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The 2CHsZn, 2CH3%7Zn, 13CHsZn, 3CH5%7Zn, 13CD4%7Zn, andCDsZn radicals have been isolated in an

inert neon matrix at 4.3 K. Their electronic structure has been probed for the first time using matrix-isolation
electron spin resonance spectroscopy (MI-ESR). These radicals were generated by the reaction of laser-
ablated zinc metal with the appropriate methyl precursor. The magnetic parameters (MHz) were determined

to begn = 1.9835(4),Ax(H) = 14(1),Aq(D) = 2.2(4),Ar(**C) = 166(3), andAy(®"Zn) = 547(1). Estimates
were derived forA (*3C) = 211(50) andA(®Zn) = 608(5). The®’ZnH radical was also generated by the

reaction of laser-ablated zinc metal and hydrogen gas and studied for the first time by MI-ESR after isolation

in solid neon matrixes at 4 K. The values of tH&nH magnetic parameters (MHz) were determined to be
gn = 1.9841(3)g) = 1.9990(5) An(H) = 505(1),Ai(H) = 503(1),A(5Zn) = 615(1), andy(6’Zn) = 660(1).

Earlier argon MI-ESR studies produced ZnH by conventional high-temperature methods and determined only

the hydrogen hyperfine interaction and the molecgléensor. Hartree Fock single- and double-excitation
configuration interaction (HFSDCI) and multireference single- and double-excitation configuration interaction
(MRSDCI) ab initio calculations of the magnetic hyperfine interactions in theZ@ikdnd ZnH radicals were
performed. TheAso(67Zn) and theAqip(6Zn) values calculated for both radicals were within 10% of the
experimental observations. However, the calcul#teff-3C) values for the CkEn radical were low by about
50%, and the calculateflso(H) value for ZnH was low by 60%. Density functional theory (DFT) yieldgd

values for H and®C in much closer agreement with experiment. A comparison is presented between the ESR
results for the ChZn and ZnH radicals and their cadmium analogues, which have been investigated previously

by MI-ESR.

I. Introduction As part of this study, the structure of the ¢ radical has

Several isotopomers of the GEh radical and thé’znH been evaluated from ab initio calculations. The geometry was
radical have been isolated in inert, solid neon matrices and S0 compared with that obtained from earlier calculaions
studied for the first time by electron spin resonance spectroscopyand with the very recent experimental geometry derived from
(ESR). The CHzn radicals were formed by the reaction of laser- resonant-enhanced multiphoton ionization (REMPI) spectros-
ablated zinc metal with various methyl precursors, including copy and from zero kinetic energy pulsed-field ionization
(12CHa)sAl, 13CDsl, 13CHal, and ¢3CHs3),12CO. The values of (ZEKE-PFI) spectroscopy by Barckholtz and co-workers.
go, Ao(H), Ag(D), As(*3C), and Ag(®7Zn) were determined  Configuration interaction (CI) and density functional theory
directly from the experimental spectra, and estimatesAfer (DFT) ab initio calculations of the hyperfine coupling constants
(*3C) and A (67Zn) were derived from higher-order influences have been performed for the @#h and ZnH radicals, and these
on the observed perpendicular line positions. ¥@&H radical results were compared with the experimental matrix ESR results.
was formed by the reaction of laser-ablated zinc metal and The electronic structures derived from these MI-ESR experi-
hydrogen gas. These results represent the first experimentaiments for the ChZn and ZnH radicals can also be compared
determination of the zinc hyperfine interaction for “simple” with those derived from MI-ESR studies of their cadmium
radicals isolated in an inert, gaslike environment and the first analogues, CdH, C4€d, and CdOH-57
ESR study of the CbZn radical. The ESR spectrum of the ZnH The CHZn radical is formed as an intermediate in the
radlca_l |solated7 in an :;1rgon matrix was reported earher,_ but photodissociation of (Ck,Zn to zinc atoms and two methy
detection of thé"Zn (I = /7 4.1% natural abundance) hyperfine | jica1s8-10 Knowledge of the bonding and electronic structure
structure was not achievéd\ major focus of this report will . of the CHZn radical intermediate is of considerable interest,
be a comparison of the observed and CaICL.'latEd .magnet'cgiven the use of (CkJ>Zn in the electronics industry as a source
parameters for CgZn and ZnH. Such_acompanson will hel_p of zinc metal, through the metal organic chemical vapor
to establish the degree of electronic-structure change in ay ition (MOCVD) process for the manufacture of zinc-
“simple” metal compound when the H ligand is replaced with eposit . P ' . .
the CHj ligand. containing v_vlde_-gap t_ype-IINI se_mlcqnductor materials su_ch

as ZnSé? Zinc is an important biological trace metal that is

T Part of the special issue “Marilyn Jacox Festschrift”. present in many enzymes, including alcohol dehydrogenase,
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carbonic anhydrase, DNA and RNA polymerase, carboxypep-
tidase, and thermolysit?.Although these species do not involve
a direct zine-carbon or zine-hydrogen bond, information on
the simple radical species presented here will provide useful

J. Phys. Chem. A, Vol. 104, No. 16, 2008629

II. Experimental Section

The neon-matrix ESR experiments involving the 4£ZH
radical were performed at The University of Western Australia
(UWA); the ZnH work was conducted at Furman University.

benchmarks for other zinc-containing radicals. There have beenDuring these initial ZnH experiments, unassigned background

very few reports of zinc hyperfine data because of the low
natural abundance &fZn and its high nuclear spin. To our
knowledge, the only ESR studies that have repofié&th
hyperfine-structure values involve either defects in a crystal of
a zinc compound or chelated zinc ions in solutié# Species
containing metatcarbon and metalhydrogen bonds are im-
plicated in important transition-metal-catalyzed reactions and
are thought to be intermediates ir-€& and G-C activation'®
Dialkylzinc compounds also have applications as reagents in
organic synthesi¥’ The UV absorption spectrum of the GH

Zn radical was first reported by Young and co-workers in 1973.

