Solvation of the methoxy radical in small clusters

J. A. Fernandez, J. Yao, and E. R. Bernstein

Citation: The Journal of Chemical Physics 107, 3363 (1997); doi: 10.1063/1.474711
View online: http://dx.doi.org/10.1063/1.474711

View Table of Contents: http://aip.scitation.org/toc/jcp/107/9

Published by the American Institute of Physics

| T e PHYSICS
A\ WEHEFH TODAY
l 5 oo o
D Physics Today Buyer's Guide

Search with a purpose.



http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/20939943/x01/AIP-PT/JCP_ArticleDL_0117/PTBG_orange_1640x440.jpg/434f71374e315a556e61414141774c75?x
http://aip.scitation.org/author/Fernandez%2C+J+A
http://aip.scitation.org/author/Yao%2C+J
http://aip.scitation.org/author/Bernstein%2C+E+R
/loi/jcp
http://dx.doi.org/10.1063/1.474711
http://aip.scitation.org/toc/jcp/107/9
http://aip.scitation.org/publisher/

Solvation of the methoxy radical in small clusters

J. A. Fernandez, J. Yao, and E. R. Bernstein
Department of Chemistry, Colorado State University, Fort Collins, Colorado 80523-1872

(Received 22 April 1997; accepted 28 May 1997

In this work we analyze clusters between the methoxy rad@BLO, an open-shell moleculand

the nonpolar solvents Ar, N CH,, and Ck. CH;O is formed through the photolysis of GEIH

vapor in a supersonic expansion of gbH and a solvent ga#@vr, N,, CH,, CF,) seeded in a carrier

gas of He. The radical and solvent molecules are cooled 16—20 K and form clusters. These
clusters are probed using laser induced fluorescéd€e of the CHO radical. An extensive set of
calculations, includingab initio and atom—atom potential calculations and rotational contour
simulations are performed for each cluster in order to elucidate the cluster structure and the nature
and relative importance of the limiting types of interactions that are responsible for cluster binding.
A final minimum energy structure is presented for each cluster, together with the analysis of the
limiting type of interactions that generate the van der Waals binding of the clusterl993
American Institute of Physic§S0021-9607)01033-7

I. INTRODUCTION standing, they present a rich variety of structures, interac-
tions, and dynamics. In these van der Waals clusters, the
The study of van der Waals clusters serves many pursolute CHO is an open shell system with an unpaired elec-
poses; intra- and intermolecular dynamiaanergy transfef, tron in an almost pure oxygen p2 orbital. Several
unimolecular dissociatioh,solvation! chemical reactions, theoretical® and experimenta! studies have addressed the
potential energy surfacéscollisional processeS,and mo-  Jahn-Teller distortion and dissociative properties of the
lecular orientation during collisiofiscan all be studied methoxy radical.
through the spectroscopy of van der Waals clusters. van der Waals complexes containing even simple radi-
Experimental determination of cluster structure is by nocals are often difficult to model because the nature of the
means a simple task. Clusters are more often than not highiyiteractions between the radical and the solvent molecules
nonrigid? and this characteristic is often quite difficult to can be very specific and solvent molecule dependent; for
ascertain in the observed spectrifhCalculations of cluster example, the CED/Ar cluster interactions should have ma-
structure also present a number of difficulties at the level ofor contributions from dispersion and charge transfer téfns,
either semiempirical oab initio theory. At the semiempir- the CHOI/N, cluster interactions should have major contri-
ical, potential energy surface level, one must determine theutions from quadrupole terné;the CHO/CF, cluster in-
nature and form of the potential or force term that must beeractions should have major contributions from Coulombic
considered for the pairwise interactions. These can include &rms, and the C§D/CH, clusters interactions can have con-
number of different terms depending on the nature of theributions from reaction processes. A unique form, into
molecules comprising the cluster or systéerg., multipolar, which these various detailed interactions can be cast, is often
dispersion, hydrogen bonding, charges, charge-trgnéter  difficult to find. Data obtained from electronic spectroscopy
tential terms are often of an atom—atom type with forms suclof such clusters can be employed to evaluate the interactions,
as Lennard-Joné< Morse!? exponential-six? or more spe- structure, and energy levels of solvated radicals. In these
cialized versions for particular systerfs: studies we employ a Lennard-Jones—Coulomb atom—atom
Open shell molecules or radicals can present especiallpotential form to model the geometries, energetics, and nor-
difficult problems for such cluster-interaction studies; none-mal modes of CHO/Ar, N,, CF,, CH, clusters. This type of
theless, such systems are of particular importance becausenpirical potential energy surface calculation gives qualita-
they are central to much of the chemistry active in all threetive (and in some instances quantitadiekescriptions of clus-
phases of matter. Because of the open shell structure of radier structures, binding energies, and van der Waals mode
cals, their interaction with other molecules can be quitefrequencies.
strong; some systems display interactions whose strengths An alternative approach would be to usk initio quan-
can fall between those of electrostatic interactions andum theory to model cluster properties and potential energy
chemical bond$® Success in modeling these strong interac-surfaces; physical chemists are presently learning how to ac-
tions of open shell species with simple molecules will shedcomplish this through large correlation corrected basis sets
light on the nature of their reactions and energy transfer proand extensive configuration interaction techniques. This fun-
cesses. damental and essential approach does, however, tend to limit
In this report, we present data for the important and wellour ability to generalize the overall complex cluster interac-
studied’ combustion species, the methoxy radical {OH tion surface into particular limiting, useful, and informative
solvated by Ar, N, CH,, and CR in van der Waals clusters. functional forms.
The apparent simplicity of these cluster systems notwith-  The elucidation of cluster structure and energetics pro-
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3364 Fernandez, Yao, and Bernstein: Solvation of the methoxy radical

ceeds from the laser induced fluorescence spectroscopy dfcularly to the laser/molecular jet plane and detected by a
methoxy radical clusters. These data yield rotational enve€31034A RCA photomultiplier tube. A U330 filter is em-
lopes, vibrational energfvan der Waals and molecujaand  ployed to attenuate scattered light from the excimer laser.
free molecule-to-cluster energy shifts for 1:1 and 1:2

CHgO/solvent clusters. These spectroscopic results are then

modeled through a combination ab initio, potential energy B. Theory

surface, normal mode, and rotational envelope calculations.
Through comparisons of experimental results with the mod-  In order to understand and analyze the experimental re-
els, cluster binding energies, structures, and van der Waallts, an extensive series of calculations is performed on each
modes are determined. solute/solvent system.

