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Solvation of cyclopentadienyl and substituted cyclopentadienyl radicals
in small clusters. I. Nonpolar solvents
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Department of Chemistry, Colorado State University, Fort Collins, Colorado 80523-1872
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Cyclopentadieny(cpd), methylcpd(mcpd, fluorocpd(Fcpd, and cyanocpdCNcpd are generated
photolytically, cooled in a supersonic expansion, and clustered with nonpolar solvents. The solvents
employed are Ar, B CH,, CF,, and GFg. These radicals and their clusters are studied by a number

of laser spectroscopic techniques: Fluorescence excitédi&pn hole burning(HB), and mass
resolved excitatiofMRE) spectroscopies, and excited state lifetime studies. The radigalD,
transition is observed for these systems: The radical to cluster spectroscopic shifts for the clusters
are quite large, typically 4 to 5 times those found for stable aromatic species and other radicals.
Calculations of cluster structure are carried out for these systems using parameterized potential
energy functions. Cluster geometries are similar for all clusters with the solvent placed over the cpd
ring and the center-of-mass of the solvent displaced toward the substituent. The calculated cluster
spectroscopic shifts are in reasonable agreement with the observed onesdiod KKF with all
radicals, but not for ¢ with the radicals. The Xcpd/Ar data are sacrificed to generate excited state
potential parameters for these systems, @GHsuggested to react with all but the CNcpd radical and
may begin to react even with CNcpd. van der Waals vibrations are calculated for these clusters in
the harmonic approximation for botB; and D, electronic states; calculated van der Waals
vibrational energies are employed to assign major cluster vibronic features in the observed spectra.
© 1999 American Institute of Physids$0021-960809)01210-§

I. INTRODUCTION are limited to the benzyl, cyclopentadienyl, and methylcyclo-
pentadienyl radicals to the best of our knowledge.
The study of van der WaalévdW) clusters of stable In addition to being difficult to access experimentally,

molecules has enjoyed a good deal of success and haadicals and their interactions are also difficult to describe
yielded substantial information on the solvation of stabletheoretically due to radical reactivity and electronic struc-
molecules. These results deal with many aspects of clustegre. The cyclopentadienytpd) radical is perhaps the most
properties and behavior: geometry of solvation and solvatiomccessible open shell aromatic raditalhe Xcpd (X=H, F,
sites] solvation or binding energ§igidity,"* intermolecu-  CH,, CN) radical series is quite rich and a number of inter-
lar vibrations} potential energy surfacésiynamic§ (intra-  esting observations can be made with these radicals; in par-
cluster vibrational energy redistribution—IVR, and clusterticular, the ground state of cpd is degenerate and its Jahn—
vibrational predissociation—VPand chemistr (e.g., elec-  Teller properties can be explorél,and the substituent
tron transfer, proton transfer, and abstraction and additiogroups attached to the cpd ring can vary the electréelic-
reactiong. The depth and breadth of these investigations argrophilic) nature of the radical with electron withdrawing,
quite extensive and have often been reviefed. electron donating, and resonance stabilization interactions
Comparable results for nonstable, open shell moleculegat tune both reactivity toward hydrogen abstraction and
(e.g., radicals, carbenes, nitrepesould perhaps be even golvation interactions.
more revealing because one expects the role of solvent to be Ag part of an ongoing effort to study the reactions and
much more central to the chemical and physical behavior ofntermolecular interactions of open shell species, we have
these systems than for stable closed shell molecules. Nongarried out an extensive investigation of the aromatic family
theless, relatively few studies involving radicals and clusterg cyclopentadienyl radicals, X&, (with X=H, CH, F,
can be found in the literature, due in part to the significantIyCN_de, mcpd, Fcpd, CNepdclustered with nonpolar sol-
increased difficulties encountered in generating, isolatingyents. To determine the interactions, binding energies, and
cooling, and clustering these short lived, reactive species. QfDlgDO) spectroscopic shifts for these solvated radicals,
particular note for cluster studies of radicals are those involvyoth experimental and theoretical investigations are per-
ing OH—Nlez, N, Hp° NH, CII|—rare gase¥, CN—lNe,“ formed. Three types of experiments are undertaken for these
C2H301—4Ar, C15€|)'|5—He, Ne, N,** CsH,CHs—He, Ne;*and systems: Fluorescence excitati®iE) spectroscopy, mass re-
CH3016 NCO,™ and GHsCH,/Ar, Nj, CH,; CHe, and  solved excitation(MRE) spectroscopy, and hole burning
CsHg. ™ Reports involving vdW clusters of aromatic radicals gpectroscopy. The spectroscopic results are analyzed with the
aid of ab initio quantum chemical and semiempirical atom—
dElectronic mail: erb@lamar.colostate.edu atom potential energy calculations. With these approaches
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we are able ta(l) estimate ground-state binding energies,from the radicals and their clusters. UV3406pd, mcpd,
geometries, and van der Waals modes of the clust@js; Fcpd and U360(CNcpd glass filters are employed to re-
generate potential energy parameters so that geometriediice scattered light from the excimer laser and other species
binding energies, van der Waals modes for electronigenerated in the molecular beam.

excited-state D) clusters can be obtaine(B) estimate the Hole burning(HB) experiments are conducted using two
validity of this approach to cluster properties; gdilexplore  separate and identical laser systems with a time delayusf 1
possible explanations for any systematic deviations betweepetween them. One laser< 1 uS) remains at a fixed energy
theory and experiment that may arigeg., reaction or charge to generate a level of fluorescence intensity from a specifi-
transfej. In this present repoithe first of a series of three, cally chosen transition of the cluster species. Another laser
each dealing with a specific aspect of Xcpd vdW clusters (four times higher in intensity,=0 us) is tuned through the
we analyze the interactions of the four radicals with the non-other nearby transitions that may or may not belong to the
polar solvents Ar, B CH,, CF, and GFs. The agreement same cluster as the first transition. Transitions arising from
between experimental and theoretical results for all bug CHthe same ground state level as that generated by the fixed
clusters suggests that a good model for these clusters arficequency lase(cluster of the same mass and structurél

their spectra can be achieved on both the ground and excitethuse the monitored fluorescence intensity to change and
state potential surfaces. GHppears to react with all but thus trace out the same spectrum as a single laser would.
CNcpd on the excited state cluster potential surface. Th&ransitions for a different clustgeither structure or mags
CNcpdCHy), cluster appears to be commencing a reaction aand those of the same cluster arising from an excited ground
the D, Of level of excitation. state vibrational mode of the cluster will, of course, not
cause a change in the monitored fluorescence generated by
the fixed frequency laser and will thus be absent from the HB
spectrum.

A. Experimental Mass resolved excitation spectt®IRES) are obtained

The details of our experimental approach and arrangel:ISIng an R. M. Jordan pulsed nozzle to expand the above

ments have been given in previous publications dealing ngescribed gas mixtures into a stainless steel vacuum chamber
radicals and radical clustet&-16 held at 1 to 2< 10" ® Torr during the experiment. Typical gas

In the fluorescence excitation experiments, a generaiggans_lo_lr_]hzrjessulges for_ttht!s nlozzle fan(ilhchar(r;_bel aie .
valve pulsed nozzle is used to generate an adiabatic expa “ih pst. 13 0 ?gclja 'Sn aserd or the radlcfa ﬁpelt:les .
sion of the appropriate mixture of molecular precursor for'S [N€ Same as described above and a second simriar 1aser IS