Several laser-induced fluorescence studies of this radical have
been conducted in the gas phase and have determined vibrationa}(fI

frequencies and the electronic configuration of the ;@i
radical’®22In recent experiments, Barckholtz and co-worRers
have derived high-resolution, “experimental” molecular-orbital
diagrams for both CkZn and CHMg. However, the nuclear
hyperfine interactions of the GHn radical have not been
observed. Several matrix-isolation IR studies involving zinc
molecules have been conducted. Hauge and co-wéiKesse
reported ZnCH and CHZnH. Ault and Bai have reported
argon-matrix studies of the reaction of (gbZn with group-V

and group-VI hydrided? with group-V and group-VI alkylg?

and with CHOH and CHSH 26 Greene and co-workefshave
reported the reaction of excited metal atoms with methane to
generate species of the type @#H, where M= Zn, Cd, or

Hg in argon matrixes; the GiAnH species produced in this
study was found to be photostable and did not yield theZoH

radical ESR absorptions were observed that were later shown
to be those of CkZn. As detailed accounts of the apparatus
and experimental procedures employed in both laboratories have
already been reportéf? only a brief description of the
important details of the experimental procedures will be given
here.

The CHZn radical was generated by reacting zinc vapor with
neon-matrix gas (Spectra Gases; research grade) doped with a
methyl precursor. The methyl precursof0Hz)3Al (Aldrich),
13CHgl (Aldrich, 99 at. %13C), 13CDgl (Aldrich, 99 at. %13C
and D), and ¥3CH3),12CO (Sigma, 98 at. %°C), were used as
received, after being degassed by several frepzenp—thaw
ycles. The zinc metal vapor was formed by laser ablation of a
igh-purity zinc metal target (Alfa, 99.998% metal purity) with
the frequency-doubled output (532 nm) of a Nd:YAG laser
(Surelite 1), operating at 10 Hz and a pulse energy of ap-
proximately 10 mJ. The beam was focused to a tight spot (7.5-
cm focal-length lens) on the zinc target and was continuously
rastered over the metal surface during matrix deposition. The
matrix was deposited onto an oxygen-free, high-conductivity
copper deposition target that was maintained at 4.3 K by a
continuous-flow liquid-helium cryostat (Cryo Industries of
America RC110). Deposition times varied between 30 and 90
min, depending on the ESR signal strength required for the
particular experiment. Typical background pressures, before
cooling the cryostat, ranged from>6 10 8to 1 x 1077 Torr.

The methyl precursors were introduced as dopants in the neon-
matrix gas at a flow rate of-69 standard cubic centimeters per
minute (sccm) into the ablation chamber near the zinc vapor

radical when irradiated with the broad-band output of a 500-W plume. These mixtures were made in a glass preparation line
medium-pressure Hg lamp. Greene and co-woRérave also  using pressure ratio measurements (MKS Baratron). The
reported the reaction of excited metal atoms to form species of prepared mixtures had methyl precursor concentrations of
the type MH (M = Zn or Cd) isolated in argon matrixes and  between 200 and 300 ppm. The ESR spectra were recorded on

have performed ab initio calculations on these species; in thesea Bruker ESP300E spectrometer with a DM4116 cavity.

experiments, the ZnH radical was observed. Bracken and co-
workerg?30 found no evidence for the GHn radical from
irradiation (down to 155 nm) of (CghZn isolated in an argon
matrix at 12 K.

Recently, we have studied the @EH radical and its
isotopomers isolated in argon and neon matrixes using ESR
spectroscopy.Related small radicals, such as §Fd3! CH,-
Cu? CH3CuH 2 CH;GaH3* and CHAIH, 3% have been inves-

Generation of thé”ZnH radical was accomplished using a
laser-vaporization method similar to that described above. The
H, (or Dy) gas in its pure state was passed directly over the
spot on the zinc metal target that was undergoing laser ablation.
The radicals generated in this way were trapped in neon on a
copper flat, which was located at a distance of approximately 5
cm from the zinc target. The ZnH radicals were created directly
in the laser-induced metabas reaction region, and/or they were

tigated by ESR when trapped in low-temperature matrices. created from co-deposition reactions of Zn atoms (or ions) with
Recent high-resolution gas-phase studies have investigated?! 80ms during neon-matrix condensation. The amountzf H

species that include GBa36 CHzCad’~39 CHMg,*%41 CHg-
Na?2 CHsSrA344and CHCd245 and its catiorf®

The ZnH radical has been studied by optical spectroscopy
for many years/ and various absorption features have been
observed in stellar spectf&?® Recent studies have included
laser-induced fluorescence measureméhtsdiode laser vi-
brational spectroscogy;>® and Fourier transform emission
spectroscopy? The gas-phase hydrogen hyperfine data for the
ZnH radical have been reported for thélAstat€® and recently
for the X2=*(v=0) state of the ZnH and ZnD radic&@5¢ The
activation of H-H, Si—H, and C-H bonds by the nsnp excited
states of the Zn atom has been reviewed recéhfljreoretical
investigations of ZnH have included studies of low-lying excited
state8® and of the reaction dynamics of the system3B)(+
Ho/Do/HD .59

(g) introduced was approximately 0.1% of the amount of neon-
matrix gas employed, which was introduced at a rate of 4 sccm
for a 1-h deposition. The copper deposition surface was
maintained at approximately 4.4 K by a closed-cycle helium
refrigerator (APD model HS 304). The spectrometer employed
for the ZnH experiments was a Varian E-109 using the standard
X-band microwave cavity and operating in the;gEnode with
100-kHz modulation.

Because thé7Zn hyperfine interaction was observed to be
large, spectral analysis was conducted through an exact diago-
nalization of the spin Hamiltonian using the program GEN
developed by Knight and co-workers at Furman Univer&ify}.