For the clusters discussed in this paper, the presented Cluster structure is determined by employing a potential
calculations find that two cluster minimum energy conforma-energy calculation based on an atom-atom Lennard-Jones
tions, with similar binding energies, are available to eachCoulomb potential energy functiot?® The program consid-
CH;O(solveny; species. The identification of one of these ers the molecules as rigid entities during cluster formation,
structures with the experimental results is made through and determines the interaction energy as a sum of different
comparison between predicted and observed spectroscogerms: short range repulsion, induction/dispersion, electro-
shifts, vibrational frequencies, and rotational contours of thestatic, hydrogen bonding, etc. The potential energy surface
cluster vibronic transitions. Based on these determinationdpr the interaction between the atoms is gived*o$?
the relative contributions of different interactions to the clus-

n m
ter potential surface are briefly discussed. Aij Gy 0id;
P y E=> > (%—%)(1—5{}‘%#
i=1j=1 [\ T Fij
Il. PROCEDURES ANb  chb
. L i Zi ) shb 1
A. Experiment Y127 10 9% 1)
i i
The experimental setup has been described hich
elsewheré-2Briefly, the experiments have been carried out" WN'¢
in a stainless steel vacuum chamber at a pressure of (312 e(hImY?) ;a;
~10 * Torr. To produce the clusters, GEH vapor is Aijzcijr%m/Z and Cj= 77 '1,2,
. . . . . (a{i/Ni) +(C¥J/NJ)
mixed with He carrier gas and the clustering agent. The mix- 2

ture passes through a pulsed val@eneral Valve 0.7 mm
nozzle diametgrand expands in the chamber, producingm is the electronic massj; is 1 when the atoms can form
both cooling and cluster formation. Typical pressures ancydrogen bonds and O in the rest of the casgsy; are the
concentrations vary from one solvent to another, but are imtomic chargesD is the dielectric constant,,, is the sum
the range of 150—-500 psi for the expansion gas with a stagsf van der Waals radii and is different for each pair of atoms,
nation pressure concentration of 10%—20% for the solvent; are the atomic polarizabilities and are evaluated from ex-
gas. Cooling is one of the most critical parameters in thigperimental dataN; is the effective number of electrons for
study. CHOH photolysis produces extremely hot radicals.each atom type, and; is the distance between atornand
The vibrational-translational energy transfer process thaj of different molecules.
cools the CHO radical is not very efficient, due to the radi- All the parameters in Eqg1) and(2) are available for
cal’s high vibrational frequenci€s;many collisions are re- the ground state systems, except the atomic charges. Atomic
quired to reach the low temperature necessary for the clusteharges are calculated using a@m initio package GAUSSIAN
formation process to take place. Higher stagnation pressureg) (Ref. 29 and experimental geometries. A Mulliken popu-
are then required if compared to those needed for the coolinkgtion analysis is employed to determine the charge density
and clustering of stable moleculés. on each atom. The charge density found for each atom is
An ArF excimer laser(193 nmj, with output power of shown in Table I, together with the theory level used for its
~80 mJ/pulse, aligned collinearly with the supersonic ex-determination.
pansion axis and focused with a 15 cm lens is used to pho- The parameters needed to formulate and solve the sys-
tolyze the methanol precursor and produce the radicals. Theem of equations represented by E¢B. and (2) above are
nozzle has a 1 cixl mm quartz tube at its exit which con- not available for the excited states of molecules and radicals.
fines both the laser and molecular beams as the nozzle oper@alculations provide the partial atomic charges but not the
The excimer light is aligned so as not to ablate the polymeexcited state atomic van der Waals radii and atomic polariz-
poppet that opens and closes the pulsed nozzle. The photolgbilities. To solve this problem and obtain excited state clus-
sis of CHOH occurs within this quartz tube. Cooling of ter binding energiegin order to calculate cluster spectro-
CH3O below 300 K and cluster formation occur as the gasscopic shift3 we calculate the atomic partial charges for the
(He, CH0, solvent expands from the quartz tube into the excited state of CED and use them in the calculation of the
vacuum chamber. A second las@r Nd/YAG-dye couple excited state binding energy and geometry of the
system is used to probe the radicals about 2 cm downstrean€H;O(Ar), cluster. The carbon and oxygen potential terms
from the tube. The fluorescence emission is collected perper;; and C;; are then adjusted through; andr; (van der
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TABLE |. Atomic partial charges, polarizabilities, and van der Waals radii for the cluster potential energy surfaces used in the atom—atom potential
calculation[Egs. (1) and (2)]. The charges and other potential parameters change on the methoxy radical with electronic excita{dout not on the
solvent species. Atomic charges are calculated employing a Mulliken population analysis. See text for more details.

Charge a; r;
Molecule Atom X 2%E A2A; Calculation level X 2%E A2A; X 2E A2A;
CH;0? (0] —0.2245 —0.5028 0.59 0.800 3.24 3.16
C —0.3198 —0.1843 CASSCH,9/D95 1.51 1.60 3.74 3.76
H 0.1814 0.229 0.42 0.42 2.92 2.92
C|:4b C 0.9837 MP4/6-311& 0.93 4.12
F —0.2460 0.557 2.70
CH,® c ~0.08 0.93 4.12
H 0.02 0.42 2.92
NS N 0.377 0.00 1.00
q¢ —-0.377 0.00 1.00

aGeometry from Ref. 30.

bGeometry fromHandbook of Chemistry and Physic&h ed.(Chemical Rubber, Boca Raton, 1995
‘Geometry and charges from Ref. 14.

dCharges added on the molecular axis gfati0.25 A further from the center of mass than each N atom.
°Estimated, see text.

Waals radius of atonn) to obtain a best fit for the gas to or their percentagg¢sand the rotational constants for both
cluster shift for the CHO(Ar), cluster. These values fd;; ground and electronic excited states based on a particular
andC;; of carbon and oxygen are then used throughout thealculated cluster structure. The comparison between the cal-
remaining excited state cluster calculations. The above ap:zulated rotational spectrum for each cluster and the experi-
proach seems more reliable at the present time than calculatiental data are sufficient in most of the cases to confirm
ing atomic charges, radii, and polarizabilities for the excitedunequivocally the actual cluster geometry.

states of radicals.

