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Photodissociation Spectroscopy of Zh—Methanol
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We report on studies of the photodissociation spectroscopy of-Erethanol complexes in the near-UV
region. We observe two absorption bands assigned tebi&sed 4p— 4s transitions in & Znt—OHCH;
association complex. TheR' (4pr) — 1°A'(4s0) band shows a significant vibronic resonance structure that

can be assigned to a combination of both inter- and intramolecular vibrational modes of the complex. The
experimental vibrational frequencies are in excellent agreement with the theoretical model predictions. The
higher-energy 22" (4pr) < 12A’(4s0) band is strongly coupled to a lower lying charge-transfer state and
appears as a structureless continuum. We observe very little reactive branching; rather, charge transfer to
CHz;OH' + Zn products dominates the dissociation. These results are compared with previous studies of
other main-group- and transition-metal-iomethanol complexes.

I. Introduction was observed. The photodissociation-product branching ratios
show strong selectivity as a function of cluster size that can be
explained in terms of the initial photoexcited state, nonadiabatic
8ouplings, and ground-state dissociation dynamics.

Very recently, Metz and co-workers examined the photodis-
sociation spectroscopy of complexes formed whenh feacts
with methanof Metz and co-workers found that a metal
hydroxo insertion complex [HOFe—-CHg]* can be formed in
a laser vaporization source under certain experimental condi-

Metal-ion—methanol complexes have been the subject of
several recent spectroscopic studiesMethanol is a polar
solvent, and the photodissociation spectroscopy of mass-selecte
metal-ion—methanol clusters allows a study of the stepwise
effects of increasing the solvation on the electronic structure of
the chromophore and intracluster reactivity, giving information
about the transition from the gas-phase to the solution-phase
limit. *# More recently, transition-metal-iermethanol com- tions. (This is in contrast with earlier reports by Sateoand
plexes have been used as precursors for the study of reactive

intermediates in the conversion of methane to methanol b metalco-workers, who found evidence only for the 'k€H;OH)
) - - y association complex in their experimerftsVibrational reso-
oxide cation molecules or on bulk metal oxide surfates.

. . o nances were observed in the photodissociation action spectrum
Farrar and co-workers have studied the photodissociation of D P

) - ; . and assigned to the F&€ and Fe-O stretch modes of the
Srf(CH3OH) and S¥(CH30D) in the visible region, observing g

both th - d sand . d S insertion complex in the excited state. The experimental results
oth the evaporatlon product’Sand reaction products Sr . appear consistent with the theoretical calculations of the ground-
and SrOD.! In the highest-energy Stbased 5p—5s0 transi-

i . . ) state vibrational-mode frequencies. Together with earlier results
tion, the reaction yield was very highx90%. The lower-energy q g

) . on Co(CHOH)™,” these observations suggest that there are
bands, assigned to Sbased 4e-5s transitions, show the (CHOH) 99

o . ) | . notable differences in the chemistry of main-group-metal ions
vibrational structure associated with the intermolecular stretching 44 that of transition-metal ions with methanol

anf_l benldltng m‘?rtll?r?&b Th% r(;.-atctlve bfa”Ch“?g t;howedt an  Here we report the photodissociation spectroscopy 6f-Zn
anticorreiation wi € bound-state resonances in th€ Specium, oy, oy complexes. Zris a transition-metal ion with a closed

suggesting a competition between the fast reaction and evaporas gogp|| making it spectroscopically similar to MgHowever,

tion on the ground-state surface and a slower reaction on theour results show a photodissociation action spectrum that is
excited-state surface, , . markedly different from that observed for MEHsOH),
Durlcan and co-workers have studied the photodissociation g, hihjting a sharp vibrational resonance structure with activity
of Mg™(CH:OH)n, focusing on the spectroscopy of the monomer i, hoth the inter- and intramolecular vibrational modes of the
(n = 1), but tgley also examined the larger clusters at selected ;ompiex Despite these differences, our experimental observa-
wa\ielengthé For Mg+(CH3OH), the .domlnant products are  isns and theoretical calculations suggest that the complex is
Mg a”q MQQW' with a small branchlng_to C#t and MgO'™. the simple association complex, ZCHsOH). The spectro-
Broad vibronic structures were observed in the metal-based 3p scopic differences with other main-group-metal-ianethanol
like excited states, and these were assigned to the®igtretch oo pjexes are a result of the relatively high first and second
motion. The spectroscopic evidence suggests that an intracluste[y iz ation energies of Zn, which lead to the opening of the low-