The spin Hamiltonian employed was

H= ﬁeé'g'é+ z(TIAIS_ glianB'Ti)
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12CH3 TABLE 1: Magnetic Parameters (MHz) of the Isotopomers
| of the CHsZn Radical
‘ [ gDa ADb A{Ib Aisob'c Adipb'c
Hd 1.9835(4)  —14(1) - —14(1) -
+ Dd 1.9835(4) —2.2(4) - —2.2(4) -
Zn 1BC 1.9835(4) 166(3)  211(50)  182(19) 14(22)

7Zn  1.9835(4)  547(1)  608(5) 569(3)  20(4)

ZnH 7ZnH
M | 1.9835(4) 545(1y  607(5f 567(3f  20(4y
aThe value ofg, is assumed to be 2.0 Experimental uncertainties
L[L i]" in the parameters are based on the change required to shift any one of
the simulated line positions outside the uncertainty bounds of the
experimental line positions. Fa%(*°C), the effect on the calculated

12CyHy line shape was also employed. See téXtalues forAis, andAgp Were
8 = 3455 G 12 calculated from standard expressions and include a correctidrrifor
CH3Zn effects. These experiments cannot determine the sigAs.@fndAqip;
33%5 34'75 35165 [G] the signs given are those that show the closest agreement with

theoretical values! The value ofAqp, for hydrogen is small; hence,
Figure 1. The center field region of the ESR spectrum showsiGeéls- Aiso is assumed to be equal £a. ¢ Alternate trapping-site parameters.
Zn radical isolated in a neon matrix at 4.3 K. The spectrum was recorded See text.

with a microwave power of 1 mW and a microwave frequency of

9682.75(1) MHz. Thé’CHsZn radical was generated from the reaction

of laser-ablated zinc metal with?CHs)sAl. The 2CHsZn radical T e e ane Ve J\M/\F =M

spectrum consists of a quartet of lines (théy= —%; line is obscured SITE1 2CH;3"'Zn

by the HM; = —%, line of the'?CH; radical) all with a “phase-down” '

pattern. Only the perpendicular transitions of the radical are observed. y— mlm WLW rer
The parallel transitions are weaker and are not observed in this spectrum. i /«/M/V_ «NM;&ZD*
The ESR peaks of th#CHs, ZnH, and?C,H; radicals and the Zh A _,\/W W

cations are also labeled. u_‘.u\ §770H LT_J LTL
where all symbols have their usual meanings, and where the

.. ! S . \
sum overi includes hyperfine contributions from all magnetic SITE2 CH; 20
6o X
nuclei> Inclusion of a term to account for quadrupole effects = L, L 1/ b sk sk whs ks s a9koia)

involving the 6Zn nucleus was not found to be necessary in _. )
der to obtain qood agreement between the experimental an(qure 2. The lower trace shows the complete experimental ESR
or g Y . " p . pectrum of thé?CH;%7Zn radical in neon at 9.0 K. The spectra were
calculated values of the ESR line positions. This fact is not recorded with a microwave power of 1 mW and a microwave frequency
surprising, given the larg€Zn isotropic hyperfine interaction.  of 9686.10(50) MHz. The methyl source used WHEK:)sAl. The

Ab initio calculations employed the MELDF suite of programs ?CHs®Zn radical occupies two slightly nonequivalent sites in the
and the Gaussian 94 pack&gé* matrix, denoted “Site 1" and “Site 2”. Also labeled are the peaks of
the 7ZnH, 12CH,*, and®Zn* radicals that occur in this field region.
The upper trace shows the simulated ESR spectrum foP@te:%’Zn
radical, using the appropriate magnetic parameters from Table 1.

I1l. Results

A. The CH3Zn Radical. Natural zinc metal consists of five
different isotopes$Zn (48.9%)56Zn (27.8%) 57Zn (4.1%),58Zn Calculated line positions agreed with the observed line positions
(18.6%), and’®Zn (0.6%). Of these isotopes, onzn (I = within the experimental uncertainty ef0.4 G, using an exact
5/, u = 0.87524) has a non-zero nuclear spin and can producediagonalization analysis of the spin Hamiltonian and the
a nuclear hyperfine interaction. For simplicity, ESR signals magnetic parameters given in Table 1.

arising from those isotopomers with= 0 for Zn will be The yield of 2CHsZn radical in these experiments was

designated “Zn”, with no specific isotopic label. substantially higher than that 8CHsCd, which was generated
The ESR spectrum assigned to 3€H3Zn radical, formed in our earlier experiments under analogous experimental condi-

from the reaction of laser-ablated zinc metal afCHz)sAl tions® The ESR signals from th&CHj; radical and the Zh

and isolated in a neon matrix at 4.3 K, is shown in Figure 1. ion were observed, as well as weak signals due td4bgH3,5°
Hydrogen [ = %) is the only nucleus in thé?CHsZn radical 12CH4™,%8 and ZnH radicald.Impurity radicals such as¥ACO £2

that has a non-zero nuclear spin; therefore, the expected signaH,O™,%” and N2 atoms were also observed in most spectra.

is a 1:3:3:1 quartet from the three equivalent hydrogen atoms. Confirmation of the assignment of the quartet pattern shown
The higher-field line of the central pair (My = —,) is in Figure 1 to the?CHsZn radical was obtained by detecting
obscured by the highest-field line (M3 = —%/,) of the 2CHjs the 87Zn (I = 5/,) hyperfine lines due to th®CH367Zn radical
radical. This quartet is located upfield of, and the observed  and the!3C hyperfine lines due to th#CHsZn radical. The
intensity ratio is not quite 1:3:3:1. Also, additional lines that expected ESR spectrum of t€H367Zn radical should consist
are spaced between the expected quartet lines are observedf six widely spaced quartets. The quartet line spacing in each
When the sample is annealed to 8.5 K, these additional linesof these®’Zn hyperfine transitions should be the same as that
disappear, and the intensity ratio of the quartet approaches then the2CHzZn radical. Althoughg andA tensor anisotropy will
expected 1:3:3:1. We have reported an analogous behavior forinfluence the intensity of thé7Zn sextet components, they
the CH;Cd radical, which we attributed to tunneling rotation should be approximately 0.7% as intense as ¥@HsZn
about theC; axis at low temperatureThe “phase-down” line absorption. The observed spectrum of ##@H;%7Zn radical in
shape suggests that the radical exhibits axial symmetry and thata neon matrix is shown as the lower trace in Figure 2. Because
these are the perpendicular peaks. The weaker parallel linesof the particular combination @ andA tensor anisotropy, the
which are difficult to detect because they would be expected to low-field lines tended to be weaker than the high-field lines.
occur in the congested region closeggpcould not be observed.  The2CH; quartet of theé’Zn:M, = —%/, line also shows at 4.3
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Figure 3. ESR spectra of various isotopomers of thesZ#iradical
isolated in a neon matrix. The top trace shows the ESR spectrum of
the 12CHsZn radical recorded at 8.5 K with a microwave power of 1
mW and a microwave frequency of 9682.97(1) MHz. The radical was
generated from the reaction of laser-ablated zinc metal VA@Hg)s-
Al. The center trace shows the ESR spectrum of'#@Ds;Zn radical
with an offset trace magnified 16 times. The spectrum was recorded at
9.5 K with a microwave power of 0.1 mW and a microwave frequency
of 9679.35(1) MHz. The lower-field septet is obscured by other peaks.
The methyl source used w&CDsl. The bottom trace shows the ESR
spectrum of thé3CHsZn radical with an offset trace magnified 8 times.
The spectrum was recorded at 9.5 K with a microwave power of 0.1
mW and a microwave frequency of 9677.42(1) MHz. The lower-field
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is shown. The two sites were found to be present in a ratio of
approximately 1:1.

