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The electronic structure of Rénd P4 clusters and the detailed reaction mechanism of activation, afnd

CH, on these clusters have been studied with a density functional method. Full geometry optimization has
been carried out and led to the reaction mechanisms that are dramatically different from those of a previous
work where only limited potential energy scans were carried out. In thetPH, system, Pg like Pd,
activates Hwithout barrier. For the activation of the-G4 bond in CH, with Pd, although the final products

are found to be similar in energy compared to the case gftRe activation barriers on Rdre much higher

than those on Rd This difference has been explained in terms of the large repulsion fromithe s
configurations of Pd atoms in Rdvhereas Pd atoms in Pddopt mainly the less repulsivé®adonfiguration.

In the case of Rt+ H,/CH,, the reactions basically follow the same pattern as in thesy&tems. Namely

H—H and C-H are broken at first on a single Pt atom, and then one H atom migrates to other Pt atom(s).
No activation barrier has been found on either the singlet or the triplet state-fldrddtivation, and a smaller
activation barrier height compared to the Pase has been obtained for the € activation. Results from

the current series of studies are consistent with the recent experimental observations on the reactivities of
unsupported Rdand Pf.

|. Introduction activation of B and CH, and make comments on the size

) ] ) ) dependence of their reactivities. Finally we draw some conclu-
Understanding the electronic and dynamic properties of gjons in section IV.

clusters has become one of the most active areas in modern

physical chemistry, and tremendous advances have been achievedd. Computational Methods

in both theoretical and experimental studi@sAmong all kinds The method employed here is the same as those in our
of clusters, those consisting of transition metal elements are Ofprevious worki! The fully optimized geometries and vibrational
particular interest due to their importance in heterogeneous fraquencies of clusters, intermediates, and transition states
catalysis. The size dependence of reactivities of metal clusters;,yolved in the activation processes have been obtained at the
has become a most fascinating and intriguing issue in modempggz) yp14|eyel with valence double-zeta quality basis functions
cluster chemistry and has attracted much attention in both (BSI) on both the met& and C/HI6 together with the small
experimentd© and theoretical field$.** For a more detailed  cre relativistic effective core potential (RECP) of Hay and Wadt
mtro.ductlon,. we refer the rea_der to our previous paper. or the metal atom&® Single-point energetics has been
Particularly, in the recent experimental work of Cox etZf? calculated also at the B3LYP level with two larger basis sets.
large oscillations in measured rate constants ok @Ad B pgagjs set II (BSII) is obtained from BSI by adding f polarization

activation by unsupported Pt and Pd clusters<(6—-24) as  fnctions to the met&l and d and p polarization functions to C
functions of the cluster size have been observed. For Ptclustersgnq H respectivel¥ In basis set Ill (BSII), the RECP of

the dimer through pentamer were found to be the most reactive,D0|g et all8 and the associated triple-zeta basis sets have been
while larger clusters are much less reactive. For Pd clusters, seq for the metal, and Dunning’s correlation consistent
Pd; and Pdo are the most reactive, while Pend Pd activate (polarized) valence triple-zeta basis set cc-¥ias been used
Hz and CH more slowly. for C and H, while f functions on C and d functions on H have
To unravel the reason behind the observed variation of heen excluded. The calculations for the singlet states are spin-
reactivities as a function of cluster siZe'*we have chosento  restricted computations, while these for the high spin states are
study the detailed mechanism of &hd CH, activation on small  unrestricted. The DFT calculations have been performed with
Pd, and P} (n = 1-5) clusters, and in the previous and the our own modified version of Gaussian®%.Normal mode
current paper we report our results for dimers{2) and trimers  analysis has been performed at the B3LYP/I level. The unscaled
(n = 3), respectively. Works on tetramers and pentamers are zero-point corrections (ZPC) calculated at the B3LYP/I level
currently in progress. are included in our final energetics obtained at the B3LYP/III
In section Il, we describe the method employed in the current level.
study. In section Ill, we at first briefly recall the conclusions
obtained in our previous work on metal diméts.Next we
consider the electronic structure off&hd P§. Then we shall The information on low lying electronic states of the trimers
present results on the reactivities of these metal trimers for theand the critical structures involved in the activation of &hd
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TABLE 1: Geometries and Energetics of My (M = Pd, Pt) at the B3LYP LeveFk