Excited state parameters thus obtained for the potentig|, expERIMENTAL RESULTS AND STRUCTURE
energy surface yield shifts that are only in some instancegeTERMINATION
guantitatively correct, but are usually always of qualitative )
accuracy. These results for excited state cluster geometr§)- Methoxy radical
however, allow good rotational constants and vibrational fre-  The CHO radical geometry undergoes a large change
quencies to be generated. upon electronic excitation. The first electronic state of;OH

The van der Waals modes of the cluster can be found bys formed by the excitation of an electron from a bonding
a normal coordinate analysis of the cluster employing the FGarbon—oxygen orbital to a nonbonding orbital on the oxy-
matrix method of Wilsoret al2° Assuming that intramolecu- gen aton®* This induces the CO bond length to increase
lar vibrations are not coupled to the low-frequency intermo-from 1.363 A in the ground state to 1.58 A in the excited
lecular modes, this calculation will generate all the intermo-state3®3® The Franck—Condon factors will then favor vi-
lecular vibrations and their eigenvectdfs” Calculation of  pronic transitions with significant changes in the vibrational
excited state frequencies will be influenced by the inaccuratguantum numbers for the C—O vibrational excitation. The
determination of the excited electronic state potential energyrigin for the A«— X electronic transition will then be very
surface and binding energy; nonetheless, the resulting freweak. This can be observed in Fig. 1, in which the ;OH
quencies can still serve as a guide for spectral assignmentsdfectronic spectrum is shown for th%,(Bé, and g and %
the potential energy barriers between multiple equivalentransitions. Thev; mode corresponds to the CO stretch, and
minima on the potential energy surface are large with respeghe v, mode corresponds to the GHmbrella motion; 3 and
to the calculated “harmonic” mode energy. 2! create a Fermi resonance couple.

Sometimes atom—atom potential energy surface calcula-
tions lead to more than one minimum energy structure for &
cluster. The structures can exhibit binding energies that are’
so similar that the calculation itself is not sufficient to assign ~ Figure 2 depicts the C}(Ar),,, n=1, 2, spectra in the
the experimental spectrum to one of the isomers. The corresticinity of the 03, the 3, and the § and 2 CHO transi-
cluster structural assignment can be given by a rotationdions. In the figures and in the rest of the text, cluster transi-
contour analysis based on the calculated geometries. A préions are indicated by a line over the transition num@er
gram that finds the eigenvectors and eigenvalues of an asymaxample, écorresponds to theéaransition of the bare mol-
metric rigid rotor rotational Hamiltoniahis used to simulate ecule. The doublets red shifted 29 ¢rhfrom the bare mol-
the rotational contour for each of the studied clusters anécule peaks are due to the gB{Ar), cluster, and the dou-
structures. The program uses as input the laser resolution, théets red shifted 55 ciit from the CHO peaks are due to
rotational temperature, the type of batund’s cases a, b, ¢, the CHO(Ar), cluster. Due to the near coincidence between

Methoxy/argon
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CH,O
3 CH30(AT1)s
2%, n=1, Isomer 1, Ezg= 170 cm- n=1, Isomer 2, Ezg= 190 cm-!
3,
A) B)

[ *
3%

. ) S . ) n=2, Isomer 1, Eg= 440 cm! n=2, Isomer 2, Ezg= 457 cm-!
31500 31700 32200 32300 32800 33000
Wavenumber (cm™!
o) 0 D)
FIG. 1. LIF spectra of CkD 0, 3, 32, and 2 transitions. Despite the high
backing pressure usé@i50 psi He the peaks present an extensive rotational ) . 0
structure. Compare to Fig. 2 for which Ar is used as the expansion gas. a
the $-25 separation and the cluster shift, the strong o E
CH,O(Ar); 2 5 peak lies within the CED 33 band. This o O

overlap can be seen by comparing the relative intensities fc

the 3§ and 2 peaks in Figs. 1 and 2. The GB(Ar), 2 § is _ ,

. L . 2 FIG. 3. Calculated structures for GBI(Ar), (a) isomer 1 andb) isomer 2,
again comgjent with the qﬂ)(Ar)l 3 0 No peak for the and CHO(Ar), (c) isomer 1 and(d) isomer 2.Eg is the cluster binding
CH;O(Ar), 3 3 is detected, probably due to its low intensity. energy.

The spectra are in good agreement with those published

previously®”3® In the earlier studies, the cluster geometry

was assumed to be collinear, with the Ar atom close to the ) . )
oxygen end of the CED molecule and lying on the molecu- only if the Agﬂatom is placed on the GB® molecular axis.

lar axis. This assignment was based on the doublet nature Slowersetal”" chose the CED oxygen end as the most
the unresolved rotational structure, that resemble@—R  Probable position for the Ar atom.

branch structure, typical of a Hund’s case b molectigat As described in the previous section, an atom-atom po-
is, the same type of transition as found for the bare moleculd€ntial calculation is carried out in this study to elucidate
This expectation suggests that the argon atom should geluster structure. This calculation yields twp different mini-
placed in the cluster such that it does not change the eleflUm energy structures, labeled as {OkAr); isomers 1 and

tronic transition dipolar moment. This condition is fulfiled 2 N Figs. 3& and 3b). For isomer 1(calculated Eg
=170 cm !, see Table )l the Ar atom is placed on the mo-

lecular axis, attracted to the H’s. This is a similar structure to
the one described by Powestal., but with the Ar placed in
the other end of the molecule. With the level of approxima-
tion used in our work, a structure with Ar attracted to the
oxygen end of CHO is not an energy minimum. For isomer
2 (calculatedEg=190 cm ') the Ar atom is placed about
halfway between the carbon and oxygen atoms and above the
C-0 bond, probably attracted by the electron density of the
o,m C—0 bond. This is the more stable isomer, but its stabi-
lization or binding energy is very similar to that of isomer 1
(see Table I\

The excited state calculated binding energy for the
CH3O(Ar), cluster is initially obtained by using the ground
state values for atomic polarizabilities and van der Waals

31600 31650 32250 32300 32900 33000 radii and the excited state partial atomic charges. This poten-

Wavenumber (cm™) tial energy surface leads to a blue shift of 7 cnfior isomer
1 and a red shift of- 1 cm ! for isomer 2. Even though this
FIG. 2. LIF spectra of CED(Ar),, n=1, 2, in the vicinity of four different  ca|culation is successful in predicting the most stable isomer