These experiments alone cannot determine the signs of the
67Zn coupling constants; the signs given are based on the
theoretical predictions (vide infra). Because the much weaker
parallel lines were not observed in these experimentsAghe
value for%7Zn was estimated from higher-order shifts in the
perpendicular line positions, using the perpendicglaralue
derived from analysis of th€CHzZn radical.

The ESR spectrum 6fCHsZn, formed by reacting!CHs),-
12CO with laser-ablated zinc, is shown in the lower trace of
Figure 3 for a neon matrix at 9.5 K. The top trace of Figure 3
shows the ESR spectrum (perpendicular lines only) of4Gels-

Zn radical recorded at 8.5 K in neon for comparison. At this
higher temperature, the quartet intensities are closer to the
expected 1:3:3:1 ratio for the three equivalent hydrogen atoms,
and the tunneling peaks are no longer present. The low-field
lines of the!*C doublet occur in thege region of the spectrum
and are partially obscured by the Zabsorption and the triplet
due to N atoms. The high-field quartet of th& doublet is
shown magnified x8) in the lower offset trace, and the quartet
splitting exactly matches that shown for tH€HsZn radical in

the top trace. In all experiments conducted wi#t-labeled
methyl precursors, small yields of tA¢C isotopomer were also
observed. Thé?C methyl source was presumably derived from
decomposition of the diffusion pump oil. Also labeled in the
lower trace of Figure 3 are the signals due to"Zons and
12CH;z and 13CH; radicals.

For a final spectral confirmation, th€CDsZn radical was
generated by reaction 6#CD;l with laser-ablated zinc metal.
The center trace of Figure 3 shows the ESR spectrum of the
13CDsZn radical in a neon matrix recorded at 9.5 K. A new,
partially unresolved multiplet, shown magnified16 in the
offset trace, is located exactly at the center of the high-field
quartet seen for th€CHzZn radical. This septet is due to the
three equivalent deuterium nucléi=€ 1). Again, the low-field
septet is not observed, as it falls in tparegion of the spectrum
and is obscured by the Zrsignal and the peaks due to N atoms.
Also labeled on the center trace of Figure 3 are the high-field
septet of the!3CD; radical and the line for the Znion. The
ratio of the observed hyperfine splitting of deuterium to that of
hydrogen agrees with the expected value.

The 13C splitting was observed on the more intense, unob-
scured lines of th€7Zn sextet. The ESR spectrum of tf&n:

quartet is obscured by other peaks. The methyl source used wasy) = —3/, group for thel?CHs67Zn radical is shown in trace

(*3CH3),CO. Background radical®CHs, 3CHs, *°CD;, and Znt are
labeled.

K the same additional lines associated with tunneling that were
discussed above for tHéCHsZn radical. Only the perpendicular
transitions ¢ = 90°, whered is the angle between the applied
magnetic field and the molecular symmetry axis) were observed
in these matrix samples. THéZn hyperfine lines were split
into closely spaced pairs of quartets at low and high fields. This
splitting was attributed to thECH3%7Zn radicals occupying two
slightly different sites in the neon matrix, with each site having
slightly different magnetic parameters. (A similar site behavior
was seen for thé’CHz'*Cd and?CH;'1%Cd radicals in neon
matrixes®) The spectrum of each site is denoted as “Site 1” or
“Site 2” in Figure 2. The top trace of Figure 2 shows the
simulated ESR spectrum, calculated by averaging over all
orientations of the radical with an exact diagonalization analysis
of the spin Hamiltonian using the magnetic parameters listed
in Table 1. Each site was simulated independently, and then,

(a) of Figure 4, that for thé3CD3s67Zn radical in trace (b), and
that for the3CH387Zn radical in trace (c). Inspection of the
ESR spectrum of th&*CD3s7Zn radical clearly shows th&C
doublet (which is denoted3CD3%7Zn) positioned about the
quartet from the residudPCH3%7Zn radical absorption in this
magnetic-field region. This spectrum is recorded under high-
modulation conditions to optimize the signal-to-noise ratio, and
consequently, the deuterium splitting is not resolved. The high-
field hydrogen line occurs near 3700 G and lowers the baseline
in the vicinity of the low-field*C component. However, it can

be seen that the phase of the low-field line of @ doublet

is between “phase down” and symmetrical and that the phase
of the high-field line of the’*C doublet is “phase up”. The
assignment of these peaks to tR#Ds8Zn radical was
confirmed when thé3CHs%7Zn radical was formed and the two
expected quartets replaced the two unresolved peaks, as shown
in trace (c) of Figure 4.

With a methyl source of®CHsl, we observed a much larger

the two simulations were summed to produce the spectrum thatproduction of trapped hydrogen atoms. The effect on the slope
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Figure 4. ESR spectra ofZn:M, = —%, lines of various isotopomers
of the 12CH3z87Zn radical in neon. Trace (a) shows the ESR spectrum
of the 2CHz%"Zn radical 7Zn:M, = —3,) recorded at 9.0 K with a
microwave power of 1 mW and a microwave frequency of 9685.74(1)
MHz. The methyl source used wa¥qH;)3Al. Trace (b) shows the
ESR spectrum of th&’CD5:7Zn radical {7Zn:M, = —3%/,) recorded at
9.5 K with a microwave power of 1 mW and a microwave frequency
of 9725.69(1) MHz. The methyl source used W&Dsl. Trace (c)
shows the ESR spectrum of th#H;%7Zn radical £7Zn:M, = —3/,)
recorded at 9.5 K with a microwave power of 1 mW and a microwave
frequency of 9724.13(4) MHz. The methyl source used Wasisl.
Trace (d) shows the simulated ESR spectrum for#&1;57Zn radical
(6Zn:M, = —3/,) that was constructed using the appropriate magnetic
parameters from Table 1.

of the baseline was minimized by subtracting a simulated first-
derivative Gaussian line from this spectrum in order to reduce

McKinley et al.