M = Pt M = Pd
Ruvm Ommm Ruvm Ommm

state  (A)  (deg) B3LYP/I B3LYP/II B3LYP/III ()  (deg)  B3LYPII B3LYP/II B3LYP/III
A, 2521 60.0 -120.5~1205 -124.1+124.1 -119.7~119.7 2516 60.0 —53.0 -54.9 515
SA; 2592 586 -—1156 -117.8 -115.5 2611 57.8 —57.0 -58.3 —55.0
3B, 2541 604 —120.4 -122.8 -119.5 2611 572 —57.8 -59.3 ~56.2
3B, 2557 632 —109.2 -111.3 -108.6 2549 656 —59.1~-59.1 —60.3~60.3 —56.3/56.3
A, 2541 615 -118.2 -120.8 -117.6 2573 59.8 —56.0 ~57.5 ~545
SA; 2571 593 —101.4 -103.7 -99.7
5B, 2.656 56.0 —94.7 —96.7 -93.2
5B, 2554 65.0 -96.7 -98.5 -95.5

a2 Total energies for théA; electronic state Mare (in hartrees)-357.427 37,-357.435 03;-358.101 03 for M= Pt and—380.254 74,-380.207 82,
—383.741 17 for M= Pd, at the B3LYP/I, B3LYP/Il, and B3LYP/III levels, respectively. For all structures, the energetics is given in kcal/mol,

relative to three infinitely separated ground-state atoms. Numbers given after slash include zero-point correction (ZPC) calculated at the B3LYP/

level.

TABLE 2: Energetics of Intermediates and Transition States of H/CH,4 Activation on M3 (M = Pd, Pt) at the B3LYP LeveP