CH0 vibronic features; ) 35, 33, and 3. Notice that the rotational struc- e ; .
ture on the CHO vibronic transitions is much less extensive for these spec-SpeCtraI shift sign, the result is quantitatively poor. As has

tra than for those of Fig. 1. The methoxy radicals in this instance are mucfP€€N pointed out in the p'reViOUS section., this iS. due' _tQ the
colder rotationally for an Ar expansion than for a He expansion. lack of data for CHO excited state atomic polarizabilities

CH,0(AN,

2%,
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TABLE Il. Calculated binding energies, shifts, isomerization barriers, andTABLE Ill. Rotational constantgin cm™1) for both ground and excited
excited state stretching vibration frequencies for all the clusters studied. Alelectronic states of the different clusters studied. The constants are obtained
quantities are given in cht. The excited state parametdpolarizabilities from the calculated geometries with the atom—atom potential program.
and van der Waals radliare adjusted for CHD(Ar), isomer 2 to match the ~ These constants are used for the rotational contour simulétintext and
experimental results, as described in the text. The corrected parameters drigs. 4, 7, 10, 18

then used “as is” for the rest of the excited state calculatisee Table |

for parameters in the calculatiph Ground state Excited state
. EX (cm ) Shift - CH;O/X Isomer A B C A B C
B
CHO lsomer (em) pL p2 Expt Cale Bamer Bxpt Cale N G ol Ll (07 0750 007e1 00726
Ar 1 170 163 172 -2 20 42 (Ar), 1 0.0776 0.0479 0.0298 0.0808 0.0467 0.0298
2 190 191 219 —-29 -—-29 49 2 0.0760 0.0560 0.0342 0.0776 0.0551 0.0348
(A,> 1 444 443 480 -36 88 55 N, 1 5190 0.0500 0.0500 4.907 0.0477 0.0477
2 457 456 513 —-55 -—56 56 2 0.789 0.0802 0.0739 0.615 0.963 0.0847
N, 1 270 270 278 -8 150 55 CH, 1 2.594 0.0787 0.0787 2.455 0.0744 0.0744
2 265 316 354 —124 -89 65 80 2 0.792 0.122 0.110 0.650 0.126 0.110
CH, 1 245 238 250 -5 64 66 CF, 1 0.183 0.0303 0.0303 0.183 0.0241 0.0241
2 261 260 298 —107 -27 77 1 0.160 0.0470 0.0454 0.155 0.0488 0.0466
CF, 1 371 366 380 -9 500 58 (CFy), 1 0.0384 0.0205 0.0156 0.0400 0.0204 0.0157
2 560 711 807 —141 —247 59? 76 2 0.0388 0.0209 0.0162 0.0433 0.0182 0.0152
(CRy),° 1 1637 1922 —285
2 1666 2107 —299 —441

Notation: Eg=ground state binding energigj =electronic excited state clusters. In Fig. 2 we see that only one of these isomers

binding energypl=values obtained using only ground state potential pa- (probably the calculated most stable b“& present in the
rameterd(«; andr;) but both ground and excited state charges and geom-, . .
etries;p2=values obtained using both ground and excited state parameter%peCtrum’ at least for G#r),. In order to determine which

(¢; and r)), charges, and geometries. See Eqd) and (2. ©Of the calculated. isomers correqunds to the gxperlmental
Barrier=calculated potential energy barrier for the isomerization processSPectrum, a rotational line shape simulation using the rota-
Shift=cluster spectral shift E,qe— Equs= Eg— Ef ; ando=excited state  tional constants from geometries given in Fig)3and 3b)

Stretching mode energy caicalculated value for the excited state (see Table Il} is performed. The theoretical rotational con-
s for Ar dimer=99 cm . E,=ground state binding energy. tours, together with the experimental line shape for
Eg for CF, dimer=732 cm ~. - ] i L

dvalue obtained without quadrupolar moment simulation, 213cm CH;O(Ar); 3, are shown in Fig. 4. The 3 CH;O(Ar);
®Value obtained without quadrupolar moment simulation, 236%m vibration is chosen for the comparison instead of th& 0

Value obtained without quadrupolar moment simulation, 205%tm

) ) ) _ because it generates more intense signals and better cluster
%alue obtained without quadrupolar moment simulation, 237%tm

31 k=1
and van der Waals radii, so Eq4) and(2) cannot be prop- CH;0(AN), 3’9

erly applied with appropriate parameters for excited state
CH30. To address this difficulty, an estimation of the un-
known CHO excited state polarizabilities and van der Waals
radii is generated, using as a reference the ground state val-
ues and the experimental spectral shift forOAr), isomer

2 (this assumes that the experimental spectrum corresponds

to this cluster, a fact that will be confirmed belpwVe as-
sume that upon excitation, the oxygen atom parameters will
change more than the carbon atom parameters and that the  _ 5 \comer 1 n=1lIsomer2

PR
hydrogen parameters are unchanged because the excitatio

represents promotion of an electron from the CO bend

m-system to a pure oxygem orbital. Taking these assump-

tions, a change of- +20% for the oxygen and a change of  n=2lIsomer2

~+7% for the carbon polarizabilities and van der Waals

radii are required to achieve the desired cluster shift for Exp. f\f\ /j L
CH3O(Ar),. These new values at andr (see Table) are

used without further modification in the rest of the calcula- 32250 32270 32270 32300
tions, including those for CHD(Ar),. All the rotational line Wavenumber (cm™)

shape simulations improve their agreement with the experi-

mental result after using the new set of parameters to C&lCLF—IG' 4. Comparison between experimental and simulated rotational con-
late cluster geometries tours for CHO(Ar),,, n=1, 2, 3(1) transition. The comparison supports the

. . .. assignment of the C{D(Ar); spectrum to the calculated isomer 2. The
The atom—atom potential calculations generate two dif-omparison is not so useful for GB(Ar),, due to the similarity between

ferent isomers with similar binding energies for all the 1:lisomer 1 and isomer 2 calculated rotational contours.

J. Chem. Phys., Vol. 107, No. 9, 1 September 1997
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spectra. The CEO(Ar), 2 § transitions cannot be compared CH;0(N,),
to a calculated line shape because of its coincidence with the
CH,0 33 feature. This coincidence is not found for the rest 31,
of the clusters and this peak is the one that leads to highel 2, 2
signal/noise ratios; however, in order to follow a systematic ®, 0% =
procedure, all the comparisons between theoretical and ex
perimental traces will be shown using gB{X), 33 transi-
tion.