Xcpd (<1% of the total pressuyethe solvent gag0.1%— employed for ionizationl¢—D,) of the clusters. The ioniza-
10% of the total presstreand 50-400 psi He expansion tion laser uses fluorescein 548, and its output is doubled and

gas. The stainless steel vacuum chamber into which the mipfen mixed with 1.064um radiation to onize the species

ture is expanded remains at10™* Torr during the FE ex- Studied.
periment. The precursor molecules for the Xcpd photolytic
generation are methylcyclopentadiene dimer for cpd an% Theoretical
mcpd, o-fluoroanisole for Fcpd, and phenylazide and phenyl="
isocyanate for CNcpd. Phenylazide is synthesized according A theoretical description of the clusters plays an impor-
to Ref. 18. Precursors are placed in a glass boat in the highant role in our understanding of both solvation and chemis-
pressure gas line just behind the nozzle entrance. Exact cotry. Four experimental observations can be employed to
centrations of various precursor species in the expansiocheck the accuracy of the theoretical approdthThe clus-
mixture depend on the vapor pressure of the sampleter spectroscopic shift, the difference between the bare radi-
Samples are typically kept in the nozzle<a#0 °C. Methyl-  cal transition energy and the cluster transition ene¢gythe
cyclopentadiene dimer is warmed within this range to genereluster binding energies in different electronic stat8sthe
ate monomer in the gas phase. cluster equilibrium structure as determined through rota-
To produce radicals from the precursors, an ArF excimetional structure analysis; arld) the cluster vdW vibrational
laser output(193 nm, 80 mJ/pulse, 10 Wis aligned col- energies in different electronic states.
linearly with the molecular beam axis and focused inside a A great deal of experience has been accumulated in the
quartz tube (1crrlmmi.d.) attached to the exit of the last two decades with regard to calculation of these experi-
nozzle, using a 30 cm focal length lens. A Nd/YAG pumpedmental observables based on semiempirical potential energy
dye laser system is employed to study he—D, optical  surfaces for clusters of an aromatic chromophore
transitions of the radicals and their clusters. The probe lasenoleculé?*° solvated by both polar and nonpolar solvent
crosses the molecular beam about 1.5 cm downstream fromolecules. For example, benzene—rare gas,, €50, NHs,
the exit of the quartz tube. The dyes appropriate for thes€,Hs>*° clusters have been studied with regard to structure,
radicals are DCMoutput double@iFcpd, LDS 698 DCM binding energy, vdW modes and the calculated results are in
(output doublegicpd/mcpd, and R59@output mixed with good agreement with the experimental data. The cluster
1.064 um) and F548(output mixed with 1.064.m)-CNcpd.  structure has, in general, the solvent molecule ring centered.
Fluorescence is detected in a direction perpendicular to th€alculated binding energies are typically sufficient to predict
plane formed by the molecular and laser beams. An RCAaccurate cluster dynamics and spectroscopic shifts. All of
C31034A photomultiplier tube is used to detect the emissiorthese results give great confidence in predictions of cluster

Il. PROCEDURES
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properties based on semiempirical potential energy surfacenergy calculation, based on atom-atom Lennard-Jones
calculations. Coulomb potential energy functioR,
Moreover, such calculations have proven their worth for

aromatic and nonaromatic radical—solvent molecule clusters. i (A G oo didj

Similar calculations have now been carried out for benzyl E=i§1 “~ 2 6 (1=48ip)+ Dr..

radical clusters® and for CHO™ and NCG3?® clusters. Per- : et !

haps most impressive is that the calculated structures for A,h,b !}b hb

CH50 and NCO clusters agree with those determined from + P Sij [+ @
ij ij

resolved rotational structures for the cluster. These structures
were not anticipated from previous experimental resultsjn which
This important agreement between calculational and experi-
mental results underscores the general predictive nature of B 6 3 3/2e(ﬁ/m1’2)aiaj
the potential energy surface calculations based on semi- Aij=Cijmi/2 and C”_(a-N-)1’2+(a-/N-)1’2' 2
empirical potentials. Of course, such potentials have a long o e
history of success for the study of crystal structures, vibram is the electronic massj; is 1 when the atoms can form
tional modes, and other intermolecular propertfes. hydrogen bonds and 0 in the rest of the casgesg; are the

A second approach to such calculations should at leasitomic charges for atomsandj, D is the dielectric constant,
be considered and exploredb initio calculations can be ry, is the sum of van der Waals radij,r; and is different
attempted to determine these intermolecular interactions arfdr each pair of atomsy; is the atomic polarizability and is
properties. The difficulty with this algorithm is at least two- evaluated from experimental dats, is the effective number
fold: Very little experience with these closed and open shelbf electrons for each atom type, ang is the distance be-
system calculations exists so that one cannot have much préveen atoms andj of different molecules. The sums in Eq.
dictive confidence in the results; and the very high level of(1) are carried out such that interactions are counted only
calculation that must be employed to determinelative once.
energies to+0.1 kcal/mol for both open and closed shell ~ Equation(1) generates a good description of the interac-
structures. Recall also that to fit much of the experimentafions between the molecules that form a vdW cluster if all

data, properties for both ground and excited state clustet'® parameters are known; however, values for atomic
must be calculated. charges in the Xcpd system are not available in the literature.

Ab initio calculations of cluster structure, binding en- Moreover, since the experimental information that must be

ergy, and intracluster vibrational modes must begin with dit {0 Prove the structure and the interactiofetuster spec-
large basis set for both heavy and light atoms. We use cdroscopic shift involves both ground and excited state clus-

pPVDZ or larger sets for most of our calculations as suggesteff’ Pinding energiesab initio calculations for atomic charges
below for partial atomic charge calculations. This set placeén both states must be employed to evaluate the appropriate

p-functions on H andi-functions on the heavy atoms. Cer- potentials. The ground and excited state Xcpd radic:_il and
tainly, a post-HF nondensity functional algorithm must beground state molecular solvent {NCH,, CF,, CoF) atomic

used for the calculation, but a second-order Moller—PIessquirk%eséza;ﬁeCrzlglljllgtzc:e iirzgm;%:dsisrlﬁ?’asre pl)rogram
(MP2) or MP4 calculation does not account for the static” St?uétures and transition energiese Table I)|ére cal-
correlation or degeneracy problems that must arise for the : 9 .

cpd cluster systems. Thus, a proper calculation would inculated for all radicals as a test of the quality of the calcula-

. tional level employed. For cpd, mcpd, and Fcpd, the com-
clude a full valence complete active ;p&&é\S) metho'd for ._plete active space self-consistent fidldASSCH(5,5/cc-
the clusters and then MP2 or multireference configuratio

. X h ‘ ) his level VDZ theory level is found to be quite sufficient. The active
interaction(MRCI) on that wave function. Even at this level, space for the CASSCF is formed by all fiveelectrons of

one has little or no experience with the predicted results anﬂ1e fing and the fiver-orbitals. For CNcpd, the CN group
how basis set superposition error will influence them. We arg,octrons are also included in the a(;tive space and a

attempting such calculations for small radicéésg., NCO, CASSCH9,9)/cc-pVDZ calculation is performed.

CH;0, NO; CHy), with small solvents(e.g., CH, HCN, Calculation of the atomic charges is a complicated prob-

CHzOH, H,0, etc), but this work is still in progress. In any |em that requires careful selection of a basis set and the

event, these calculations will not be of predictive value formethod employed to isolate charges. In Table IlI, cpd atomic

experimental results until a number of different systems argharges, calculated using different basis sets, are shown.

studied at a series of basis set and algorithm levels. Two different methods are used in the charge determination:
Given the above presentation, the results presented ifiulliken analysis (columns labeled as &”) and a grid

this work will be analyzed and assigned as appropriatgnethod to fit charges to electrostatic potential pSihtsol-

through semiempirical potential energy function calculationsumns labeled as ).

as described below. By comparison with other aromatic ring systems, one
In order to understand and analyze the experimental rezan expect a charge somewhat larger th@hl a. u. for the

sults, an extensive series of calculations is performed on eadarbon atoms and approximately0.1 on the hydrogen at-

solute—solvent system. oms. These are typical values for molecules such as benzene,
Cluster structure is determined by employing a potentiabenzyl radical, aniline, etc; however, Xcpd radicals have an
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TABLE |. Parameters used in the atom—atom potential calculation. PolarTABLE II. Calculated structural parameters for the four radicals. Cpd,

izabilities (a;) in A3, charges ¢;) in atomic units, vdW radii in A. For  mcpd, and fcpd parameters were calculated at CA$56ffcc-pVDZ level.

solvent molecules, see parameters in Refs. 14, 15, and 21. CNcpd structure calculated at CASS@P)/cc-pVDZ level. Distances in A,
)

energies in cm-.