TABLE 2: Comparison of the Experimental and Theoretical
Magnetic Parameters (MHz) of the ZnH Radical

67Zn H
Aiso Adip Aiso Adip
experimentdl 630(1) 15(1) 503(1) —1(1)
(501.9y (—0.094Y
theoreticd
HFSDCFe 610 17 178 +1.2,—-1.2,2.4]
MRSDCIF 598 17 199 10.83,—-0.83, 1.66]
DFT9 552 - 609 -

aThis work; laser-ablation generation, neon matrix. #&n, A, =
660(1) andA; = 615(1) MHz. For H,A; = 503(1) andA; = 505(1)
MHz. The measured values aregp = 1.9841(3) andy, = 1.9990(5).
b High-resolution gas-phase measurements of the H hyperfine interac-
tion, refs 55 and 56. Metal hyperfine interaction not yet measured in
gas phase This work. The uncontracted basis sets used were the
Wachters basis set for zinc with the recommended two additional p
functions (14s 11p 5d) and the uncontracted Dunning DZP set for
hydrogen (4s 1p%8%° 9 All single excitations from the Hartree~ock
solution and those double excitations that exceeded an energy threshold
of 5 x 10°7 hartree were retained in the Cl calculatiéi:he HFSDCI
calculation included 68 275 spin-adapted configurations, had a sum of
squares of the coefficients in the reference space of 0.96, and had a
total Cl energy of-1779.0704 hartreé The MRSDCI calculation used
40 reference configurations chosen on the basis of their Cl coefficient
from the HFSDCI calculation. The MRSDCI calculation included
238 919 spin-adapted configurations, had a sum of squares of the
coefficients in the reference space of 0.97, and had a total Cl energy
of —1779.0804 hartree. All single excitations from the reference space
and those double excitations that exceeded an energy thresholbd of 5
107 hartree were retained in the Cl calculati@®FT calculation used
the same basis set as above with geometry optimized to-aHzZn
distance of 1.5947 A.

with the theoretical calculations. Trace (d) of Figure 4 shows
the simulated spectrum for tHéCH3%7Zn radical in this field
region calculated using exact diagonalization of the spin
Hamiltonian and the parameters given in Table 1.

B. The ZnH Radical. The ESR spectrum of the ZnH radical
isolated in neon matrices and formed from the reaction of laser-
ablated zinc metal is very similar to that reported earlier, for
which the ZnH radical was generated from the reaction of
thermally generated zinc vapor and hydrogen atoms and was
isolated in an argon matrix.The experimental ESR line
positions for ZnH and¢’ZnH agree with those calculated from
an exact diagonalization analysis of the spin Hamiltonian using
the magnetic parameters listed in Table 2. Recent gas-phase
measurements of the hydrogen hyperfine interaction are also
given in Table 255 The neon-matrix value ofiso = 503(1)
MHz for H shows close agreement with the gas-phase result of
501.9 MHz.

The ESR spectrum &fZnH (Figure 5) consists of &Zn (I

the baseline slope. The peaks of the low- and high-field quartets= %/,) sextet of hydrogen doublets from the H<£ %/,) nucleus.
also show a change in phase that is analogous to the changés discussed above, the¥&n ESR lines are only about 0.7%

shown in the'®3CDs87Zn radical spectrum. As anticipated, the

of the intensity of the ZnH lines, and only the lines correspond-

centers of both quartets are located at the same field positioning to perpendicular orientations &ZnH were observed, except

as the centers of the two unresolVé@8D3%7Zn radical septets.

A series of simulations was conducted to determine the
hyperfine coupling constants for tHéC nucleus. Because we
had only observed the perpendicular transitions, @lft3C)

for two of the more intense parallel features. The intense H-atom
doublet absorption is shown by dashed lines in Figure 5. The
low-field hydrogen line partially obscures the high-field line
of the 67Zn:M, = 3/, doublet. A simulation of the overall

could be determined directly from these experiments, and this spectrum obtained from an exact diagonalization analysis of the
value is given in Table 1. However, the line shape and the spin Hamiltonian using the parameters given in Table 2 is shown
positions of the perpendicular lines did show a dependence onin the lower half of Figure 5. The value éf; was estimated by
the value ofA(13C) that was used in the simulated spectrum, using the shifts in the perpendicular line positions and by
allowing an estimated value of 211(50) MHz to be determined matching the simulated line shape against the experimental
for Ay(13C). These ESR experiments alone could not determine spectrum. In particular, the symmetric shape and the unusually
the signs of the hyperfine coupling constants, and the signs high relative intensity of the ZM, = —3/, perpendicular doublet
reported in Table 1 were chosen to yield the closest agreementare quite sensitive to changesAn This fortunate circumstance
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87201 : NEON_4K
80 T=572

My=-3/2

i H_ATOM

3746

Figure 5. Four of the sixM; components fof’Zn (I = %/,) are labeled
for each hydrogen hyperfine doublet of tH&nH radical in this neon-
matrix ESR spectrum. Vertical scale changes are denotedxIy, “
and the magnetic field correspondingdggooccurs at 3418 G. Dashed

lines mark the H atom doublet absorptions. The experimental spectrum

is compared with a simulated ESR spectrumf@nH in the lower

trace. The weak parallell absorption features for the lowest- and
highest-field hydrogen doublets are labeled accordingly. Note the

unusually high intensity and symmetric nature of tién:M, = —3/,

hydrogen doublet, which occurs because of coincidence in line positions

between the parallell{ and perpendicular) lines for this particular
67Zn hyperfine feature.
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TABLE 3: Comparison of the Experimental and Theoretical
Magnetic Parameters (MHz) of the CH;Zn Radical