X =H X = CHs
compound state B3LYP/I B3LYP/II B3LYP/III B3LYP/I B3LYP/II B3LYP/III
X—H ~1.17442 -1.17743 —-1.18000  —40.51447  —40.52704  —40.53729
Pd; X TSal (A" 17.1/17.8 14.6/15.3 17.3/18.0
Pd; X TSa2 (A) 16.7/14.7 14.4/12.0 16.6/14.6
Pd; X _TSi A —31.7/29.9  —34.8/-330 —33.4-316
cis-Pd; X_Com1 (A" ~7.0~82 -10.2-11.4  —8.7/-9.9
transPds X Coml  IA'(A") —32.6/-33.7  —355/36.6 —34.3-354  —7.4/-86 —10.8-12.0 9.1-10.2
Pd; X_Com1’ (A" —-0.6/-3.2  —2.3/-4.9 —2.0/~4.6
Pd; X _Com2 IA'(TAY) —-32.1/331  —352/36.2 —34.0-350 —0.1~10  —2.8-37 —1.4/-2.3
Pd; X_Com3 A 314326  —33.4-346 —32.433.6
Pts;_X_Mol Y ~149/138  —19.6/185 —21.2/20.1
N —13.2/-12.3  —22.2/-213 —20.4/-195
N -18.1/17.1  —22.6/-21.6 —24.8/-2338
Pt; X TSa IA'(1A) -13.9/-13.1  —-19.5-18.7 —21.620.8 7.0/6.2 2.7/1.9 1.9/1.1
3A'(3A) -15.1/-14.8  —22.5(222 —20.720.4 8.0/6.4 45/2.9 ~1.2/0.4
A" ~18.0/18.3 —22.9/232 —250-253
Pt; X_Com1 IA'(1A) -18.4/-17-5  —21.8/-209 —23.7~228  —0.8-21  —3.8-51 ~4.3/-5.6
3A'(3A) 195183  —21.9~20.7 -24.0~228  -2.1/31  —8.0~9.0 ~8.5/-9.5
A" —243/-23.7  —27.1/-265 —28.4/-27.8
Pt; X TSil IA(TA) -9.4/-8.7 ~12.0~11.3 —155-14.8 6.7/5.4 4128 1.8/0.5
3A(%A) —13.7/-13.0 —20.8/-20.1 3.5/3.1 ~1.7-2.1
Pt; X_Com2 IA(TA) -133+125  -16.2-154 —18.3-175 2.6/0.7 —0.2/-2.2 ~1.8/-3.7
3A(%A) —-19.9/18.1 —2421-224  -1.1/-18 —5.7/-6.4
Pty X_TSi2 IA(TA) -11.8~111  -14.4+137 -17.1-16.4 43125 1.740.1 ~0.5/-2.3
3A(%A) ~18.7/-17.6 —21.9/-20.8 0.2-1.3 —3.4/-4.9
Pt; X_Com3 IA(TA) —21.9/20.8 0.2+1.3  —21.9/20.8 0.2-1.3 —21.9/20.8 0.2+-1.3
3A(%A) —23.6/22.7  —26.0~25.1 —27.4-265  —8.8/~7.9 —11.3-104 —11.7/10.8
Pt;_X_TSi3 IA('A) ~15.4/14.6 ~18.217.4  —222/21.4  —-05~1.1  —3.4/-4.0 —6.5/-7.1
3A(%A) —20.4-19.2  —22.6/-21.4 —253/251  —54/-60  —7.7-8.3 —9.3/-9.9
trans-Pt; X Com4  IA'(1A") -165~15.7  —19.3-18.6 —23.7~229  —2.4/-31  —54/-6.1 —8.5/-9.2
SAMGAY)  —21.6-211  —24.0~235 —27.6/-271  -55-6.6  -7.9~90  —10.5-116
cis-Pt; X_Com4 iy -16.0~15.1  —19.0~18.1 —23.6/22.7
A" 215208  —23.8-221 —25.2/-245
Pt; X_TS(cistrans) ‘A -14.3~135  —-16.7~15.9 —20.7~19.9
Pty X _TSi4 1A -135+12.4  —16.1-149 —20.9~19.7
cisPt; X Coms iy -15.1/-14.7  —17.817.4 —23.9+235
T A" 7.3/8.2
transPt; X Com5 A -12.8~11.7  —15.4/-143 —21.720.6
T A 7.3/8.2

aTotal energies for XH (X = H and CH) are shown in hartrees. For other structures, the energetics in kcal/mol, relative to dgixund

electronic state M is shown. Numbers before slash are calculated without ZPC, while the numbers after slash includes the ZPC. The unscaled ZPC

calculated at the B3LYP/I level is used for all the calculatidtiEhe electronic-state label without parentheses is for=X, and the one in
parentheses is for X CHs.

CHgis summarized in Table-13. The orbital diagrams of Bd
and Pt are presented in Figure 1, while the geometries of Previous Study. Itis well documented that the B3LYP method
important intermediates and transition states are given in Figuregives reliable properties, in particular, geometries and vibrational
2—4. Schematic reaction profiles for the/@H, activation on
Pd; and Pt are shown in Figure 5 and 6, respectively. As to
notations, Com” denotes that the structure is an intermediate
in the reaction, TSi” denotes “transition state for isomeriza-
tion”, and “TSa’ denotes “transition state for activation”.

A. Properties and Reactivities of the Metal Dimers from

frequencies for extensive classes of chemical systems including
transition metald! For most systems, especially the second-
and third-row transitional metals, good energetics are also
obtained when decent basis sets are employed. Particularly for
the Pt/Pd systent?,it has been found in our previous stddly
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TABLE 3: Mulliken Populations and Spin Density on the Metal Atoms M?, M2, and M2 for Selected Structures at the B3LYP/