Ground state Excited state
) Ground state  Excited state  Transition energy
Radical Atom i @i rii d; @i rii
This Other This Other
cpd Cl —0.4446 1.150 3.700-0.2160 1.341 3.421 Radical Bond work work work work Exp. Calc.
C2=C5 0.1630 1.150 3.700—0.1003 1.341 3.421
C3=C4 -0.2257 1.150 3.700-0.0279 1.341 3.421 cpd Rce 1.420 1.42%1 1.457 1.447 29573.3 28617
H1 0.1599 0.420 2.930 0.1097 0.420 2.930 Ren 1.079 1.077 1.077 1.08b
H2=H5 0.0672 0.420 2.930 0.0878 0.420 2.930 mcpd R, 1.445 1.43% 1.457 1.445 29765.3 30590
H3=H4 0.1378 0.420 2.930 0.0935 0.420 2.930 Ry3 1.370 1.378 1.370 1.44%
mcpd Gue —0.2303 0.930 4.120-0.2238 0.930 4.120 Ras 1.482 1.458
C1l 0.3808 1.150 3.700 0.1753 1.370 3.401 Re_me 1.497 1.501 1.496 1.504
Cc2 —0.4141 1.150 3.700-0.1878 1.370 3.401 Ryoc_n 1.092 1.093 1.093 1.098
C3 0.0112 1.150 3.700—0.0585 1.370 3.401 Rch 1.080 1.083 1.078 1.069
C4 —0.0435 1.150 3.700-0.1063 1.370 3.401 Fcpd Ri» 1.428 1508 1.443 1.440b 30758.2 31589
C5 —0.3704 1.150 3.700—0.1536 1.370 3.401 Ry3 1.373 1.461
H2 0.1616 0.420 2.930 0.1051 0.420 2.930 Ras 1.483 1.456
H3 0.0795 0.420 2.930 0.1002 0.420 2.930 Rcr 1.316 1.283 1.320 1.298
H4 0.0897 0.420 2.930 0.0898 0.420 2.930 Rch 1.078 1.076
H5 0.1545 0.420 2.930 0.0675 0.420 2.930 CNcpd Ri» 1.448 1.449% 1.457 27144.6 29057
H6 0.0639 0.420 2.920 0.0793 0.420 2.920 Ry3 1.366 1.368 1.444
H8=H9  0.0589 0.420 2.920 0.0565 0.420 2.920 Ras 1.487 1.466
fcpd F —0.2456 0.557 3.364—-0.2436 0.557 3.364 Re_en  1.425 1.411 1.405 1.37%
C1 0.5703 1.150 3.700 0.3395 1.341 3421 1.457
C2=C5 -—0.4425 1.150 3.700-0.2616 1.341 3.421 Ren 1.164 1.158 1.173
C3=C4 -0.0228 1.150 3.700-0.0227 1.341 3.421 Rch 1.078 1.098 1.076
H2=H5 0.1889 0.420 2.930 0.1376 0.420 2.930
H3=H4 0.1141 0.420 2.930 0.0987 0.420 2.930 ZReference 23. ‘Reference 24
cncpd N —-0.5178 0.930 3.510-0.4520 0.960 3.460 Reference 17. fREfEfence 25.
Cen 0.4080 1.150 3.700 0.2429 1.220 3.570 ‘Reference 17. Reference 26.
C1 —0.2338 1.150 3.700 0.1182 1.294 3.500

C2=C5 0.1149 1.150 3.700-0.2050 1.294 3.500
C3=C4 -0.1730 1.150 3.700 0.0301 1.294 3.500
H2=H5 0.1043 0.420 2.930 0.1333 0.420 2.930

H3=H4  0.1255 0420 2.930 0.0871 0.420 2.930 fynctions are taken into account on the Hisdicated by a
second star the charge distribution adopts a shape closer to
that expected. Moreover, as the basis set size is increased,
unpaired electron on the ring so the charges on each carbdhe charge distribution tends to a limiting value, independent
atom can be larger than for stable molecules. of the basis set employed. As no difference is evident be-
The cpd ground state charge distribution given in Tabletween the charge distributions obtained with 6-31G
Ill generatesC,, symmetry, even though the molecular ge-6-31++G** and cc-pvDZ for cpd, we employ the
ometry is forced to bés,. This is due to the electronic 6-31G™* basis set in the calculation of the rest of the radical
configuration. The half-filled orbital has @,, symmetry, atomic charges. The charges employed, together with the rest
and this probably determines the charge distribution for thef the parameters, are shown in Table I. We estimate that
carbons. The barrier for the rotation of ti&, geometry  parameter errors could be as large-as 10%.
around the ring is very small,and the result is an “effec- To reproduce the experimental cluster spectroscopic
tive” Dsp, geometry. The mean of charges for all the carbongpiis excited state binding energies must also be calculated,
of the ring is employed instead of the particular values; ofbut excited state values far , «;, andr; are not found in

course, the Same 1S true for the.hy_drog_erm,z —Au ..For the literature. To solve this problem and obtain excited state
the rest of the radicals, the substitution fixes the radical elecéluster binding eneraies we estimate the atomic polarizabil-
tron at the substituted carbof{), leading to &C,, symme- 9 g P

try for the ring charge distribution ities and vdW radii for each excited state radical, using the

Table Il also demonstrates that increasing the basis sngpd(Ar)l cluster shift datdsee Ref. 16 for a detailed de-

complexity does not lead to a converged value for thescrip?ion of the proce$sAs a guide for this procedure, we
charges if the Mulliken population analysis procedure is em€onsider that the atoms whose charges change more upon

ployed to generate them. Also the jump from a 6+31 electronic excitation will also experience the largest change
+G** to a cc-pVDZ leads to a completely different chargei” their other parameters, due to the relationship between
distribution within this approach. If a grid/potential proce- atomic charges, polarizabilities, and vdW radii. Additionally,

dure is used(columns labeled B”), the results from the Wwe assume that the H atoms are not much affected by the
calculations with the three smaller basis sets are not consiglectronic excitation. Thus, we assume that upon electronic
tent with the shape of the half-filled orbitaWith a large excitation, only the radical carbon parameters change. For
electron density in the carbons 1, 4, and faut if polarized  mcpd, the CH group will not be affected by the excitation of
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TABLE Ill. Calculated charge§n atomic unit$ for cpd radical, using) Mulliken population analysis ani) potential grid. The charge calculation is carried
out at CASSCF/6-318& level using the structure found at CASSCF/cc-pVDZ level. The active space is formed by ¢hectons of the ring and the five
7 and«* orbitals.

6-31G 6-31G 6-31+G* 6-31G™* 6-31+ + G** cc-pvDz
Ground
state a b a b a b a b a b a b
C1l —0.1624 0.1645 -0.1623 0.1534 —-0.1286 0.1772 —-0.2071 -—-0.4446 —0.3412 -0.4667 -—0.0899 —0.4585
Cc2 —0.2361 -—-0.3255 -—0.2346 -—-0.3258 -0.3183 -—-0.3370 -—-0.1037 0.1630 0.0278 0.1920 0.0230 0.1813
C3 —0.1893 —-0.0020 -0.1884 —0.0178 —-0.1992 -0.0057 —0.1730 -0.2257 -0.2102 -0.2267 -0.0531 —0.2295
H1 0.2106 0.0616 0.2029 0.0661 0.2377 0.0594 0.1379 0.1599 0.1295 0.1570 0.0174 0.1592
H2 0.1956 0.1343 0.1950 0.1428 0.2282 0.1398 0.1592 0.0672 0.1476 0.0587 0.0382 0.0616
H3 0.2057 0.0803 0.2046 0.090 0.2347 0.0847 0.1522 0.1378 0.1404 0.1309 0.0308 0.1362
Average —0.0981 —0.1068 —0.1016 —0.1140 -0.1072 -0.1110
C charge
Excited
state
C1l —0.2009 -0.0939 -0.2035 -0.0923 -0.2364 -—0.0868 -—0.1850 -—0.2160 -—0.2271 -0.2252 -0.0700 -—0.2096
c2 —0.2005 -0.0782 -0.2028 -0.0778 -0.2354 -0.0719 -0.1767 -0.1003 -0.1653 -0.0767 -0.0563 —0.0880
C3 —0.2007 -—0.081 —0.2033 -0.0802 -0.2359 -0.0732 -0.1190 -0.0279 -0.0930 -0.0215 0.0063 —0.0295
H1 0.2007 0.0871 0.2032 0.0860 0.2359-0.0802 0.1378 0.1097 0.1378 0.1023 0.0187 0.1030
H2 0.2007 0.0815 0.2031 0.0809 0.2358 0.0747 0.1494 0.0878 0.1466 0.0759 0.0293 0.0808
H3 0.2007 0.0810 0.2031 0.0803 0.2359 0.0737 0.1698 0.0935 0.1564 0.0838 0.0463 0.0900
Average —0.0824 —0.0817 —0.0754 —0.0945 —0.0843 —0.0963
C charge