87Zn 13c H
Aiso Adip Aiso Adip Aiso Adip
experimentd 569(3) 20(4) 182(19) 14(22)-14(1) —*
theoreticdl
HFSDCPFe 536 19 85 10 —-0.90 [-0.9,-5.8,6.7]
MRSDCF 514 18 93 12 —-0.52 [-0.9,—-6.4,7.3]
DFT9 445 - 167 - -86 —

a Experimental magnetic parameters (MHz) for a neon-matrix sample
at 9.0 K.P Approximately zero. See text.The Wachters uncontracted
basis set for zinc with the recommended two additional p functions
(14s 11p 5d% and the uncontracted Dunning DZP sets for carbon (9s
5p 1d) and hydrogen (4s B8were used? All single excitations from
the Hartree-Fock solution and those double excitations that exceeded
an energy threshold of 5 108 hartree were retained in the CI
calculation.t The HFSDCI calculation included 292 586 spin-adapted
configurations, had a sum of squares of the coefficients in the reference
space of 0.93, and had a total CI energy-df818.2907 hartreé.The
MRSDCI calculation used 20 reference configurations chosen on the
basis of their ClI coefficient from the HFSDCI calculation. The MRSDCI
calculation included 788 108 spin-adapted configurations, had a sum
of squares of the coefficients in the reference space of 0.93, and had a
total Cl energy 0f~1818.3007 hartree. All single excitations from the
reference space and those double excitations that exceeded an energy

arises from the coincidence of the parallel and perpendicular threshold of 5x 108 hartree were retained in the Cl calculati@DFT

line positions for thi$”Zn:M, = —3/, hyperfine component. The

simulated spectrum &fZnH in Figure 5 shows the low relative

intensity of the parallel absorption features.

C. Theoretical Results.As part of this experimental study
of the CHZn and ZnH radicals, theoretical ab initio calculations
were also performed. The GHEn geometry was evaluated in

Cs, symmetry with Gaussian 94 at the full second-order

method used the same basis set as above.

theoretically derived hyperfine coupling constants for thesCH
Zn radical are presented, along with the experimental results,
in Table 3.

Analogous calculations of the hyperfine coupling constants
were performed for the ZnH radical, except that a threshold

Maller—Plesset (MP2) level, using the uncontracted Wachters €nergy of 5x 10" hartree was used for the HFSDCI calculation

basis séf with the two additional recommended p function

s and 40 reference configurations were possible for the MRSDCI

for zinc (14s 11p 5d) and the uncontracted Dunning DZP%ets calculation. The gas-phase value Rir-+ = 1.5944 A was
for carbon (9s 5p 1d) and hydrogen (4s 1p). The following used!’ The results of these calculations are presented, along

values were obtained for the optimized geometB4,—c =
1.982 A Rc—y = 1.088 A, andO0H—C—2zn = 110.8. This

geometry agrees reasonably well with that obtained experimen-

tally by Barckholtz and co-worketdrom the ZEKE spectrum
of CHsZn in its X2A; state which, assuminBc—y = 1.1 A,
givesRz,-c = 2.001 A andJH—C—Zn = 109.7. Barckholtz

with the experimental results from the neon-matrix experiments
for the 67ZnH radical, in Table 2.
IV. Discussion

A. Comparison between Theoretical and Experimental
Results. Table 3 shows the comparison between experimental

and co-workers also reported the geometry and vibrational neon-matrix ESR hyperfine coupling constants for thesZiH
frequencies calculated with density functional theory. There are radical and the theoretical results from the HFSCDI and
several earlier reports of SCF and MP2 ab initio calculations MRSDCI calculations discussed above. The valueggfand

of the geometry of the CiZn radical’>* Jamorski and
co-workers reported a geometry &z,-c = 1.987 A Re-y =
1.094 A, anddH—C-Zn = 111.0, obtained using an MP2

Adgip Were calculated from the experimental ESR; @nd Ay)
values using standard expressions. For carbon and zinc, these
values include corrections fdr-| effects, which are small in

calculation with a contracted version of a basis set very similar this case becausg; does not differ greatly fronge.62 The
to that which we have used. They also reported a geometry of defining equations foAs, and Aqj, are the following:

Rzn-c = 2.094 A,Rc_yy = 1.090 A, andJH—C—Zn = 107.4,

obtained using an MP2 calculation with a valence douple-
effective core potential (ECP) basis set incorporating d-type

polarization functions for zinc and carbén.
The hyperfine coupling constants for Gth were obtained

Agip = 99,8, 13 co$ © — 1)/2r°0
Ao = 879.9,843, 14 (0)*/3

from Hartree-Fock singles and doubles configuration interac- Because of the large uncertainty associated with the estimation
tion (HFSDCI) and multireference singles and doubles config- of A, from the 13C perpendicular splitting, the uncertainty in
uration interaction (MRSDCI) calculations using the MELDF  Agp(*3C) is approximately 160%. ThA values derived from
suite of program& The same basis sets as discussed above both of the observed trapping sites are equal within experimental
were employed. The HFSDCI calculations included all single error.

excitations from the HartreeFock configuration and those The agreement with experiment for both calculations is
doublet excitations with an energy contribution exceeding a reasonable for the hyperfine properties of zinc. The value of
threshold energy of x 1078 hartree. The MRSDCI calculation  Agip(5Zn) agrees within the experimental uncertainty, and the
used 20 reference configurations, chosen on the basis of thevalue of Aiso(67Zn) is low by 5% for the HFSDCI and 9% for
Cl-coefficient contribution to the aforementioned HFSDCI the MRSDCI calculation. The calculated hydrogig, values
calculation, as the reference space for the Cl calculation. These(—0.9 and—0.5 MHz) are below the experimental value of
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—14(1) MHz. (These experimental measurements cannot de-TABLE 4: Comparison of the Experimental and Theoretical
termine the sign oA\, but a negative assignment is consistent Spin Densities for the CHZn, CH5Cd, ZnH, and CdH

with the theoretical calculations.) However, an exact comparison Radicals

is complicated by the fact that the hydrogen nuclei do not lie 67Zn/1Cd 15c H  total
on the 3-fold axis, whereas the experimental value observed is aZy(ns) a2y (np) a2(2s) a2 (2p) as(1s) T2 a2
the projection onto this axis frame. Also, the dipolar parts of Chazm

the coupling-ponstant matrices are a}veraged by motion about experimentdl 029  0.56 005 013 -001 1.00
the 3-fold axis, whereas the theoretical values are calculated MRsDCRe 0.54 0.27 0.03 0.1t =0 0.95
values in the local magnetic frame for the hydrogen nuclei. It CHsCd

is interesting that a DFT calculation yields &g, value for H experimentdl  0.26  0.45 005 016 —-001 0.89
of —14.2 MHz using a fully uncontracted 6-311G** basis and ZHMERSDCF 046 028 004 017 ~0 0.95
a value of—8.6 MHz using the same basis that we employed  eyperimentdt 032 053 — - 035 1.2

for the MRSDCI calculation. The improved agreement with MRSDCPR 049 038 - - 0.15 0.97
experiment using the DFT method indicates that the Cl approachCdH

was apparently not including the correct amount of mixing engané%ntal 8'22 8'@3 B - ggg (1);7
between the three configurations, namely Z&(@&Hs, Zn(sp)- ' ' ' '