. . A ;
solvation reaction to MgOH or MgOCH;™ occurs in larger  gnergy charge-transfer reaction channels and a high activation

clusters nean = 5. . barrier for the reaction to ZnOH products.
Farrar and co-workers also studied MGHsOD), (n = 1-5)

using photodissociation spectroscopyror the monomer || Experimental Arrangement

Mg*(CH3;0D), the spectrum is broad and no vibrational structure ) o
The experimental apparatus and the application to mass-

*To whom correspondence should be addressed. E-mail: paul- Selected cluster photodissociation spectroscopy measurements
kleiber@uiowa.edu. have been previously describ&d? Znt(CH;OH) complexes
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TABLE 1: Selected Structural Parameters for the ZA' and 104
227" States of the Association Complex, ZN(OHCH 3)
1277 2! %“ 8 Zn"'(4p) + CH,OH
UHF/ MP2/  B3LYP6&/  UCIS/ 3
6-311++g 6-314-+g 6-311++g 6-311-+g g 61
(2d2p)  (2d,2p)  (2d,2p)  (2d,2p) w
De(Zn—0) (eV) 1.442 1.652 1.670 2 4 2 2 .
R(Zn—0) (A) 2.043 2.000 2.033 1.923 3 1/A" _ Zn(s)* CH,OH
R(C—0) (A) 1.453 1.476 1.478 1.465 © 2]
6(Zn—0—C) (deg) 129 129 129 131 , -
o 1A Zn'(4s) + CH,OH
were produced in the supersonic molecular beam expansion from 1 2 3 A 4 5 6780910
a laser vaporization source. Methanol vapor was mixed at a Rano ()