the ring, and the same atomic parameters for thg idup ~ we take into account which atomic charges change more
atoms are used in both electronic states. The same considéiPon excitation and assume that the other atomic parameters
ation can be made for Fcpd and the fluorine atom. The effedor these atoms are also more affected. The resulting param-
of both groups will be to add or withdraw electron density eters are shown in Table I.
from the ring, and to a good approximation, they will affect ~ Finally, the vdW modes of the cluster are determined by
both states in the same walhote that the transition 3) a normal coordinate analysis of the cluster employing the FG
energies for the three radicalspd, Fcpd, and mcpdare at ~ matrix method of Wilsoret al?8 Assuming that intramolecu-
~30000+ 600 cm * (see Fig. 1]. On the other hand, the CN lar vibrations are not coupled to the low-frequency intermo-
group will be significantly affected by electronic excitation, lecular modes, this calculation will generate all the intermo-
due to the resonance between the CN triple bond and thigcular vibrations and their eigenvectors in the harmonic
ring. To estimate the excited state parameters for this cas@pproximation for both electronic states of the radicals. We
have publishelithe two algorithms we employ to calculate
van der Waals modes of clusters and demonstrated the effec-
cpd tiveness of this approach. Both methods generate the same
mepd eigenvectors and eigenvalues. These methods ensure that the
van der Waals modes are calculated at the proper cluster
equilibrium conformation for which all torques and forces on
the molecules and atoms are zero. A nhumber of examples are

29:106 L '29%06 — '30606 — 'soéoé given in Refs. 4, 19, 28, for closed shell systems and in Refs.
14-16 for open shell systems. One of the methods calculates
Fepd van der Waals modes for fixed molecular geometries and the

other calculates van der Waals modes following relaxation of
the molecular geometry caused by the intermolecular poten-
tials or forces. The results will be influenced by the accuracy
of the geometry calculation, but this calculation is a reason-
able starting point from which to assign cluster spectra.

lll. RESULTS

N A. Bare radicals
. A e A

e Figure 1 shows the spectra of the four Xcpd radicals
27200 27400 27600 27800 under consideration. cpd and mcpd h&veg— D transitions
(?A—2E]] for cpd and?B, 2B, for mcpd?® within ~200
cm ! of one another, while the Fcpd transition 51200
FIG. 1. Fluorescence excitation spectra of cpd, mcpd, Fepd, and CNepdcm ™t higher in energy than that for cpd and the CNcpd tran-

Wavenumber (cm™)
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sition is —2400 cm! below that for cpd. Almost all the CNcpd(Ar),
intensity in these transitions is found in th§ ®ature. This
absence of vibronic intensity away from the origin can be
associated with two phenomena. First, the Franck—Condon
factors for this transition clearly favor the origin intensity as
can be readily seen in Table II. The ground and excited state
geometries are quite similar. Second, as noted by Di Mauro
et al® previously, the lifetimes of the excited vibronic states
that are observed are much shorter than the origin lifetime.
For example, for Fcpd the®Gstate has a lifetimémeasured

in fluorescence of 150 ns, while the state at {0
+335cmY) has a lifetime of 36 ns. Presumably higher
states have much shorter lifetimes. The spectra displayed in
Fig. 1 are taken with a narrow time window, which tends to
reduce the relative intensity of the origin with respect to the

higher vibronic features. If a %50 ns Win_dov_v is used to col- 27000 Waveniﬂggr (cm™) 27200
lect these spectra, the rati¢0g)/I (vibronic) is even much
larger than shown in Fig. 1. FIG. 2. Fluorescence excitatidfower tracg, hole burning(middle tracg,

Exactly why this lifetime shortening is observed is not 2nd massupper trace spectra of CNCpEAr),. A tentative vdw mode as-

clear. For most aromatic radicals 9 Xde benzyl xylyhs signment is presented. The features labeled asdb are assigned as the
. i~ R l l 1 1 1., H e .

the observed, state is the first excited state, and at 20 OOO—dUStem0 andby, g vibronie transitions, respeciively.

30000 cm?® above the ground state the density of coupled

D, states should be large and fairly constant. Calculationg,ard the CN group. Only one minimum energy structure is
suggest that the next doublet state is more than 5000 6 g0 for this cluster: the Ar atom can move above the ring

higher energy and that the lowest quartet state is even highgriih, Jittle change in energy for roughly=0.25 A. These

In energy. calculations are in agreement with the HB spectra also pre-

Detection of these radicals through mass resolved exCisented in Fig. 2. These structures is quite similar to those

tation spectroscopy has proven difficult, probably due to ggnd for both open and closed shell aromatic systems clus-
small ionization cross section; nonetheless, the mass detectgédred with Arl6

spectrum for CNcpdionization energy 72 993 cnl) is ob-

! X This cluster is employed, as explained in Sec. IIB, to
tained along with that for CNcgér);. At least part of the

. . . _ _ determine the CNcpd excited state potential energy function
difficulty with this latter detection scheme is that the pho'parameters given in Eql). The large red shift observed

tolysis proces$193 nm ligh} used to generate these radicalssuggests that dispersion forcésere in the Lennard-Jones

causes a great deal of precursor fragmentation, and the XcRgrm) play a significant role in the cluster binding energy as
signal-to-background ratio approaches 1:1 for high excimefo coulomb term is zero for this cluster.
laser power. Additionally, the ionization laser must be fo- ¢ can be seen in Table V. the assignment of the vdw

cused to create sufficient ion signal and it too can generatg arional modes of the clusters cannot be based solely on
ion fragmentation. The concomitant loss of information on

these radicals and clusters is partially addressed through hole
burning (HB) experiments. CNepd(N ,),

B. CNcpd/Ar, N ,, CH,, and C,Fg clusters

CNcpd clusters present rich, intense spectra as can be
seen in Figs. 2-5. To distinguish between cluster and bare
radical peaks, to test for the existence of more than one clus-
ter configuration, and to identify hot band features, HB spec-
tra are also obtained.

1. CNcpd (Ar);

The spectrum of the CNcjdr), cluster is given in Fig.
2. The origin of theD ;<D transition for CNcpéAr), is at
27052.6 cm'. The two most evident features of this spec-
trum are the large cluster spectroscopic s[ﬁi(cluster(g)
—E(radical (8)—see Table I\ and the large number of ap- . . NI
parent cluster vibronic features. This is common for nearly 27000 27100
all of the cluster spectra reported in this study. Figure 6 gives Wavenumber (cm ™)

the calculated ground state structure for the CNAPH FIG. 3. Fluorescence excitatigtower trace and hole burningupper tracg

C!USter- The argon atom cgordjnates to the rd'ﬂgysftem ata  gpectra of CNcpiy);. A tentative vdW mode assignment is presented. The
distance of~3.46 A, and is displaced from the ring center features labeled with asterisks correspond to the bare radical peaks.
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TABLE IV. Comparison between calculated and experimental shifts, to-
CNde(CF4)1 gether with binding energiegn cm™) for all the clusters studied.