CHs, and ZnCHs . FOrAiso(l3C), even at the lower bound set aThis work..b The experimental values are calculatqd using the free
by the experimental uncertainty, the calculated MRSDCI value &tom comparison method (FACM)Gross spin populations from the

. MRSDCI calculation with 20 reference configurations and a threshold
0, I ' m
Is low by about 50%. The DF ethod also produces better for retaining double excitations in the Cl ofs6 10~ hartree d This is

agreement for thi3*C property, with a predicted value of 228 e gross spin population for the zing4p). The x(4p) andz(4p,)
MHz using the 6-311G** basis and 167 MHz using the same values are 0.0005.This is the gross spin population for the carbon

basis as was used in our MRSDCI calculations. %(2py). The x(2p) and x(2p,) values are 0.0022 From ref 6.9 The
The comparison between the experimental and theoreticalexperimental values were determined by a FACM analysis of the

hyperfine parameters for ZnH is given in Table 2. As withqCH ~ Mmagnetic parameters in ref 6, using the atowyg and Aqp values

Zn, excellent agreement is observed for the theoretical valuesderived from gas-phase level-crossing experimétfiee text Gross

ey 67 67 s spin populations from a MRSDCI calculation in ref &ross spin
of Aiso®’Zn) andAgip(*’Zn). The value ofp(*’Zn) agrees within - o jations from the MRSDCI calculation with 40 reference configura-

the experimental uncertainty, and the valueAg§(®’Zn) is low tions and a threshold for retaining double excitations in the CI af 5
by about 4% for the HFSDCI and by about 6% for the MRSDCI 107 hartreel This is the gross spin population for the zig@p,). The

calculation. The MRSDCI value foAiso(H) is closer to the x(4p) andy(4p,) values are 0.0001.

experimental value than the HFSDCI value, but both are )

approximately 60% lower than the experimental value. The and'P; states of’Zn atoms in the gas phase by Landman and
DFT(B3PW91) method (6-311G**) yields afso(67Zn) value Novick.”® The parameteas is equivalent to the atomic value of
that is below experiment by 37%, but it produces Au(H) Aiso,t and the atomic value ohqip can be derived fronay
value of 598 MHz, which is much closer to experiment than andas using the following relations, as reported by Ammeter
that of the MRSDCI calculation. (See also Table 2.) The value and Schlosnaglé:

of Agip(H) is expected to be close to zero, and this expectation

is borne out by the small calculated value. These comparisons P =" (ay, + a,)
are again similar to our findings from an analogous comparison -
of the CdH and CRKCd radicals Adip = 5P

B. Bonding in the CHsZn and ZnH Radicals. A linear _ _ )
combination of atomic orbitals-molecular orbital (LCAO-MO) The zinc atomic values that were obtained are 1992 MHz for

model of the highest-occupied molecular orbital (HOMO) of Aiso and 36 MHz forAgip. For comparison, a commonly listed

the CHZn radical is represented as follows: theoretical value of\s, is 2087 MHZz%2
The spin densities derived from this FACM analysis for the
IP(XZA ) = ay(Zn 4s)+ ay(Zn 4p) + CHsZn and ZnH radicals are shown in Table 4, together with
1

spin-density results from a Mulliken gross spin population
ag/(C 2s)+ ay(C 2p) + agr(H 1s) analysis (MSPA) on the MRSDCI wave functions discussed
above. Also shown in Table 4 are the equivalent spin-density
whereW(X?A,) represents the molecular wave function of the results for the CBCd and CdH radicals. For comparison, we
HOMO, y(Zn 4s) etc. represent the atomic orbitals, anetc. have evaluated the cadmium spin densities using atomic
represent the coefficients of each atomic orbital involved in the parameters derived, as discussed above for zinc, from the gas-
combination. For ZnH, thg(C 2s) andy(C 2p,) orbitals are phase level-crossing experiments of Thadeus and NGk
removed. The free atom comparison method (FACM) provides emission from the excite@P; and 1P; states of!*iCd atoms;
for the squares of these coefficients to be estimated by the results are-12354 MHz forAiso and —253 MHz for Agip.
comparison of the experimental valuesfaf, andAgip with their These parameters yield valuesaafthat are almost double the
atomic counterparts. earlier estimates for the analogous cadmium radfdelswever,
Atomic parameters from a commonly employed compilation for a direct comparison with the GAn and ZnH results, it
were used for carbon and hydrogen to calculate these orbitalseems appropriate to use a consistently derived set of atomic
coefficients2 For zinc, the value foR, is available?? however, parameters. It should also be noted that the larger size of the
the listed value forAgp, refers to that for an unpaired electron relativistic effects expected for cadmium (compared with zinc)
occupying the 3d atomic orbital. Therefore, it was necessary to may not be negligible.
evaluate an atomic value 8, for zinc for an unpaired electron It is clear from Table 4 that the experimentally derived spin
occupying the 4p orbital to analyze our results. The hyperfine densities for CHZn and CHCd are very similar. The total
coupling constantss, ai», andag, have been derived from level-  (unscaled) spin density on the metal is 85% forsZi and
crossing experiments involving emission from the excited 71% for CHCd. A comparison of the total spin density on the
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carbon is complicated by the large experimental uncertainty
involved in derivingAgis(*3C). Therefore, it is better to make a
direct comparison of th&C Ag values for both radicals, which
are 166(3) MHz for*®CHsZn and 163(3) MHz for3CH3Cd 8

This result shows again the similarity between these radicals,

although th&’C A; comparison does assume that the carbon
hybridization is the same for both radicals. This assumption
seems reasonable, given thgi(H), which is expected to be
sensitive to changes in the metalrbon-hydrogen bond angle,
is very similar in the CHZn and CHCd radicals, with values
of 14(1) and 17(1) MHz, respectively. Therefore, the carbon
hybridization is also likely to be similar.