Figure 4 shows good agreement between the rotationa
simulation for isomer 2 and the experiment line shape; the 3o
isomer 1 simulation is totally different from the experimental
result. We can conclude that the observed cluster spectrun
corresponds to C¥D(Ar), isomer 2. We do not know if only
one isomer forms in the expansion or if both form, but the
higher energy one surmounts the 20 ¢rbarrier(calculated,
see Table i separating the two theoretical isomers duringgig. 5. LiF spectra of CED(N,); in the vicinity of four different CHO
the cooling process and the @B{Ar), clusters then remain vibratonic features,§ 33, 32, and 3.
in the lower energy structure.

For the CHO(Ar), cluster, calculations again yield to
two different isomergsee Figs. &) and 3d)] with calcu-  stable one. The rotational contour simulation for LOAr),
lated binding energies of 444 crhfor isomer 1 and 457 for  strongly supports the atom—atom potential calculations; but
isomer 2. In isomer 1, one of the Ar atoms is placed close tdor CH3O(Ar), the similarity between the simulated spectra
the oxygen, attracted to the C—O bond electron density, witlof both isomers makes this calculation inconclusive. We as-
the second one close to two of the §HH atoms. Both Ar  sume that only the most stable calculated isomer generates
atoms are on the same side of the {OH In isomer 2[see the 1:2 cluster spectrum.
Fig. 3(d)] both Ar atoms are attracted to the C—O bond. Each
Ar atom position with respect to the C—~O bond is very simi-C. Methoxy/nitrogen
lar to the Ar atom position for the 1:1 cluster isomefske ] ] —
Fig. 3b)]. Using the corrected parameters from the_— F_|g2ure 5_depicts the CID(N); spectrum for the 8.
CH,O(Ar), calculation, we obtain excited state binding en-3 o» 3 5, @nd 3 transitions. The spectrum consists of peaks
ergies of 480 cm! and 513 cm® for isomers 1 and 2, re- red shifted by~—124 cm* with respect to the bare mol-
spectively. This leads to predicted red shifts e86 and ecule features. The shifts are almost identical for all the
—56 cmi L for isomers 1 and 2, with isomer 2 in good agree-CHao vibrations(between— 125 and— 122 cm 1, see Table
ment with the experimental value 6f55 cmi L. The data V) as is found for CHO(Ar), clusters(see Table IV. It is
seem to confirm that the experimental spectrum belongs tBossible for three of the vibration@ g, 35, and 25) to
isomer 2. A further test is given by the rotational simulationdistinguish a weak cluster feature 65thifrom the main
(Fig. 4). As can be seen, the simulated rotational contours foPne, with a similar shape. This peak is probably due to the
isomer 1 and isomer 2 are almost identical. The rotationagluster vibronic(e) transition involving the stretching vibra-
simulation is successful in reproducing the double peak ofion in the excited state.
the experimental spectrum, but is not able to reproduce the Calculation of CHO(Ny); cluster structure requires the
separation between pealscm ! in the experimental spec- introduction of the well-known B quadrupole moment by
trum, only 2 cm* in the simulated one This can be due to adding a pair of chargesee Table ) on the N, molecular
small differences between the calculated positions of the Ar
ato”.'s and the actual ones. The p.Otentlal of these hlghl.y dy'I:ABLE IV. Experimental shifts and excited state stretching mode energies
namic, weakly bound complexes is so shallow that a dlffer'(cm’l) observed for each cluster as a function of vibronic features of
ence of+0.1 A in the relative position of the species com- ch,0.
prising the cluster does not change the binding energy, but is
sufficient to change the rotational constants. For example, in
CH5O(Ar),, a change of-0.15 A in the position of one of cusier  shit o shit o shit o  shit o
the Ar atoms, leads to a change of oniy0.8 cm ! in the

\/«

n PR 1 n 1 I n 1 1 L I P | P |
31500 31600 32200 32300 32900 33000

Wavenumber (cm™)

o
oo
OH‘
or\)‘
OH‘

binding energy, but a 5%—8% change in the rotational con-A';r) gg gg 28

stants.. The same type of very shallow po7tentials have be ) 2 124 125 65 122 65 124 65

found in other clusters, for example, OH-AQH-Ne, and cH, 107 109

OD-Ne?° CF, 138 141 59 141 58 141 c
In summary, we find theoretically two different isomers (CFa- 299 299

for CHz(Ar); and CHO(Ar), clusters, with very similar 5 —— -~ "= = "=
binding energies. In both cases, only one of these isomergyher vibrations at 14 and 24 crh
appears in the experimental spectra, the calculated moSbther vibration at 15 crr-
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CHsO(N:z) CH,O(N,), 3",

Isomer 1, Eg= 270 cm! Isomer 2, Eg= 265 cm™! a. Isomer 1

% b. Isomer 2

FIG. 6. Calculated structures for GBI(N,), isomers 1 and 2.

c. Exp.
axis as indicated in Table I. Again the atom—atom potential
calculation leads to two different isomefsee Fig. 6. The w
structure labeled as isomer E{=270cnm%) has the N ,
molecule attached to the H atom end of £LH with its mo- —ee  iae s 220

lecular axis coincident with the GJ@ molecular axis. This
structure resembles the one found for LiAr), isomer 1
[See Fig' 33-)] FIG. 7. Comparison between experimental and simulated rotational con-

In isomer 2, the M molecule lies in the plane formed by tours for the CHO(N,), 3 & transition. The comparison supports the assign-
the C and O atoms and one of the H atoms, with the N ment of CHO(N,); spectrum to isomer 2.
molecular axis forming an angle of 46° with the CHO
molecular axis. A projection of the Nnolecule bond axis on
the C—O bond is centered on the O atom, suggesting that orfe™sO(N2); isomer 2; either isomer 1 is not stable in the
of the N atoms is coordinated to both the C and O atoms ofXpansion or its spectrum is not detected. The ground elec-
CHs0. The other N atom is away from the Glend of the tronjg state binding energy couldl be overestimated by the
CH;O radical as depicted in Fig. 6. The binding energy foradditional charges employed to simulate theduadrupole
isomer 2 Eg= 265 cni'Y) is slightly smaller than for isomer moment. If the charges are not employed, isomer 2 is more
1 (only 5cml, see Table ). Excited state isomer 2 is, stable by~20 cnmi't; the calculated shifts are much worse
however, more tightly bound than is isomer (E without the N quadrupole addition to the potential function,
=354 cn! for isomer 2 compared with the% =278 cni>  however.
for isomer 1. The calculated shift for isomer 2 is closer to
the experimental one than that for isomefsée Table . D. Methoxy/methane