Excited staté Shift®
Ground
HB Radical Solvent state pl p2 Cal. Exp.

cpd Ar 358 357 483 -122.1
N, 485 466 662 —177 —166.8

CH, 460 458 624 —164
CFk, 811 790 1035 —224 1795
1 791 783 1015 -—-224 -61.0

CoFg

2 705 691 907 —202
b1 & mcpd Ar 402 400 541 —-135.1
y0+0 N, 526 506 681 —155 —156.3
0% CH, 527 523 708 -—181
CFk, 889 866 1036 —147 —143.4
b?moo 1 891 866 1123 —-232 —60.2

=

B \
" CoFe _
00 ‘ | 2 790 777 1014 224
Fcpd Ar 371 370 497 —126.1
M N, 469 455 610 —141 —164.5
CH, 476 474 641 —165
M FE CFk, 793 776 1018 —225 —238.1
1 793 786 1012 —219 —52.3
C2F6

26900 27000 27100 27200 2 715 702 916 —201

CNcpd Ar 398 397 490 -92.0
Wavenumber (cm™) N, 502 477 589 —-87 —123.6
CH, 518 516 640 —122 —-184.3
FIG. 4. Fluorescence excitatiglower trace and hole burning spectra of the CD, —150.0
CNcpdCF,), cluster. A tentative cluster vibronic assignment is presented. CF4 858 839 1025 -173 -167.3
CF 1 900 887 1068 —168 _65.3

26 2 789 784 950 —-161 ’

the agreement between theory and experiment, as the CalCe"ﬁ’l: Calculated using ground statg andr; , but excited state charges and
lated values do not always match those observed as well a§ryctures;p2: Calculated using excited state andr,, together with

might be hoped. The problem here is probably twofgllj:  excited state charges and structures.

The actual potential is quite flat near the bottom of the We||bCaI.:caIcuIated shift(ground state calculated binding energiep?2.
and not very harmonic; an@®) the excited state surface,

which is generated to fit the Xcpélr), cluster shift in the

form of Eq. (1), contains errors from both electronic state

potential energy surfaces. We thus base the vdW mode as-
CNepd(C,Fe); signment on four principlegl) C, totally symmetric modes

(o, the zstretch, andby, they axis translation, in practige
will form the more intense vibronic progressions for a given
HB spectrum{?2) the calculation does get the proper order for the
vibrational energies ag(b,) <E(by)<E(o); (3) displace-
ment of the solvent species over the ring should be initlye
(X—C,) andz directions upon electronic excitation; at)
F

in general, the calculation of the mode energy in the clus-
ter excited state is typically high by roughly 30%.

Keeping the above in mind, we assign the progressions
of peaks with spacing 23.5, 19.5, 18.7, and 16.9 tin Fig.

2 ashj, (n=1-4). The feature at 49.9 cth(labeled in Fig.
E 2 as “a”) can be assigned as duedpand the peak at 72.3
cm ™! from the cluster origin asbi,ooé. This assignment is

<
&>

also consistent with the expected Franck—Condon factors.
The solvent molecule is expected to have a shift inytlaed

z axes from ground to excited states, due to the differences in
the Ar—CN interaction. Thex axis position of the solvent

27050 27100 27150 27200 molecule should change little in the excitation. This is ex-
actly the case for the calculated excited state cluster structure
Wavenumber (cm™) of CNcpdAr),; moreover, all the other Xci§dr), behave in

FIG. 5. Fluorescence excitatiglower trace and hole burning spectra of the a nearly identical manner upon eleCtro_m,C excitation.
CNcpdC,Fy), cluster. A tentative cluster vibronic assignment is presented. 1 h€ two peaks to the red of tye origin, at 19.0 and 39.6
The feature labeled asis assigned ab by . cm ! can be assigned 31§1 and o, respectively.
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CNcpd(Ar), CNepd(N,), tion above the ring about the clustefout of the molecular
plang axis!*® The HB spectrum demonstrates that this ad-
© 0 ditional structure is real and that only one cluster conformer
exists. The cluster origin lies at 27 021 ¢t
&ﬁ;&‘ B @00 The spectroscopic shift for CNcfd,); is —123.6 cm ..
The calculated shift is large-87 cm Y but is still consid-

erably smaller than the observed ofsee Table IY. Since

CNepd(CH,), CNepd(CEy), the other calculated shifts for,Nsolvated Xcpd radicals are
in much better agreement with experimental ones than that
ojo for CNcpd, we have no explanation for this lack of agree-
ment.
B The calculated structure for CNodh), is shown in Fig.

6. The N, molecule is above the ring with its bond axis
parallel to it at~3.33 A. The N molecule is displaced to-
CNepd(GF), ward the CN group as is the Ar atom for the CN6fd,
Isomer 1 Isomer 2 cluster. The vdW vibrations for the CNcfd,), clusters can
p be assigned as a progressioribuilt on both the origin and
by at 03425 cm * and rotational levels of Nassociated with
these transitions. The calculated valuebgfis 17 cm L The
JPNP P calculation overestimates the energy of the stretching mode
by roughly 30%.

FIG. 6. Calculated structures for CNcpd clustered with Ag, 8H,, CF,,
and GFg. CNcpdC,Fg), is the only system that presents two possible iso-

mers. 3. CNcpd (CF ),
Figure 4 presents the spectrum of CN@PH,);. The
2. CNepd (N,), origin .of this spectrum. lies at 26977.4 cr‘p Thg cluster
] ] vibronic spectrum consists of two progressions in a mode at
One of the weakest cluster spectra for this system is that. 45 ¢l one built on the B and the other built on the
belonging to CNcptNy)y, as shown in Fig. 3. Because these o0, 25 ¢yt feature. The HB spectrum shows that both pro-
features are so weak, two CNcpd hot bands also appear in thessions arise from the,0evel and can be associated with
cluster spectra; they are identified through hole burning study single isomer. Hot band features allow ground state vibra-
ies, as can be seen in Fig. 3. Again the cluster spectrum igsna| modes to be identified and assigned as well. The clus-
quite rich; most main features are composed of doublets Qi shift in this instance is quite large and negative,67.3
triplets, due to the rotational levels associated withrdta- 1. The observed vdW modes are assigned d¢o
~45cm * andby~25cm * and are summarized in Table V.
TABLE V. Comparison between calculated and experimental vdW vibra- The CIUSter_ CaICUIat.ed structure Is deD'Cte.d in Fig. 6. The
tional energies(in cm ) for the excited electronic state of the cluster. CF; molecule is coordinated to the aromatic CNcpd ring
Ground state modes are indicated Xy nearly directly over @ the carbon to which the CN group is
attached. Three F atoms coordinate to the ringystem and
one points away from it. The latter C—F bond is parallel to
Radical Solvent Calc. Exp. Calc. ExB. Calc. Exp? the clusterz axis. One of the fluorine atoms close to the ring
is away from the CN—Cdirection (+y), and the two other

o by by

cpd Ar 56 46.8 34 34 . - . . :
N, 71 55 37 32 fluorine atoms close to the ring lie on either side of the
CF, 71 444 15 29 CN-C, bond. These two fluorine atoms extend beyond the
&5 66 30 . 23 . cpd ring system and appear to be coordinating to teeNC
mcpd - Ar 5751 34 (818”23 (318"  portion of them-system of CNcpd. The binding energy for
N2 ;6 %6 30 o CNcpdCFy), | than a factor of 2 larger than that f
CF, 69 46 28 23 cpdCFy); is more than a factor of 2 larger than that for
C.Fs 61 28 26 CNcpdAr),. Both the large electron density on the fluorines
fcpd Ar 56 47.7 33 23 and their charge contribute to the substantial binding energy.
N, 74 56 30 22 The calculated cluster shift for CNcf@F,) is —173 cm *
CFh g 482 24 % and is in excellent agreement with the observed shift of
CoFs 59 417 26 (25 19 (29 —167.3 cmt The vibrational ) s ai in Fig. 4
cncpd  Ar A 54 499 32 17 235 .3 cm*. The vi rqiona aSS|gnm(§rls given in Fig.
X 47 396 27 13 19 and Table V b,~25cm * ando~45cm ) are consistent
N, 70 49 29 17 29 with guidelines stated for vibrational assignments above.
CH, 90 36 52 17 28
CF, A 64 44 31 20 25
X 57 31 30 14 16 4. CNcpd (CoFg)s
CoFe 5% 392 32 288 24 217 The spectrum of the CNcp@,Fy); cluster is presented
aumbers in parentheses are tentative assignments. in Fig. 5. The spectroscopic shift for this cluster is the small-