level of about 2% in Ar. The seeded gas mix was then used in Figure 1. Calculated potential energy surfaces for several low-lying
the pulsed gas valve at a backing pressure of 60 psi. The secondloublet states of Z{CH;OH) at the HF/6-311+g(2d,2p) level. The
harmonic of a pulsed Nd/yttrium aluminum garnet (YAG) laser excited states have been shifted to give the correct asymptotic energies.
was focused onto the metal rod surface and timed to overlap The second “stable” structure we have identified is an
the seeded gas pulse. insertion complex of the form [HOZn—CHjz]*. This isomer
Downstream from the source and molecular beam skimmer, is found at much higher energies1.81 eV above the energy
ion clusters were pulse-extracted and accelerated into the flightof the association complex calculated at the same level of theory.
tube of an angular reflectron time-of-flight mass spectrometer. Indeed, at the HF level the insertion complex lie6.36 eV
A pulsed mass gate was used to select th&(ZH;OH) parent above the ground-state asymptote'Zh CH;OH. The results
cluster. The parent cluster was focused into the reflectron of with density-functional theory show a slight improvement in
the time-of-flight apparatus. The output from an injection-seeded stability. At the B3LYP/6-31%+g(2d,2p) level we found a
Nd/YAG laser-pumped tunable optical parametric oscillator stable [HO-Zn—CHg]" insertion isomer with a ZrC bond
(OPO; Spectra-Physics/Quanta-Ray PRO-250/MOPL SL) coupledlength of 2.08 A, a ZrO bond length of 1.80 A, and a
with a Quanta Ray WEX system for frequency doubling and C—Zn—0O bond angle of 162 At this level of theory, the
mixing was time-delayed to excite the parent ion at the turning insertion complex lies 1.44 eV above the energy of the
point inside the reflectron. The near-UV region from 212 to association complex and is thus only weakly bound {123
345 nm was reached by frequency doubling the OPO output. €V) relative to the Zh + CH3OH asymptote. We were not able
Parent and daughter fragment ions were then reaccelerated0 locate the corresponding transition state between the{HO
to an off-axis microchannel plate detector in a typical tandem Zn—CHg]™ and Zn" + CHz;OH isomers to determine the
time-of-flight arrangement. Two digital oscilloscopes, a mul- potential barrier to dissociation. However, given the obvious
tichannel scaler, and a set of gated integrators were used tohigh energy of this isomer, we believe it is unlikely to be present
monitor the mass spectrum and were interfaced to a laboratoryin significant concentrations in our experiment. Coupled with
personal computer to record the data for further analysis. The the experimental observations (see below), we believe that the
photodissociation action spectrum was determined by normal- 0bserved spectral features are most likely to result from the
izing the daughter signal with respect to the parent-ion signal Photodissociation of the simple association complex,(@iz-
and laser power while scanning the laser wavelength. ResultsOH).
from a series of laser-power dependence tests were consistent We have also used the single excitation configuration
with a one-photon excitation process. However, because of interaction method [CIS/6-311+g(2d,2p)] to study several
possible saturation effects for boundound transitions, we  low-lying excited states of Zi{CH;OH).> An ab initio calcula-
cannot entirely rule out multiphoton effects. tion shows that the Znbased 4p— 4s transition will dominate
the spectrum. In addition, because of the relatively high
ionization energy of Zn (IE= 9.394 eV) and low |IE of methanol
(IE = 10.84 eV)!6 the charge-transfer state also lies at a low
energy and is accessible in our experiment. Figure 1 shows the
potential-energy surfaces for several low-lying excited states.
This is a rigid-body scan obtained by varying only the-Zb
intermolecular bond length while keeping the other geometrical
parameters fixed at their ground-state equilibrium values. We
have found in previous work on several metal-tonolecule
two possible isomer¥ The first is a direct association product complexes that the CIS method does a relatively good job of
of the form Znr—OHCH;. This is a simple electrostatic complex predicting the metal-ion-based excited states but a poor job of
with a nearly undistorted methanol ligand and a calculated predicting the charge-transfer-based excited sta#€3ypically,
Zn—0 bond lengttR(Zn—0) = 2.04 A and bond dissociation — metal-atom excited-state asymptotic energies are correct to
energyD¢'(Zn—0) = 1.442 eV at the HF level. The state is within ~0.5 eV, while the charge-transfer asymptotes are
12A" in Cs equilibrium geometry. Selected structural parameters sometimes in error by several electronvéf&or example, in
are summarized in Table 1. Geometry optimization at the MP2/ Zn*(C,H;) we found that the experimental spectroscopic
6-311++g(2d,2p) level gives a somewhat more strongly bound constants derived from an analysis of the"Zyased molecular
complex with an MP2 bond lengtR«(Zn—0) = 2.00 A and band #B;(4pr) < 12A1(4s0) are in excellent agreement with

Ill. Theoretical Calculations

In view of the recent work of Metz and co-workers showing
the formation of an insertion complex when*Feeacts with
methanof we have searched extensively for the possible
isomers of [ZR-CH3OH]". Calculations were performed using
Gaussian 98!

Ab initio calculations at the HF/6-311+g(2d,2p) level find

bond energy.’(Zn—0) = 1.652 eV13 Geometry optimization
at the B3LYP/6-31%+g(2d,2p) level* gives results very
similar to the MP2 calculations. Again, the important structural
parameters are summarized in Table 1.

the CIS model predictions but that the CIS method predicts the

charge-transfer band to lie at much higher energies than those
experimentally observed. Nevertheless, our previous experience
has shown that the CIS results can in some cases give valuable
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TABLE 2: Experimental and Theoretical (in Parentheses) Vibrational Frequencies (cm?) for the 22A" < 12A" Bands of
Zn*(CH30H) and Zn*(CH3;0D)

modé Zn*"(CH3;OH) Znt(CH;OD) D/H ratio
v1: Zn—0—C out-of-plane bend 73 (64) 74 (64) 1.014 (0.998)
v2: Zn—0—C in-plane bend 243 (248) 243 (246) 1.000 (0.994)
vq: Zn—0 stretch 511.7 (469) 495.7 (454) 0.969 (0.967)
vs: C—O stretch 857 (874) 798 (818) 0.931 (0.936)
vs: CHz rock® 10947 (1086) 922 (943) 0.843 (0.868)

