or
SSE. Consequently, we conclude that photodissociation of
the dialkyl zincs does not proceed via the internal conversion
mechanism, but rather via intersystem crossing onto the re-
pulsive triplet potential surface.

To understand the intersystem crossing process, the
simple picture of Fig. 10is inadequate. Both the excited sing-
let state and the repulsive triplet state are complicated poly-
dimensional potential surfaces that are functions of all nu-
clear coordinates. Because of the proximity of the two states,
accidental degeneracies (zero-order level of approximation)
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are likely at a number of positions of the nuclear coordinates.
Strong spin—orbit interaction between these states is to be
expected in the regions of accidental degeneracy because
both states belong to the same symmetry species and because
Zn is a relatively heavy element. Accidental degeneracies
that lie within the Franck—Condon region sampled by opti-
cal excitation from the ground state thus provide a doorway
for crossover from the excited singlet state to the repulsive
triplet state. Actually, the continuous nature of the absorp-
tion band suggests that the crossover occurs in less than one
vibrational period, so it is more precise to represent the opti-
cally prepared state as an admixture of the zero-order excit-
ed singlet and repulsive triplet states, with the excited singlet
state carrying the oscillator strength of the transition from
the ground state.

As the fragments separate from one another on the re-
pulsive triplet hypersurface, vibrational excitation will be
derived predominantly from the large geometry changes
that occur during the transition from reactant to product:
The C-Zn bond in the monoalkyl zinc fragment lengthens
considerably ( ~0.3 A), while the geometry about the « car-
bon in the alkyl radical fragment changes from tetrahedral
to trigonal. Other less dramatic geometry changes also oc-
cur. In addition, part of the translational energy of recoil will
be converted into internal energy of the products, since the
recoil force is not exerted on all atoms equally.

Based on this picture of the dissociation process, we pro-
pose the following model to account for the hot, narrow vi-
brational excitation of the monoalkyl zinc product. Because
optical excitation prepares an excited state that is an admix-
ture of a quasibound (metastable) singlet state and a repul-
sive triplet state, the reactant is placed on the repulsive hy-
persurface within a very specific region of phase space,
defined by the wavelength of the photon source and the over-
lap of two sets of matrix elements: the Franck—-Condon ma-
trix elements connecting the ground state with the excited
singlet state and the spin—orbit matrix elements connecting
the excited singlet state and the repulsive triplet state. The
products thus begin to separate with a well-defined recoil
velocity from a well-defined initial geometry similar to the
geometry of each product within the ground state dialkyl
zinc reactant. This produces a hot monoalkyl zinc fragment
with a narrow vibrational energy distribution, much nar-
rower than expected from a statistical dissociation process,
where all regions of phase space are equally accessible.

B. Quenching of CH,Zn

For CH, Zn, we must explain why the observed quench-
ing probability is much higher than that calculated for any
CH,Zn vibrational energy distribution. The calculated
quenching probability could be increased by increasing
a(E) or decreasing k(E), but as we indicated in our discus-
sion of (C,H;),Zn and (n-C,H, ),Zn, it is doubtful that
our a(E) values are in serious error. That shifts the focus
onto the k( E) values calculated by RRKM theory as a possi-
ble source of the problem.

As we pointed out earlier, RRKM theory assumes that
the rate of IVR is faster than the rate of reaction. The success
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of RRKM theory attests to the validity of that assumption in
most cases. Very few experiments that demonstrate the
breakdown of this assumption have withstood close scruti-
ny, but probably the best examples come from the work of
Bauer and co-workers.®® In studying isomerization reac-
tions of relatively small molecules over very low activation
barriers, they found that RRKM theory could not be used
successfully to model the pressure dependence of the rate
constant. They argued that RRKM theory fails due to the
very low state density of the reactant, ~10/cm~! in the
vicinity of the activation barrier. At such low state densities,
the rate of IVR will not be fast, but the calculated RRKM
rate constant may be very fast, since k( E) depends inversely
on the vibrational state density of the reactant {see Eq. (3)].
We note that the vibrational state density of CH;Zn is also
~10 per cm ~! at the activation barrier. We thus attribute
our lack of success in fitting the quenching data for CH;Zn
to the inadequacy of RRKM theory in modeling the rate
constants for dissociation of CH, Zn.

Since we cannot model the quenching data for CH,Zn,
we do not have quantitative information on its nascent vibra-
tional energy distribution. We can be certain, however, that
PST does not provide a completely adequate picture, since it
predicts a Zn yield of 76% upon photodissociation of
(CH;),Zn in the absence of collisions. This number does
not depend on the accuracy of a calculated k(E) value, but
merely reflects the fraction of the CH;Zn population with
energy in excess of the CH;—Zn bond dissociation energy.
The measured yield of Zn at low pressure is ~95%. This
higher yield is consistent with a relatively narrow, hot vibra-
tional distribution for CH;Zn. We thus conclude that the
nascent vibrational distribution for CH;Zn may be similar
to that found for.C2 H;Zn and n-C;H,Zn.

VI. CONCLUSION

Photodissociation of (CH,),Zn, (C,H,),Zn, and
(n-Cy;H, ), Zn was examined at 248 nm in the presence of He
buffer gas. For each molecule, the yield of Zn is substantially
reduced by increasing the He pressure from 0400 Torr.
This result was attributed to collisional cooling of the hot
monoalkyl zinc photoproduct, thereby reducing the proba-
bility that this species will spontaneously dissociate to Zn
atom and an alky! radical. Using RRKM theory in conjunc-
tion with a time-dependent master equation to model the
competition between collisional stabilization and spontane-
ous dissociation of the monoalkyl zinc photoproduct, we fit
the quenching data for each molecule treating the nascent
vibrational energy distribution of the monoalkyl zinc as an
adjustable function. For (C,H, ), Znand (n-C; H; ),Zn, we
found that the quenching data could be fit only if the vibra-
tional energy distribution is taken to be hot and relatively
narrow, much narrower than predicted by phase-space theo-
ry. To account for this result, we proposed that (C,H;),Zn
and (n-C;H; ), Zn photodissociate via excitation to a state
this is best described as an admixture of a metastable excited
singlet state and a repulsive triplet state. Optical excitation
places the reactant on the repulsive hypersurface within a
very specific region of phase space, with a geometry similar
to that of the ground state. Because the monoalkyl zinc and
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alkyl radical products separate from a well-defined initial
geometry very different from their equilibrium geometries,
the products are formed with a hot, narrow vibrational ener-
gy distribution. Although we were able to fit the quenching
data for (C,H; ), Zn and (#-C, H, ), Zn, we could not fit the
quenching data for (CH; ), Zn. This result was attributed to
the inability of RRKM theory to model the rate constant for
dissociation of CH,Zn, which has a very low vibrational
state density and thus does not undergo rapid intramolecu-
lar vibrational energy redistribution.
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