PAssignment to bending is clear, b or by is not. est of those reported in this study: The clustérl'@s at
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cpd(C,Fg), mcpd(C,Fg),
CNcpd(CD,)4 M‘

mcpd(CF,),

=l
=

cpd(CF,), H ﬁ \\
CNcpd(CH,), 9
cpd(N,), 68 |_|_|— | mepd(Nay
M L
*
. . . cpd(Ar), n 68 mepd(Ar),
26950 27050 27150 Gy | [ |

Wavenumber (cm™)

=

FIG. 7. Fluorescence excitation spectra of CN@id,); and CNcpdCH,);. . '29"‘_00' I29é00. — I29é00

Wavenumber (cm™™)
27079.3 cm?® and thus the spectroscopic shift i565.3
Cm_l. All features in the cluster spectrum arise from theFIG' 8. Fluorescence excitation spectra of cpq anq mcpq clusters_ with Ar,
. . N,, CH,, CF,;, and GFs A tentative cluster vibronic assignment is pre-
same ground state Iey8| a”q thus, f_rom a single I_Somer' sented. Asterisks indicate features arising from contortional motion,of N
Structure calculations give two isomers for this cluster:gver the cpd ring.
One with GFg lying with its C—C axis parallel to the CNcpd
ring plane, and the other with one €§roup coordinated to
the ring m-system and the other one away from ringlarge, —184.3 cm?, and for the CI cluster the apparent
m-system, with the C—C axis perpendicular to the ring. Thesshift is approximately—150 cmt. This apparent isotopic
structures are depicted in Fig. 6. The more stable structure isffect on the shift of~35 cm ! must surely be due to miss-
the former by roughly 100 cit (900 vs 789 cm'). Appar-  ing features in the CPcluster’s spectrum that are lost in the
ently only the more stable one is found in the supersonidroad underlying background both cluster spectra display.
expansion. These structures are reminiscent of those fourithe spectra are quite crowded for this system, due partly to
for benzene and toluene solvated by ethhfe. internal rotation of Cl{ or CD, and combinations and over-
The calculated shift for this cluster is roughly structuretones. As expected, the internal rotor features are far better
independent and is about three times larger than that olresolved for CH than for CDO, cluster spectra.
served. One possible reason for this lack of agreement for the The calculated structure for the CN¢f@H,); cluster is
calculated and experimental shifts is that, for this large solquite similar to that described for CNcffF,); as shown in
vent molecule, the hydrogen atoms of cpd can no longer bEig. 6. The solvent is coordinated to the rimgsystem but
considered unaffected by the electronic excitatisee Fig. displaced toward the CN substituent and nearly ovewith
6), as they are reasonably close to the fluorine atoms of tha binding energy of 518 cnt in the radical ground state.
solvent(~3.1 A) Three of the four hydrogens of GHre close to the ring and
Based on the discussion for the vdW mode vibrationalthe barrier to internal rotation of the methane about the CH
assignment presented above, Table V and Fig. 5 present thend parallel to the clustez axis is small. The calculated
best estimates of possible observed modes. The assignellister shift is—122 cm %, which is about 50% too small.
modes aréo, (at 22 cm' ), b, (at 29 cmY), o (at 39 cm'Y),

[by+by] (at 50 cnT) andb (at 58 cm™). C. cpd/Ar, N ,, CF,, and C,F clusters

cpd clustered with Ar, BICF,, and GFg displays much

5. CNcpd (CHy), sparcer and weaker cluster spectra than those for the compa-

CNcpdCHy), is the only Xcpd—methane cluster identi- rable CNcpd species. HB spectra are too weak for these clus-
fied in this study: For reasons to be discussed in the nexers to be definitively useful. As shown in Fig. 8, cluster
section, other Xcp@CH,); or XcpdCD,), could not be de- spectra for both mcpd and cpd are obtained together due to
tected by excitation or pump—probe techniques on the nthe proximity of the two radical g)transitions. In this section
time scale. Figure 7 shows the spectra of CNEpd); and  we discuss cpd cluster spectra and in the following one we
(CD,)4. The spectroscopic shift for the GHluster is quite  discuss mcpd cluster spectra.
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cpd(Ar), cpd(N,),

mepd(Ar),

i@ -aoees-

cpd(CF,),

cpd(C,Fy),
Isomer 1 Isomer 2

mepd(C,Fg),

%\q :i: Isomer 1 Isomer 2

FIG. 9. Calculated structures for cpd clusters with Ag, €H,, CF,, and
C,Fg. cpdC,F), is the only system that presents two possible isomers.

FIG. 10. Calculated structures for mcpd clusters with Ay, 8H,, CF,, and
Figure 8 depicts spectra of CW)l, (N2)1= (CF4)1a and C,Fs. mcpdC,F), is the only system that presents two possible isomers.
(C,Fg), clusters: The origins for th®,« D transitions of
these clusters lie at 29451.2, 29406.5, 29393.8, an
29512.3 cm?, respectively. The cluster shifts for these spe-
E:E;Nj)rle a?clavceqr:ntg I;%Ze— 1|\2/3-1”§] dsfllfgsag)’rr:(g:)zétszsy vdW mode progressions that are quite harmonic can be

compared to those for the comparable CNcpd clusters. Thgte;”t'f'gdn:?;;ﬁigézg g{rterlghdrl;(s)tde: ?Egsceogf?nodr;gai;he
shifts for the Cig and GFg clusters are similar to those for y sy '

the comparable CNcpd clusters. in Fig. 8 and Table V.
The calculated ground state structures for these cIusterS m
are presented in Fig. 9. The basic structure here is as ex-
pected: The solvent species lie over the ring center, placed Figure 8 shows that the mcpd clusters have spectra simi-
symmetrically, and coordinated to thesystem of the radi- lar to those for the comparable cpd clusters. The {Ar)
cal. The barriers for rotation of the solvent molecule about(N,),, (CF;);, and (GFg); cluster origins fall at 29 630.2,
the clusterz axis are low for N, CH,, and Ck. 29609.0, 29622.9, and 29 705.1 chrespectively. The cal-
The cpdC,Fg), cluster has two possible calculated con- culated cluster shifts are in good agreement fgraNd CFK
formers with binding energies that are quite sim{i@1 and clusters, but again are high by a large factfmur, in this
705 cm'1). By comparison with other clusters, we suggestcase for the GFg cluster. Table IV gives this information.
that only one isomer is present in the expansion and that thi€alculated ground state structures for this system are found
isomer is probably the one with the larger calculated bindingn Fig. 10 and are as expected, based on the clusters dis-
energy(isomer 1, with the g@Fg C—C bond axis parallel to cussed above. Low binding energy isomers can also be found
the cpd ring plang for these systems with the solvent molecule coordinated to
The calculated cluster shifts for cfdd); and cpdCF,);  the CH group of the radical, but these are dismissed as
are in reasonable agreement with those observed as given lossible physical cluster structures.
Table IV. The calculated shift for cj§@,Fg); is nearly a Some spectroscopic features can be identified as arising
factor of 4 too large. Apparently some interaction term orfrom the methyl rotational motion for mcpd itself. These are
potential component that reduces the red shift expected froraspecially obvious in the mcpér), spectrum as all features
our shift analysis procedur@s discussed aboyvéas been are doublets as expected for CHearly free rotation in ei-
omitted from consideration for the ,E; solvent, as all ther theD, and D, states. Other cluster spectra have addi-
Xcpd(C,Fg)4 clusters have roughly the same calculated shifttional features associated with the main vibronic bands that
errors as found for CNcpd and cpd clusters. This consisterdgan be attributed to both solvent and methyl motion. As for
difference between the calculated and experimental valuespd clusters, the stretch vdW mode is the major vibronic

gor the XcpdC,Fg), cluster shifts, in general, is both remark-
able and surprising.

cpd/Ar, N ,, CF,, and C,Fg clusters
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Fepd(Ar), Fepd(N,),
Fepd(C,Fg), L °) oo
-0—E5@

Fde(CF4)1 j Fepd(CF)),

Fepd(N,), * Fepd(C;Fo),
Isomer 1 Isomer 2

Fcpd(Ar), % “‘%
660 -o—go-Q
FIG. 12. Calculated structures for Fcpd clusters with Ay, QH,, CF,, and
: C,Fs. FcpdC,Fg), is the only system that presents two possible isomers.