2The v3 CHs-torsion mode with a predicted frequency of 400¢rm Zn™(CH;OH) was not observed.The theoretical frequencies reported
here for the intramolecular methanol vibrational modes have been scaled by 90% from the CIS-calculated results. See the text for an explanation.

qualitative (and even semiquantitative) insight into the excited- 278 26y M(Om) o0 238
state structure and dynamics if the resulting potential curves A ' ' '
are simply shifted in energy to agree with the known asymptotic
energies? This has been done in Figure 1 where the Zrased
excited states have been shifted up by 0.70 eV to give the correct
Zn" 4p < 4s atomic excitation of 6.08 é¥ and the charge-
transfer state has been shifted down in energy by 3.58 eV to
give the correct asymptotic ionization-energy difference between
Zn and CHOH of 1.45 eV. Obviously, the resulting potential-
energy curves should be considered only as a qualitative guide
to the discussion.

The ground state of ZI{CH3;OH) is 12A" in Cs symmetry, 01— i : .
correlating with the ground-state Zf#ss) + CH;OH asymptote. 36000 38000 40000 42000
The lowest-energy excited state is expected to be the repulsive Photon Energy (cm™)

1?A" state that correlates asymptotically to the charge-transfer Figure 2. Photodissociation action spectrum for’Z6H;OH) leading
Zn(49) + CHs;OH' products. The charge-transfer state is to CHOH'. The spectra for Ckt and Zr' are essentially the same.
expected to cross the higher-lying Zapr)-based excited states,
and this interaction plays an important role in determining the
excited-state chemistry.

There are three Zrt(4p)-based excited states at a higher

energy resulting from the three different alignments of thé Zn ) L . “
4p orbital with respect to the intermolecular axis. In tRa'2 usual scaling of the HF vibrational frequencies by the “90%

(4p7) state, the Zh p orbital lies in the symmetry plane but rule”. In Table 2 we report the 90%-adjusted values for thg CH
roughly perpendicular to the ZrO bond. In the 2A" (4p) rock and C-O stretch frequencies. (Results from our previous
state, the p orbital lies perpendicular to the symmetry plane. In WOrk have shown that no such correction is usually necessary
the FA'(4po) state, the p orbital lies in the symmetry plane fc_)r the Ic_)wer-energy |ntermole_cular vibrational-mode frequen-
and roughly along the ZRO bond. Electrostatic arguments C1€S: which are often weII-predlc_:ted at the HF levéP)n Table _
suggest that the 4pstates will be more strongly bound than 2 we also show analogous (adjusted) results for the deuterium-

the ground state because of the reduced electron density alongubstituted isotop&Zn™(CH,OD).
the intermolecular axis. The corresponding absorption bands will
be red-shifted from the bare Zmp—4s atomic excitation at
~204 nm. The calculated?®’(4pr) and 2A" (4pr) — 12A'- A. Band Assignment.The photodissociation action spectrum
(4s0) excitation energies are 5.02247.0 nm) and 5.25 eV for Zn*—methanol covers the near-UV region fron86 000
(~236.2 nm), respectively. (These are adjusted values to accounto ~43 000 cntl. We observe three major products, including
for the asymptotic energy shift.) On the other hand, th&'3 CHs™, CH3OH™, and Zrt, with CH;OH™ being by far the most
(4po) state should be less strongly bound than the ground state abundant (at- 90% of the total yield). Figure 2 shows the action
owing to the increased electronic density along the intermo- spectrum obtained by monitoring the major §&MH* product
lecular axis. The corresponding excitation band will be blue- channel. The action spectra for @Hand Zn" are essentially
shifted from the Zr atomic excitation at 204 nm. The calculated the same. Figure 3 shows the photodissociation mass spectrum
(adjusted) 3A'(4po) — 12A'(4s0) excitation energy is 7.00 eV taken with the photolysis laser enerlgy = 36 782 cmi™. The
(~177 nm) and is not readily accessible with our laser system. photodissociation of the deuterium-substituted compleXZhls-