The experimentally derived spin densities for ZnH and CdH
show the same behavior. The majority of the spin density is on
the metal, with values of 74% for the ZnH radical and 77% for

J. Phys. Chem. A, Vol. 104, No. 16, 2008635

electronic structures of GEn and ZnH is provided by the
following analysis of theirg tensors, which indicates nearly
identical amounts of metal 4gharacter. Thegp value for the
CHsZn radical is smaller than thg value, giving aAgg value
of —0.0188(5), whereAgn = go — ge. This deviation can be
expressed by the approximate relationshign = —2452,%/
AE, wherel,p is the metal spirrorbit parameter (385 cni for
zinc’™®), a? is the 4w character of the HOMO, andE is the
energy separation between the ground state and the eXEited
state’® Using a value foAE(A2E;»—X?Ap) of 23 950 cnr?,22
ay? is calculated from the experimental valueAxy to be 0.58.
As discussed above, the FACM analysis of the Z\gg value
for the CH; Zn radical yields am,? value of 0.56. The analogous
calculation performed for ZnH, using a value E(AZTT—XZT)

of 23 280 cnt?, 47 yields anaz? result of 0.54, based on the

CdH. The hydrogen 1s characters are also equivalent for theseheon experimental value afg, = 0.0182. Analogous calcula-

two metal hydrides at about 35%. In a comparison of the two
hydrides with the two methides, the total spin densities on the
metals are equal within the experimental uncertainty and the
inherent uncertainty in the FACM approximation.

The MSPA results show an interesting trend. For all radicals,

the predicted metal s character is double, and the p character i%n

almost half, the corresponding value obtained from the FACM
analysis. Also, for these radicals, the MSPA results would
indicate a slight shift to s character from p character for the
zinc radical when compared with the corresponding cadmium
radical. Given the experimental uncertainties involved in
evaluatingAgip(**C), no comparison is made for th& densities

calculated; however, for the ZnH and CdH radicals, the

calculated hydrogen s character is about half that predicted by

the FACM analysis.

Barckholtz and co-workers have recently reported an “ex-
perimental” molecular-orbital (MO) diagram for GMg and
CH3Zn5 This MO diagram was derived from ZEKE-PFI
spectroscopic measurements. The bonding igAbHks described
by ac?0*1 configuration, where the ando* orbitals are formed
from the overlap of the zinc atomic 4s orbital and th&tsgbrid
HOMO of the methyl group. Such a picture appears to be
inconsistent with our results, as we show a significant amount
of Zn 4p character in the HOMO of this radical, in the range of
50%. The MO description, given by Jackson, of the two
orbitals being formed from the overlap of the sydrid HOMO
of the methyl group and an sp hybrid formed by the linear
combination of the zinc atomic 4s andApbitals would seem
more consistent with our resuf%The doubly occupied lower-
energy o orbital would be expected to have larger zinc 4s
character at the expense of the singly occuptedrbital, which
would, in turn, have higher 4p character.

Itis interesting to note that the metal carbon bond dissociation
energy for the CkEn radical [25(4) kcal/mol] is higher than
that of the CHCd radical [15(3) kcal/mol}° The higher stability
of the CHZn radical could explain why we observe higher
yields of the CHZn radical compared to G3&€d under similar
generation and deposition conditions.

Barckholtz and co-worketsalso derived the MO diagram
for (CHs)2Zn using the MO diagram they had derived for £H
Zn. This MO diagram predicts that the radical cation of ¢H
Zn would have a HOMO composed of the overlap of the zinc
atomic 4s orbital and the HOMOs of the two methyl groups.
We have recorded the ESR spectfémf (CHz),Zn" in neon
matrixes, and it is not consistent with this picture. Instead, the
HOMO is completely dominated by zinc 4p character.

C. Analysis of the g Tensor of the CHsZn and ZnH
Radicals. Additional evidence showing the similarity in the

tions for the CHCd and CdH radicals yielded,? values of
0.51 and 0.50, respectively.

V. Summary

Various isotopomers of the GHn radical have been isolated
a neon matrix and studied for the first time by ESR
spectroscopy. The radicals were formed by the reaction of laser-
ablated zinc with various methyl precursors. PFén, 13C, and
D isotopomers of CkZn were all generated. Values fgr,
Aiso(87Zn), Aiso(H), Aiso(D), Aiso(*3C), Adip(mzn), andAdip(lsc)
were derived for the CgZn radical from these matrix ESR
spectral results. The first measurements of the metal hyperfine
structure in’ZnH, formed from the reaction of laser-ablated
zinc with hydrogen gas, have been reported and fully interpreted.
Ab initio calculations were performed on the ¢z&h and ZnH
radicals. The MP2-level geometry derived for the4ZRiradical
was consistent with the recently reported gas-phase value.
HFESDCI and MRSDCI calculations of the nuclear hyperfine
coupling constants for both radicals showed reasonable agree-
ment with the experimental values. The calculdténh hyper-
fine parametersiiso(67Zn) and Agip(6Zn), agreed within 10%
for both the CHZn and the ZnH radicals. The calculated value
of Aiso(*3C) for the CHZn radical was low by 50%, and that of
Aiso(H) for the ZnH radical was low by 60%, when the MRSDCI
method was employed. With DFT, better agreement was
achieved for H and3C, but poorer agreement was found for
the metalAiso values. The free atom comparison method was
employed to estimate the atomic orbital characters of the HOMO
for the CHZn and ZnH radicals. This analysis showed that the
HOMOs of both radicals were very similar and were composed
of about 30% Zn 4s character and 50% Zn 4p character. An
analysis of the spirorbit coupling contribution to the shift
also yielded a value of about 50% for the Zn 4p character in
both radicals. This analysis was compared with a Mulliken gross
spin population analysis (MSPA) of the MRSDCI wave func-
tion, which showed a similar total spin density on the metal
but a lower Zn 4p character of approximately 30% for both
radicals. Comparisons of the @&h and ZnH radicals with their
cadmium analogues showed the bonding in all four radicals to
be quite similar.
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