30500 30600 30700 30800

Wavenumber (cm™) The weak broader features to the low energy side of the

FIG. 11. Fluorescence excitation spectra of Fcpd with Ag, GH,, CF,, origin are probably hot bands.
and GFg clusters. Two of the Fcpgtll,), peaks(labeled with asterissare

coincident with bare radical peaks but can also be assigned as cluster peak\s/

based on the relative intensities. Asterisks in the FCge); spectra indi- IV. DISCUSSION

cate bare radical features. A. Cluster shifts

As pointed out earlier, the cluster spectroscopic shifts for
all four Xcpd radical clusters are quite large compared to
those found for other aromatic species, either radicals or
stable molecules. For example, the cluster shift for aniline
(Ar); is —40 cm 1° for CgHsCI(Ar), is —27 cm 13 for
CeHsF(Ar), is —24 cm 132 and for GHsOH(Ar); is —36
cm 132 The Xcpd cluster shifts reported herein are also large
compared to those observed for other radicals. For example,
the benzylAr), shift is —23.8 cm %'® The shifts for

The cluster spectra for Fcpd are very similar to thoseXcpd(Ar); fall between—90 and —140 cni! as given in
found for cpd and mcpd. Figure 11 presents these spectraable IV.

The cluster origins lie at 30632.1, 30593.7, 30520.1, and The shifts reported in this work for Xcpd clusters are
30705.9 cm? for the (Ar);, (N,);, (CF);, and (GFs);  similar in magnitude to those found for the Rydberg states of
cluster spectra, respectively. Figure 12 depicts the calculatedioxane, DABCO, and ABCG? Ground state binding ener-
ground state cluster structures with calculated binding enemgies for these latter clusters are relatively small, less than 400
gies given in Table IV. Isomer 1 as before is probably thecm * for Ar; clusters. Additionally, the benzyl radicak),*

only observed Fcp,Fg); cluster. With the exception of cluster has a binding energy ef400 cnmit in the ground
Fcpd C,Fe),, all shifts are well calculated by the techniques state, not that different than the Xdgd), binding energies
and approximations outlined above, even the especially larggiven in Table 1V. This comparison of shifts and binding
one for FcpdCF,);. The main vdW mode progressions are energies suggests that the Xcpd cluster shifts arise from a
clearly ino for FcpdAr),, (N)4, and (CR)4 clusters. Table change in atomic parameters comparable to those found for
V summarizes these results. Rydberg states relative to their respective ground states. The

Again the (GFg); cluster presents a shift anomaly atomic parameters; andr; are closely related to atomic
(—220 cm ! calculated,—52 cm ! observedland its vibra-  charges and atomic volumé&sAs the change img; is not
tional progressions appear to be different. The vibronic askarge enough to justify the large shifts, this suggests that the
signment assumes that the origin of the cluster transition lie;crease in binding energy upon electronic excitatipa.,
at 30705.9 cm' and is the first sharp, intense feature in thethe cluster spectroscopic shifhay be due to a large change
spectrum, followed by, or b, (25 cm*) ando (42 cmi?).  in atomic volume.

feature for Ar, N, and Ck mcpd clusters. The mcp@,Fg);
cluster seems to sugges25 and 32 cr?! features, which
may be best assigned Iy andb, modes, respectively, but
this assignment is not terribly firm.

E. Fcpd/Ar, N ,, CF,, and C,F¢ clusters
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The comparison, presented in Table 1V, between excitedB. Cluster structures
state binding energies calculated in two different wega- Calculation of the cluster ground state structure is typi-

umnspl andp2) is instructive. Columm1 contains excited .5y quite reliable because the potential parameters for the
state binding energies calculated with excﬂed state atoMigieractions are well known and thoroughly tested for many
charges and geometries for the Xcpd radicals but groundystemg? additionally, the Franck—Condon factors for the
state vdW parameters;, r;. Columnp2 contains excited c|yster vibrational structure strongly suggest that the ground
state binding energies based on the complete set of vdWng excited state structures are similar, and that the major
parameters, charges, and geometries for excited state Xc;gq%ange in potential upoB, to D, excitation is along the
radicals. vdW parameters are obtained as discussed abo}iﬁdydirections(see Table)l

based on radical-Ar cluster shift data. From this comparison  The calculated ground state cluster structures are not at
one can determine that neither the change in atomic charges surprising in light of those calculated and determined for
nor the change in radical geometry is responsible for theéhe benzyl radical and aromatic molecule clusters found in
cluster spectroscopic shifts. The shift derives from a changghe literature-?1%1°0One even expects the two structures for
in atomic polarizabilities and volumes as expres@adhis  Xcpd(C,Fg);, based on previously reported aromatigHg
instance through the Lennard-Jones vdW parameters. cluster structures! In the case of gHsX(C,Hg);, however,

The Xcpd radical clusters with ££5 present a surpris- both structures are observed in the supersonic expansion. For
ingly small shift compared to both the other experimentalXcpd(C,Fs);, HB spectra make clear that only one isomer
shifts and the calculated shifts as shown in Table IV. The(presumed to be the lower energy isomerisldetected for
observed shifts for Xcp€,Fs), are all approximately-60  all Xcpd clusters.
cm ! and those calculated are all160 to —220 cm ! inde- Cluster structures and Xcpd potential energy functions
pendent of the isomer structure. One possible explanation fare influenced by the type of ring substitution on the Xcpd
this difference is that the £; molecule in the isomer 1 radical(i.e., X=H, CH;, F, CN. The substituent with the
interacts strongly with the hydrogen atoms because of its siz&rgest affect on cluster structure and potential energy is the
(see Figs. 5, 8, 9, and L1Under this circumstance the de- CN group. The triple bond of the=EN group changes the
termined excited state radical vdW carbon parameters woul@luster structure more than the other substituents due to the
be incorrect and the hydrogen vdW parameter changes up&elocalization and interaction of the twe-systems of the
excitation would be ignored_ The potentia| surface paramfadical. In all instances the solvent molecule is Significantly
eters derived for the Xcpgér), cluster fit would thus not displaced toward the CN—(position away from the sym-
apply to XcpdC,Fy); clusters. metric ring center position. Also the change in parameters

Cluster shifts are calculated as a difference between tw§PON €xcitation is similar for the other radicals, but much
binding energiesE(D,) and E(D,), and the excited state different for CNcpd. In fact, the same set of excited state C,
binding energy is obtained employing the X¢pd); cluster H parameters can be employ_ed for l:_uoth cpd and Fcpd; and
fitted shift. cpdHe), and cpdNe), clusters have also been mcpd parameters are only slightly different from those for

investigated and their binding energies and structures hav%od‘ A ver)r/]dig(?.\lren;ser:_fof potgntri]al parz_amet_ers s nheede(_j to
been reported’ If the cpdAr); excited state fitted potential generate the CNcpd shiits and these give rise to the unique

. calculated cluster geometries.
parameters are used to estimate(éf®l; and cpdNe); spec- i 7
troscopic shifts(—13.7 and—17.0 cm %, respectively, the Studies of cptHe); and cpdNe), clusters’ suggest that

. these clusters have the rare gas atom centered over the cpd
calculated shifts are too large by a factor of 3. If, on the otherﬁ_S stem ring at  distance of 3.77 A and 3.58 A respec-
hand, the He and/or Ne cpd cluster data are used to detey- Y g ' ' » esp