Of particular interest here is the bounéA2(4pr) state. We OD) gives CH", CH;0D™, and Zn with a branching similar
were able to optimize this excited-state geometry at the CIS/ to the CHOH case.
6-311++g(2d,2p) level. Optimization shows a more strongly The action spectrum shown in Figure 2 contains two
bound excited-state complex with a shorterZ bond length overlapping bands. The lower-energy band, starting at 36 782
and a stretched-©0 bond relative to the ground state. Structural cm, contains several sharp vibrational progressions and
parameters are summarized in Table 1. A frequency calculationextends to around 39 000 ¢y while the higher-energy band
gives results for several low-frequency vibrational modes of appears as a nearly structureless continuum. An expanded view
22A(4pr) (the intermolecular bending and stretching motions of the structured band is shown in Figure 4.
and the intramolecular €0 stretching and CH rocking The low-energy band spectrum is very different from the
motions). The theoretical mode frequencies are given in Table spectra observed in the analogous ‘™Mgor Sr*—methanol
2 in parentheses. For comparison we also calculated thecomplexes. Indeed, the spectral structure in this band bears a
vibrational frequencies for isolated GBH. For the correspond-  remarkable resemblance to the vibronic spectrum of fHfe—
ing intramolecular vibrational modes of methanol, the HF-level CHg]™, studied by Metz and co-workers (see Figure 4 of ref 5).

27A" — 1A

o]
1

w O
1

Relative Signal

27A" — 1°A

N
1

calculations overestimate the vibrational frequencies-th@%
(we = 1155 cn1?! calculated vs 1060 cnt experimental for
the CH; rock andwe = 1164 cnt?! calculated vs 1033 cm
experimental for the €0 stretch)® This is consistent with the

IV. Results and Discussion
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0.8 . TABLE 3: Observed Vibrational Resonances for the 2A" <—
CH,OH 12A’ Band of Zn*(CH3;OH)
, peak position peak position
0.64 hv=36782cm (cmba assignmerit (cmb)a assignmerit
g 36 782 (36 786) ) 37793 (37 774) 2
® 36 855 (36 860) 3 37 8767 (37 708) %
2 041 37 025 (37 029) ) 38143 (38 078) Ht
k5] 37290 (37 281) ! 38293 (38 267) !
K 37 359 (37 358) 1 38 369 (38 200) at
+ 64, + 37532 (37 521) i 38643 842
0.2 CH, N Zn 37 639 (37 584) 5
A
aResults for Zr(CH;OD) are given in parenthesésu;: Zn—0O—C
30 3 34 36 38 40 out-of-plane bendw,: Zn—O—C in-plane bendvs: Zn—O stretchus:

Time of Flight (us) C—O0 stretch.vs: CHs rock.

Figure 3. Photodissociation mass spectrum for'ZdHsOH) taken

. . . . . 0 .
with the photolysis laser tuned to the origin pebak & 36 782 cn?). dominant dissociation product with a yield 90%. This

observation is easy to explain for the photodissociation of the
association complex but much harder to explain for the

0 1 2 3| 4" photodissociation of a [H&Zn—CHa] " insertion isomer be-
! ! ! cause it would require significant rearrangement of the complex
(I)_}'—2|514n before dissociation.
0 L 1n The higher-energy band starts at around 38 5001camd
(a) ! — 64 extends up to~43 000 cntl. The origin of this band is not

obvious because of overlap with the lower-energy band. This
band is assigned to the Zibased 2A"(4pr) — 12A'(4%0)

2 transition. This band does not show obvious vibrational structure,
although several broad humps are apparent. We suspect that
T : T . the structureless nature of this band is due to a strong coupling
s : . . between the metal-basedA?' (4pr) state and the lower-lying
repulsive A" charge-transfer state of the same symmetry
resulting in a fast predissociation.