The atom-atom potential energy calculation suggests The low signal intensity obtained for the QB(CH,);
that isomer lis the mqst stable structure, but the experimenyster prevents its detection at the We33< téansition: in
tal shift (—124 cml) is closer to the calculate_d one for Fig. 8 only the spectra forg-)?and % and 21) CH;O transitions

1Y) than to the one for isomer 1 are shown. The spectra consist of only one relatively broad

Wavenumber (em™)

isomer 2 (—89cm

(—8cm %). Assuming that the peak at 65 cfcorresponds  qjyster peak (FWHH10cmY) for each CHO vibronic
to the stretching vibration, this value lies halfway betweenyansition. No peaks due to possible cluster van der Waals
the calculated excited state stretching frequencies of isomer Jinrations can be positively identified. Atom—atom potential
(55 cm™) and isomer 2 (80 Cﬁ‘l)- _ calculations predict two different structures for this cluster
The rotational simulation in Fig. 7 shows good agree-(see Fig. 9, and both are very similar to those obtained for
ment between the isomer 2 rotational contour and the 3 the CHO(Ar); and CHO(N,); systems. In isomer 1 the
experimental one. The agreement between simulated and eyethane molecule is attached to the H end of the,@H
perimental spectra is even better for £MN,); 35 and 2§ radical. The CHH atoms are in a staggered conformation
peaks, but as explained above, the comparison betweatith those of CHO and the CHC atom is on the CkD
simulated and experimental rotational contours will be al-molecular axis. In isomer 2, the Glholecule is attracted by
ways done for the CED(X), 3 é peak. the charge density in the C-0O bond. Two of its H atoms and
While the atom—atom potential calculations indicate thatthe carbon atom lie in the plane formed by the radical C—O
isomer 1 is slightly more stable, rotational simulations indi-bond and one of the C{H atoms. This plane becomes a
cate that the spectra shown in Fig. 5 correspond tsymmetry plane for the cluster. Both clusters have similar
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CH30(0H4)1 CH30(CH4)1 510
[
‘ ‘ 51 a. Isomer 1
31 32 0
0 0
3 _
320
\Wﬁ b. Isomer 2
33200 32300 32900 33600

Wavenumber (cm™)

FIG. 8. LIF spectra of CED(CH,), in the vicinity of three different CKD
vibrations, % 35 and % The poor signal intensity prevents for recording

the spectrum at the GJ@ origin. c. Exp.
Y
binding energies, but isomer 2 is somewhat more stable than v
H — =1 H - H IR RS T S TAUUT T S S S S
isomer 1(Eg=261 cm ! compared with 245 cimt for iso- 32180 32200 39220 35240

mer 1).
The calculated and experimental shifts, however, show a
lack of agreement; the experimental shift is about four times-iG. 10. Comparison between experimental and simulated rotational con-
larger than that calculated for isomeftBe most stable one  tours for the CHO(CH,);, 3 & transition. The comparison suggests the as-
The use of corrected;s andr;s improves the excited state signment of CHO(CH,), spectrum to isomer 2.
calculation(see Table Il only slightly. The intermolecular
interaction for CHO/CH, in the excited CHO A?A; state is
apparently underestimated by at least 100 tnOne possi-
bility for this enhanced interaction is the existence of a reac
tive interaction between CHand CHO, such that the reac-
tion

Wavenumber (cm™)

Wantucket al*! found reaction(3) to be very slow for
the CHO ground state, with an upper limit for the reaction
rate constant 10 *° cm® molec 1 s™1 at room temperature.

A different situation is presented for the excited state. In the
CH;0+CH,—CH;OH+CHjz (3) same work, a disappearance rate constant for thgOCiA,
state with CH of 1.05-0.07x10 '°cm’molects™? is
found. This rate is TOtimes higher than the constant for
collisional quenching with CF 1.40+0.05x10 . The
processes that can remove {HA,) are

begins to occur.

CH;O(CHsh
CH50(2A,) + CH,;—CH,O(X)+CH, (4

Isomer 1, Eg= 245 cm! Isomer 2, Es= 261 cm! — CH3;OH+CH;. (5)

Making a comparison with the same reactions for BH,
Wantucket al. concluded that the high disappearance con-
stant is due to a reactive contributipire., Eq.(5)].

If such a reaction is a reality, the cluster must be formed
in the reactive entrance channel, far away from the transition
state. Otherwise, the cluster spectrum should be broad, as
found for benzyl radical/ethylene systéfmA comparison
between the simulated and experimental rotational contours
(Fig. 10 shows that the experimental spectrum is broader
and less well resolved than the calculated one for isomer 2;
nonetheless, the calculated isomer 2 is clearly the proper
structure based on the shift and rotational contour calcula-
FIG. 9. Calculated structures for GB(CH,), isomers 1 and 2. tions.
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No CHsO clusters are detected with the solvent mol- CH,O(CF,),
ecules CEH, C,Hg, C3Hg, and CQ. The reactions cross
sections for all these molecules are larger than that for “
CH,.*? 3

The same type of potential energy calculations have 0%
been carried out for the benzyl radicdd@H,); cluster?? In
this latter instance the agreement between calculated and ex
periment shifts are excellent; the calculated shift is @, n=1
—35cm ! and the observed shifts are betweer29 cm !
and —39 cm !, depending on the vibronic feature accessed.