. . . tively. The authors of Ref. X€) find these separations sur-
mine the excited state potential parameters, a nearly exa y 19 P

. . ) B?isingly larger. Our ground state structure calculations give
simultaneous fit can be obtained for both g, and 5 g9 3713 '3 48 3,61, and 3.79 A for cpd clustered with He,
cpdNe); cluster shifts. In this case, however, CaICUIatEdNe, Ar, Kr, and Xe, respectively. These latter distances fall

cluster spectroscopic shifts for ogd);, cpdKny, and  girectiy in place with those of other aromatic molecule—rare
cpdXe), clusters are low by factors of 3, 5, and 7 corgﬁ)aredgas clusters that are measured and calculdt¥de cannot
to the experimental shifts —122, —226, and—466 cm %, oypjain the reportdd large equilibrium distances for
respectively. The_ reason for th_e._c,(_e discrepancies is cleagdee)l and cpdNe), except to suggest that large zero
Xcpd have very high electron affinitids-2.0 eV or greatér  hgint motion and very flat potentials could contribute to the

and the heavier rare gases have low ionization ene(gi¢S  |5rge motionally arranged separations.
eV or less. Thus, while the cp@hr),; potential fit for the

excited state potential parameters of Xcpd makes sense for

CHg, N,, CF, etc., which all have similar ionization ener- C- Cluster vdW modes

gies and polarizabilities to each other and to Ar, it would not  The vdW modes identified in these cluster spectra are
make sense for He and Ne clusters with cpd because He army , by, o by is a translation(bend that moves the solvent
Ne have much higher ionization energies and much loweperpendicular to th¢y) symmetry axis of Xcpd which goes
polarizabilities. The conclusion must follow that the heavierthrough the XG bond; b, is a translation in the direction
rare gas—cpd clusters contain significant contributions taoward the substituent; and is the z-stretching mode per-
their binding energies and interactiofespecially for excited pendicular to the ring plane. For the CNcpd clusieandb,
state Xcpd from charge transfet® are the main progression forming modes dnds weak if
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identified at all. For the F-, H-, Ciicpd clustersg is the  radicals(e.g., benzy® and NCG®) are nearly exactly cor-
main progression forming mode amg and b, are weak. rect. Third, the CNcp@Ar), cluster demonstrates clear clus-
This trend can be understood based on the potential enerdgr structure at an internal CNcpd vibronic feature at 27 640
surface parameters presented in Table I. For CNcpd the mam %, but CNcpdCH,); does not. Of course, vibrational dy-
jor parameter changes upon excitation are for the CN groupamics could be responsible for this loss of structure, but the
and the ring carbon atoms, but for the other radicals theluster bonding energy is-700 cnit in the excited state
major changes are only for the ring carbon atoms. Thus, thé640 cm ! is calculated, but the shift is 60 crhtoo smal)
solvent species move paralléd,) and perpendiculafo) to  and the cluster is probably still bound at this energy even if
the ring plane upon CNcpd electronic excitation, but movethe vibrational redistribution is rapfiThus, the suggestion
mostly perpendiculafto) to the ring plane upon CH, F-,  is that ~600 cm ! of excess vibrational energy in tH2,
Hcpd electronic excitation. state is sufficient to cause the reaction to oc6ie., E

In general, each cluster has two or three more van de&600cm ! on theD; radical surface Fourth, the appear-
Waals modes that approximately represent torsiof ( ance of the CNcpdCH,); and CNcpdCD,); spectra is
about thex,y,zaxes of the cluster. For symmetric speciesynique for this cluster system, and even for other, Chis-
(N2, CH,, etc), the ztorsional ¢,) motion of the solvent is  ters of aromatic radicals and aromatic stable molecules. In all
not highly constrained by the cluster potential energy surfacghstances of which we are aware, for one-to-one methane
andt, is best represented as a weakly hindered intemadysters with chromophores that are not reactive in either
rotor***"For nonsymmetric species, themodes are often  thejr ground or first excited electronic states, cluster spectra
of high energy a}nd typically not observeq in the van dergqo sharp and well defined, and the £ihd CH, spectra are
Waals mode region of the cluster electronic spectra. flhe quite similart32 Clearly this is not the case for CNofzH,),

andt, modes are typically the highest energy cluster modes,, CNcpdCD,);. Indeed, the two spectra are different and
(>100 cm'Y) and not observed in cluster vibronic spectra. ppear to have-35 cni * different cluster shif(see Table

Two reasons are typiqally cited for a}bsen'ce of the torsion ). This shift difference may not be a correct representation
van der Waals modes in the_ cIusFer V|br0_n|c spe_ctra. I:raangmd may simply arise from different spectroscopic intensities
Condon factors; and poor vibronic coupling to higher energ

S - Yor Franck—Condon factors, but the character of the two spec-
electric dipole allowed transition.

In principle, one could employ the van der Waals modetra is quite different. Many of the features in the Ctluster

. S I . spectrum are due to methane rotation above the ring and one
eigenvectors to calculate transition intensities for the vi-

bronic features to check the vibrational assignments whicr(?)(pects to_fmd poorer resolution in the CN6BO,), spec-
tﬁum than in the CNcpCH,); spectrum. Nonetheless, such

are based on vibrational energy and previous experience WitI £ struct the broad back d. and ded
van der Waals mode electronic spectroschpyie:37 '0SS of structuré, the broad background, and crowded spec-
frum are all spectroscopic characteristics that can be associ-

Franck—Condon factors and van der Waals mode vibroni d with h h q - hemical ion b
Coup”ng'l.g,37 make this comparison, based only on vibra-ated with a chromophore undergoing chemical reaction but

tional mode considerations, not meaningful and beyond thgonfined to the reactant side of a smal600 cm ) barrier.
present scope of our understanding of the electronic structure 11€ above four points or observations only suggest that
and vibronic interactions for Xcpd radicals and their clusters@ chemical reaction for Xcpd—methane clusters can occur. If
Note, too, that strong vibronic coupling interactions are sugthis is true, the reaction has just begun for CNd,); and
gested for even the bare Xcpd radicals because of the fact&fNCPACD,)1, on theD, potential energy surface, but has
of ~10 lifetime shortening observed for higher vibronic Proceeded further for the other Xcpd £, F, CH) radi-
states ofD,.%° Such quantitative calculations are at presentcals. If the reaction does indeed occur, the radical reactivity
not even possible for well-known systems such as benzenewould be in the order mcpecpd>Fcpd>CNcpd, for an
CH,, No, CHg, CoHy, H,0O, NHs, etc. electrophilic radical abstraction of an H atom. Additionally,
CH, would be more reactive in this regard than £
CH,F,, CHF;, etc., because the H atoms of methane would
D. Possible cluster chemistry have a higher electron density than those of halogen substi-
A number of pieces of evidence point to the existence ofut€d methanes; of course, methyl substituted methanes
a chemical reaction between the Xcpd radicals in their exwould be still more reactive toward H atom abstraction than
cited electronic state and methane. The nature of this reactigR€thane itself. By adding more F atoms to methane, one can

is an electrophilic radical abstraction of an H atom by cpd todenerate a reactivity scale for the reaction partner. The re-
generate cyclopentadiene. sults of these experiments will be presented in paper Il of

First, the only cluster with Clobserved for these radi- this series, but their general behavior is consistent with the
cals is CNcpdCH,);. Since CN stabilizes both the ground above trends and analysis. The most consistent and simple
and excited electronic configuration through resonance stru@xplanation of this data set is that an incipient chemical bond
tures, one would expect this system to be the least reactivéorms in theD, state of Xcpd radicals clustered with meth-
Second, the calculated shift for CNdf@H,), is almost the ane and halo substituted methanes.
only calculated value that is too small. All the other calcu- A properly crafted experiment, in which the photolysis
lated shifts except for CNcig,);, for which reaction is not and clustering processes are spatially separated, would also
possible, are either very close to the observed value or largedlow the search for the CHadical formed from this reac-
than it. Calculated Clicluster shifts for othefnonreactivg  tion.
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