B. Vibrational Analysis of the 22A'(4px) — 12A'(4s0)
Band. The metal-based?@’'(4pr) — 1?A’(4s0) band exhibits
several sharp vibrational progressions (Figure 4) with the
resonance peaks shown in Table 3. To help clarify the
vibrational assignment, we have also studied the deuterium-
substituted complex, ZifCHs;OD), and the results are also
shown in Figure 4 and summarized in Table 3. We note that
the vibrational features in the spectrum of"Z8H;OD) are

(b)

36500 37000 37500 38000 38500 39000 substantially sharper than those of'Z8H;OH), although the
Photon Energy (cm”) reason for this is not entirely clear. The experimental conditions
Figure 4. Expanded view of the?A’ < 12A’ band for (a) Zri(CHs- for these two systems are essentially the same, and the parent
OH) and (b) Zri(CH;OD). cluster ions are likely to be at a similar temperature. The

On the basis of this similarity, we originally thought our difference may be related to the different rotational contours
structured band could be assigned to a transition in the for Zn"(CH:OH) and Zrf(CH;OD), although we do not resolve
corresponding Zn insertion complex, [H@n—CHs]*. How- any rotational structure.
ever, on the basis of the theoretical ab initio results described  The first observed resonance forZ@H;OH) at 36 782 cm*
above and a detailed analysis of the experimental results, weiS assigned to theg@origin peak. The origin shows only a small
now believe that the spectral similarity to the Fe metaidroxo isotope shift to 36 786 cnt for Zn*(CHs;OD). To the red of
insertion complex is simply a curious coincidence. We instead the first strong peak we find no identifiable resonance features,
assign the lower-energy structured band to the-Based 2A'- suggesting that this is the true origin. There is, however, a weak
(4pr) — 12A'(4s) transition. bump near 36 400 cnt that can be assigned to a hot band.
This band assignment is based on several factors. First, theThe vibrational spacing for the hot band is 382 ¢mand it is
ab initio calculations find that the insertion isomer is much @assigned to a single quantum of the-ZD stretch in the ground
higher in energy and only very weakly bound in comparison to state of Zrf(CHsOH). The calculated frequency for the ground-
the association complex. It is difficult to understand how we State intermolecular stretch is 337 thn
could find such a strong absorption signal from the insertion ~ The spectrum of ZWCH3OH) shown in Figure 4a shows an
isomer. Second, the CIS-level calculations predict only very obvious progression built on the origin with a spacing~&00
weak transitionsf(< 1073) from the insertion complex in the ~ cm™L. This progression is assigned to #ie&Zn—O stretch mode
near UV, whereas we see quite strong absorption bands(vs) with a ClS-calculated frequency of 469 cin Birge—
consistent with a strong Znbased radiative transition. Third, ~ Sponer analysis gives the fundamental frequency for this mode
the observed vibrational resonance structure and isotope shifteasws’ = 511.7+ 1.2 cnt! with an anharmonicity parameter
are in quite good agreement with the CIS predictions for the weXe = 2.0+ 0.3 cnTt.
association complex (vide infra) but not with predictions for There is another short but obvious progression inthaode
the insertion complex. Finally, we observe @MH" as the built on an origin at 37 639 cmt = 0,° + 857 cntl. The
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progression is assigned to a combination band with one quantumFor Mg+t(CH3OH), on the other hand, the reactive dissociation
of thea C—O stretch ¢s). The C-0O stretch frequency ab's to MgOH"™ + CH3z was a major decay channel.