The most remarkable difference between the benzyl radical
(CH,); and CHO(CH,); clusters is that in the first case a

21,

3on=1

reaction is not anticipated while in the second case one is . '
anticipated. 31500 31600 32100 32250 33000
In order to perform a further test on this reaction hypoth- Wavenumber (cm™)

esis an effort has been undertaken to detect the products fro'g|1G 11. LIF spectra of CKO(CR)1L in the vicinity of four different CHO
reaction(5) (CH;OH and CH,). This detection has not been vibr(.)nic-featurzs,g) 3 % and“%. y

possible with the LIF technique, because the;OH and

CHgs absorption bands lie in the vacuum ultraviolet, beyond

the range of our photomultiplier tubes, so an attempt to Idenétructures, depicted in Fig. 12. Isomer 1 has a very similar

tify CH3O and its clusters through mass detection was initi- tructure to that for CEO(CH,), isomer 1; the CEmolecule

ated. To the best of our knowledge, the only observation of
L . h H . The CFC
CH;0 by mass detection is due to Lorg al*® using a s attracted by the C40 H atoms. The CFC atom and one

f the fluori t th lecul is with
Rydberg state and a+21 REMPI process. To date, no of the fluorine atoms are over the g&l molecular axis wi

REMPI i ing tha state i unci ith this C—F bond pointing to the GJ@ C atom. The rest of the
| Spectrum using tha state in conjunction With mass g, jne atoms are in an eclipsed conformation with respect
detection has been published. We can repeat the results {;gJ

the CHOH atoms. The main differences between
Ref. 43, but we could not detect GB from 1+2 REMPI .
' . o CH;0O(CF,); and CHO(CH,), isomer 1 structures are that
process employing thé state. Additionally, a number of 50(CFa HO(CH,), | uctu

) the C atom of the Cllis on the CHO molecular axis and
fragments are detected; the same Rydberg state spectrum Gt three CHH atoms are staggered with respect to the
be recorded using mass channels(@H;0O) and 29(HCO). CH.O H at0m4s
We suggest that the reason the 2 REMPI ionization and 3 i

. The CHO(CF,), isomer 2 structure is also very similar
subsgquent mass detection SfQG:H@’ HCO, ete., does to that of the CHO(CH,); isomer 2, but in this case the
not yield a spectrum of thé “A; state is very rapid relax-

solvent molecule is tilted, such that one of the C—F bonds

gtmtrr]] process;s r? ttthe rl:? son?nt m\tl\e;rmhedlat(te.sgatte ?enertzge nts toward the CED C atom, rather than a C—F bond
y the second photon absorption. We have tried to tune eing parallel to the C—0O bond. According to the calculation,

lfi%rot? cilfferent IS pectralldregmns,tbut tohno ava:jl. fe;ths \is is the more stable isoméE =560 cm ! compared with
s laser pulse could generate such mass detected ra -=371 e for isomer 1, see Table)l

| and cl r ra. : ;
cal and cluster specira A comparison between experimental and calculated
shifts shows a poor agreement, however. The experimental

E. Methoxy/tetrafluoromethane

CH3;O(CF,), is the strongest bound cluster of the four
studied in this work. The interactions between the electrone- CH:;O(CFa)
gative fluorine atoms and the electron density surrounding
the C-0O bond leads to high binding energies and large clus-
ter shifts. Figure 11 shows the GB(CF,), spectra at the §) Isomer 1, Ep=371 cm! Isomer 2, Ep= 560 om'!
35, 33, and 2 CH,0 transitions. In two of the regioni-
brations 3 and 3 and 2), the spectrum is composed of a
few features, but for the origin, due to the weaker signal,
only one cluster transition is observed. According to the
pressure behavior of the different peaks, we assign the
double peaks at 32016 and 32 673¢mas due to the
CH3O(CF,), cluster and the rest of the non-gBi transitions
as belonging to the 1:1 cluster. The shift is almost the same
for all the bare molecule vibrations; 141 cmi' for the 1:1
cluster and 298 cnt for the 1:2.

As with the other CHO/solvent clusters, the atom—atom
potential calculations for CH¥D(CF,), lead to two different FIG. 12. Calculated structures for the GB{CF,), isomers 1 and 2.
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CH;O(CF,), 37, CH;O(CFy)z

Isomer 1, Eg= 1637 cm! Isomer 2, Ez= 1666 cm!

Isomer 1

Isomer 2 Isomer 3, Es= 1427 crr! Isomer 4, Fg= 1135 cm’!

32000 32050 32100 32150 32200

Wavenumber (cm™)

FIG. 13. Comparison between experimental and simulated rotational cor
tours for the CHO(CF,), (n=1,2) 3} transitions. The simulation is not
helpful for assignment of cluster structure, due to the similarity of the rota-
tional contours for both isomers.

FIG. 14. Calculated structure for five different isomers of;OtCF,),. The
value, —140 cmi?, is ~100 cmi'! smaller than the calcu- strong interaction between GFolecules suggests a structural model of the
lated shift for isomer 2 (— 247 cm‘l) and about 130 cmt CF, dimer solvating the CEO radical. This limiting structure is particularly
Iarger than the calculated shift for isomer 4 9 Cmfl); the obvious for isomers 4 and 5 but can be envisioned for all the isomers.
excited state intermolecular interaction seems to be overesti-

g?ﬁ?ugtj:re"s cluster if indeed isomer 2 is the accepted CIUSétries for CHO(CF,),. The difference between this cluster

A comparison between calculated and experimental val?md CHO(AN), is that now the Cf-CF, interaction(calcu-

- Y i

ues for the stretching vibration shows a good agreement b%%;eg tEhBe Z:?;E(;incg Ijn(e:orprﬁ:r?\)/f %O;?;tzgx;s 'fg??;e

tween the calculated isomer 1 stretching mode and the e *H,O(CF,) cluster4are s.hown in Fig. 14. Isomer 1 and 2
: = i 3 4)2 o

perimental val_ue(58 compar_ed t0 59 (_:rﬁ), while the vaélue (the most stable ones, with binding energies of 1637 and

for the stretching mode of isomer 2 is too large (76 ¢jn 666 cni }) resemble the structure found for GBIAT), [see

But as the binding energy for the excited state of isomer 2

seems to be overestimated, one can expect that the calculat; |é]s. 3¢) and 3d)]. Two of the_ isomerd3 and 4 clearly
S . . show that Ck molecules coordinate and only one of them

vibrational frequencies of isomer 2 would be too large, as . . . L

well interacts with the CKD radical. The isomer 5 binding en-

71 . _ . _
The rotational envelope simulation for the vibronic ergy (1097 cm_l) IS very nearly_the sum of G0 CE“ IS0
. . - mer 1 (371 cm?) and CR—CF, interactions (732 crmt).
bands of this cluster is not useful for determining cluster

structure. If one visualizes the cluster as a big m#ss CF, Ei Algsf)i Ig’ngh?t ri(;t?]t:)(:nsdfgggsl‘?joig IfeOfrgng&elptgjﬁibm
moleculg with a small masgthe CHO radica) attached to 9. P g