= 857 cnt! is in very good agreement with the calculated These differences in the Zn case are probably due to its
frequency of 971 cmt if the theoretical result is scaled by the relatively high first and second ionization energies. Because of
90% rule. This frequency is decreased from that of the freg. CH  the high first ionization energy, theA" charge-transfer state
OH molecule (1033 cmt), and this is consistent with the ab  lies at a low energy and is expected to cross thé*Zpar)-

initio predictions that suggest a stronger and shorter@rond based excited states at short internuclear distances (Figure 1).
and weaker and longer-€0 bond in this excited state of the  The 2A"—22A' crossing may occur at an energy somewhat
complex. above the 2A'-state minimum. Ir'Cs geometry, these states do
There are other weak features in the spectrum as well. Two not couple because they have different symmetries. THig, 2
small peaks to the high-energy side of the band originat0 is expected to be long-lived (with respect to the charge-transfer
73 cntt and Q° + 243 cnt! can be assigned to th# Zn— dissociation) and can show a sharp resonance structure. This

O—C out-of-plane bendzg) with a calculated frequency of 64 ~ assumes that the complex retassymmetry with one of the
cm! and thea’ Zn—O—C in-plane bend:{) with a calculated methyl H atoms lying in the plane of the heavy atoms. Because
frequency of 248 cmi, respectively. These two modes also this only involves a hindered rotation of the methyl group, the
appear on the high-energy side of thégeak. There is probably ~ Symmetry restriction may be relaxed and sonfd"-22A’
one additional weak, short progression in thenode built on coupling might be possible. However, on the basis of the
an origin at roughly §° + 1094 cnt?. This origin is tentatively ~ Spectroscopy, this coupling appears to be weak for the low
assigned to one quantum of theCHs rocking mode ¢s) with vibrational levels in 2A'. The nonadiabatic coupling rate may
a calculated frequency of 1207 cfn The peak position is not ~ become larger at higher vibrational energies, above the curve
very accurate because of the overlap with the nearby strpng ~ crossing and where the distortion away fr@nsymmetry may
progression, but it is more well-resolved in the case of(Di- be more pronounced, leading to a relatively short vibrational
OD). Again, the agreement with the CIS prediction is very good Progression as observed. On the other hand, we expect strong
if we scale the theoretical results by 90%. The experimental coupling between the?A” and ZA" states, leading to an
mode frequencies are listed in Table 1 and compared with the avoided surface crossing. In this spectral region, the states are
CIS-model predictions for the 2\’ state of Zrf(CHzOH). probably of strongly mixed metal excited and charge-transfer
The vibrational structure in Z{CHsOD) shown in Figure character, leading to a fast charge-transfer dissociatiqn. In
4b can be assigned in a similar way. Birg8poner analysis M9 (CHsOH), the charge-transfer state lies at a much higher
gives the fundamental ZrO intermolecular stretch frequency ~€N€rgy. and the corresponding charge-transfer dissociation
asw4 = 495.7+ 1.2 cnrl, with an anharmonicity parameter channel '.S not energetlcally access@le. o )
weXd = 0.50+ 0.29 cnrl. This mode shows an isotopic ratio In previous studies of the photodissociation of metak-ion
of wa(D)lwa(H) = 0.969, and this is in excellent agreement with Methanol complexes, the reactive dissociation to MeOH

the calculated ratio of 0.967 (Table 1). The-O stretch-mode ~ Products was a major decay chanhiél.In contrast, here we
frequency for Zri(CHsOD) is found to bews = 798 cnr?, see very low branching to the reactive product channels, ZnOH

which can be compared with the calculated value of 909%cm  + CHs or CHs™ + ZnOH, despite the fact that these channels
The corresponding isotopic ratio of 0.931 is also in excellent &€ certaln.ly energetically open. (After all, we do see somgCH
agreement with the calculated value of 0.936. TheCHs as a reactive product.) To the best of our knowledge, the bond
rocking mode, with an experimental frequencyaf = 922 energies for ZnOH and ZnO*Hare_ not known. However, if we
cm™1, shows a large isotopic effect with a D/H ratio of 0.843 assume that these bond energies are cc_)mparable to thosg for
that is also in good agreement with the CIS-model predictions MGOH and MgOH', respectively, we estimate the energetic
for this mode. Similarly, the experimental results for the bending (SPectroscopic) thresholds for these channels to be

modes of Zrf(CH30D) are found to be;' = 74 cnt! andw,'

= 243 cnt? for the out-of-plane and in-plane modes, respec- Zn+(CH30H) + hv — ZnOH + CH3+

tively. Again, these results are summarized in Table 1. AE ~ 1.86 eV ¢ = 666 nm)
The experimental vibrational frequencies are in good agree- N

ment with the calculated ones, and the agreement for the isotope —ZnOH" + CH;,

shifts is excellent. These results are consistent with our AE ~ 2.45 eV ¢ = 505 nm)

assignment of the observed spectrum for the"(@t;OH)
association complex. (For the possible insertion complexfOH  While these assumptions may be somewhat in error, it seems
Zn—CHjz]*, we were not able to find a bound excited state. The unlikely that the estimated thresholds are in error by enough to
corresponding ground-state complex shows a large number ofexplain the very weak observed reactive branching inZiis-
low-frequency vibrations, but the match with the experimental OH) on the basis of the energetics alone.
results is not good.) The weak reactive branching might be due in part to
C. Discussion.The photodissociation action spectrum for competition with the fast nonreactive charge-transfer dissociation
Zn*(CH3OH) is quite different from that observed previously process. However, even in the relatively long-liveéd 2state,
for Mg*(CH3OH). In particular, the 2'(4pr) — 12A'(4%0) we see a very small reactive branching in comparison to that
band in Figure 4 shows a much more clearly resolved vibronic of the Mg"(CHsOH) case® Our results suggest that there may
structure, suggesting that théA2 state is longer-lived and less  be a larger activation barrier to the reaction intZaH;OH)
distorted in the Zh case. In contrast, the higher-energya2 than to that in Mg(CH3sOH). The origin of this difference is
(4pr) — 12A'(4s0) band appears to show a less detailed structure not obvious given the similar electronic valence character and
than the corresponding band in M&HsOH) (compare with excited structure and energetics of Mand Zrt. A larger
Figure 3 of ref 3). Additionally, for ZHi(CH3;OH) the dominant activation barrier might be expected forZ# CH3;OH reactions
dissociation product is the charge-transfer productz@Hi". because of the relatively higher second ionization energy of Zn
We observe very little dissociation to reactive product channels. [IE(Zn*) = 18.0 eV compared to IE(Mg = 15.0 eV]. If the
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reaction proceeds through a transition state that has some formal (5) Aguirre, F.; Husband, J.; Thompson, C. J.; Stringer, K. L.; Metz,

charge-transfer character, the energy to access this transitiorft- B J- €hem. Phys2002 116 4071.
. ] L s (6) Schraler, D.; Fiedler, A.; Hruak, J.; Schwarz, HJ. Am. Chem.
state may be higher in the Zn case, resulting in a larger activation g, 1992 114 1215.

barrier to the reaction. (7) Chen, Y. M.; Clemmer, D. E.; Armentrout, P. B. Am. Chem.
The photodissociation of a weakly bound bimolecular com- Soc 1994 116 7815.
plex can serve to mimic a bimolecular “half-collision” and give (8) Kleiber, P. D.; Chen, Int. Rev. Phys. Chem199§ 17, 1.

insight into the collision dynamics. In this “half-collision” Dun(cggnK:aleer, Ed'.D'Jwf‘gfggscgs,\l'gw'w\%ar:(aggosfr{}'oﬁogdl;ftzoé?c'usters

model, our results suggest that the collisional quenching of  (10) Lu, W.-Y.; Kleiber, P. D.; Young, M. A.; Yang, K.-HJ. Chem.
Zn™*(4p) by methanol will occur primarily through charge Phys.2001 115 5823.

transfer rather than by a reaction to metal hydroxide products. _ (11) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; et @hussian 98
Revision A.6; Gaussian, Inc.: Pittsburgh, PA, 1998.

. (12) Pople, J. A.; Nesbet, R. K. Chem. Phys1959 22, 571.
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