- . . . eak found in the experimental spectrum. Thus we assume
it in two possible ways, one sees that the two different |so—p P P

- . that the experimental spectrum corresponds, as for the rest of
mers should have very similar rotational constdaee Table P P P

l1). As can be seen in Fig. 13, the rotational envelope simu'Ehe clusters, with the calculated most stable;OkCF,), iso-

lation for both isomers is almost identical. We assume that 2 cluster.
the spectrum corresponds to g!:D(CF4)1. isomer 2 because IV, DISCUSSION
of the calculated large ground state binding energy for this
cluster. All the solvent molecules used in this study are nonpo-
The calculations show a large number of stable geomlar. The clusters between them and the ;OHradicals
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present significant structural similarities. For all the 1:1 clus-O atoms. The absence for most of the clusters of van der
ters, two different isomers are found; isomer 1 has the solWaals progressions additionally indicates vertical transitions
vent molecule attracted to the H atom end of the;OHadi-  with Franck—Condon Factors favoring the) @ransition.

cal; and isomer 2 has the solvent molecule attracted by the The above similarities notwithstanding, the form of the
charge density around the C—O bond. In all the clusters buhteraction (specifically the potential energy functipthat
one[CH;O(N,),], isomer 2 is the energetically most stable governs the details of cluster geometry in each cluster is
conformer for the ground electronic state. For{CkN,);, a  somewhat different. The main interaction for the {HAr

pair of charges are introduced at 0.25 A from eaghaldm  system is dispersion because the Ar atom has no charge.
(on the bond axisin order to simulate the Nquadrupole Excited state behavior for this cluster is characterized by
moment(see Tables | and )l In this instance we choose changing the C and O polarizabilities and van der Waals
cluster isomer 2 as the observed one based on the clustexdii. If these values are not changed, essentially no change
shift calculation, the rotational contour simulation, and thein binding energy is found upon electronic excitation; that is,
overall systematics of this series of gbfsolvent clusters.  the cluster shift is zero.

The CHO(X), clusters also seem to evidence a system-  The opposite behavior is found for GBI/CF, clusters.
atic class of structures. A comparison of £&MAr), and As can be seen in Table II, the electronic excited state bind-
CH5O(CF,), isomers 1 and 2 shows that, in both sets ofing energy calculation using the uncorrected parameters
clusters, the solvent molecules are placed in similar posiandr; (taking into account only the change in the binding
tions. energy due to the electrostatic term and to the change in the

Despite the nearly degenerate ground state binding eneGH;O geometry is 711 cm? for isomer 2; i.e., 151 cm
gies for some of the cluster isomgms.g., CHO(Ar); and larger than for the ground state. The introduction of the cor-
CH3O(N,),], only one of the isomers is detected for eachrection to the parameters increases the excited state binding
solvent. This observation can be explained in two differenonly 86 cni'®; thus the CHO/CF, cluster is more tightly
ways. For the isomers with low potential energy barriers forbound in the excited state due mainly to an increase in the
the isomerization process, the less stable isomer can hawdectrostatic interaction between the molecules.
enough energy during the cooling process to undergo The N, quadrupole moment interactions govern the clus-
isomerization. This is, for example, the situation forter geometry for the CED/N, system. If the quadrupole mo-
CH30O(Ar), and CHO(CH,),. For the rest of the clusters, the ment is not considere@hat is, if the extra charges are not
stabilization energy difference between the two isomers imdded to the Bl molecule in the clustgr a cluster shift of
large enough such that formation of only the more stableonly —1 cm™ is found for isomer 2(compared with the
isomer can occur directly in the expansion. experimental value of 124 cni'Y). The introduction of the

The cluster shifts for all isomer 1 clusters are quite smallquadrupole moment not only increases the binding energy
(see Table I This relates to their structural similarity and and shift, but also modifies the cluster geometry by shorten-
the fact that the redistribution of electron density associatethg the distance between solute and solvent species. This
with electronic excitation occurs mostly for the C—O bondgeometry change further increases the effect of changes in
region of the CHO radical. Isomer 1 clusters all have the andr; for the excited state binding energy; the new param-
solvent molecule coordinated to the hydrogen atom end oéters contribute 38 ciit to the total calculated shiftcom-
the CHO for which the electron density changes very little pared with 1 cm? before the introduction of the quadrupole
upon electronicA— X excitation. momeny.

As can be seen in Table IV, the spectral shifts found for  Finally, the calculated spectral shift found for
all the clusters do not depend on the bare molecule vibraCH;O/CH, is ~4 times smaller than the experimental value.
tional excitation. This means that the increasing of the barés pointed out in Sec. lll, the main reason for this large
molecule vibrational excitation does not affect the clusterobserved shift is the possible onset of a chemical reaction or
binding energy. This behavior has been found in other smalbonding rearrangement.
radical/solvent clusterdor example, OHlAr;) (Ref. 44 and The potential energy surface expression in 8g.used
vinoxy (Ar); (Ref. 45]. This behavior indicates that the here gives a good starting point for cluster geometry study
structural changes produced in the bare molecule due to thend spectra analysis, but fails to give a quantitatively accu-
vibrational excitation do not affect the binding energy of therate result for(relative binding energies.
cluster. The similaritywithin the present spectral resolutjon The next step in complexity in these theoretical ap-
between the rotational contours for peaks of different transiproaches is to usab initio calculations; however, the weak
tions indicates that the averaged cluster geometry itself is natharacter of the van der Waals bond makes this kind of cal-
affected by the bare molecule vibrational excitation. Theculations difficult to perforn#® Problems such as basis set
cluster binding energy also does not seem to be greatly akuperposition error, basis set size, and enough CI are a con-
fected by the large change in C—O bond lengtht+0.2 A)  stant concern. On the other hand, only clusters between smalll
produced upon electronic excitation. This can be verifiednolecules are amenable to calculation with this algorithm
from Table Il by comparing column&g and Ef. The  due to the increase in time for and complexity of calculation
change in the binding energy from ground to the electroniawnith the increase in the number of atoms. Perhaps the best
excited state is due mainly to a change in the atomic partiaturrentab initio approach involves large basis sét®uble
charge, polarizabilities and van der Waals radii of the C andeta plus polarization CASSCF to account for degeneracy
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