Il Level 2
population charge spin density
structure state [\ M? M3 M?* M? M3 M?* M?2 M3
Pd 1A, SP-740-05¢9-24 D710 0524 S0 740-05¢9-24 0.00 0.00 0.00 0.00 0.00 0.00
By SP-810-06g9.13 S0-6400-05¢9-32 S0-6400-059-32 0.00 0.00 0.00 0.82 0.59 0.59
Pt 1A, SP-80n0.079-12 <P -8090.07g9-12 SP-84n0.07¢9-12 0.00 0.00 0.00 0.00 0.00 0.00
SA; S0-7Gn0-06¢9.26 S0-8600.099-04 S0-8600.09.04 -0.02 +0.01 +0.01 0.45 0.78 0.78
3B, §P-8300-0¢2.08 SP-81n0.092.09 S0-810-099.09 0.00 —-0.00 —0.00 0.68 0.66 0.66
B, -870.1q99-12 0-8G00-089.09 S0-8000-069.09 0.050.00 +0.02 +0.02 0.65 0.67 0.67
A, SP-910-0¢8-99 P70 07 17 S0-7600-07g9-17 —0.00 +0.00 +0.00 0.81 0.59 0.59
Pd; H_Coml1 A SP-3G490-049.60 SP-4Q00-10¢-46 S0-4G00-10¢9-46 +0.07 +0.04 +0.04 0.00 0.00 0.00
Pd;_H_Com2 A S0-3§70.06¢9.50 SP-3§0.06¢J9.50 §0:4%00-11g9-41 +0.04 +0.04 +0.05 0.00 0.00 0.00
Pd;_H_Com3 A S0-3G00-08¢9.54 SP-34n0.06¢9-53 S0-3G00-08¢9.53 +0.03 +0.03 +0.03 0.00 0.00 0.00
Pts_H_Mol A SD-740-16¢8.94 S0-870-06g9-11 0830010912 +0.15 —-0.04 —0.05 0.00 0.00 0.00
SA" S0-6890-158-96 S1-0Q90-068.98 SO87p0-149.02 +0.19 —0.06 —-0.03 0.37 0.81 0.80
SA! SP-6970-158.96 S0-9§00-088.99 S0-8990-129.03 +0.17 —0.05 -0.02 0.39 0.81 0.79
Pt H Com1 A SP-7400-25¢8-69 SP-84n0-152.08 S9-9200-04¢9-11 +0.24 —-0.05 -0.07 0.00 0.00 0.00
SA" S 71p0-26g8.74 SH09p0.06¢i8.99 SP-870.159.01 +0.24 —0.08 —0.04 0.37 0.80 0.83
3A' 50.72p0.26dS.74 Sl.01p0.07d9.00 §3.86p0.14d9.03 _|_023 _008 _003 038 082 079
Pts H_Com2 1A S0-6400-17¢i8-95 P-6890.0549.29 SP-9§0-2418.89 +0.22 +0.01 -0.13 0.00 0.00 0.00
Pt H Com3 A S0-870-14f8-95 D 740-158-97 79001911 +0.04 +0.15 —0.04 0.00 0.00 0.00
SA S0-990-16¢f8.86 SP-910-1§8.86 SP-660.089-20 +0.04 +0.04 +0.06 0.69 0.69 0.53
Pt H_ Com4 A SP-5700-08¢9-31 SP-89p0-1¢2.00 S0-570-08¢9-31 +0.04 -0.02 +0.04 0.00 0.00 0.00
SA" 7401912 SP-890-15¢8-80 07401912 +0.03 +0.09 +0.03 0.51 0.89 0.51
Pt H_Comb5a A 570014926 SP-690-10¢9-25 0630010925 +0.03 +0.01 +0.01 0.00 0.00 0.00
aM; is the apex atom in the trimers. Otherwise labels follow those in the figures.
i/s/s s/s/s L sl sisls b, | —0.107
c.(nh by) s/s/s SIS/S 0123 e PR 0.085 s/s/s
. dold s old s 4a do/dg 40ld g 40 b —l— 0213
az(by) — -0.148 ay — 0.163 2 d_2/d0‘,2.*2/(10_2.+2| 0213
dy/ dyy Jdy . e —— -0.220
ay (1) ](—Ii—l o -0.216 a, _“lWSd()/sd() 20206 2 dyfdyy/dy | 0,108
, ! ”"”/““'--rz/"“‘*? R —_f— 0226 M sisdisdl=—
Gy by) t‘(:‘z/-l-lu,n/('wz e dopfsdy/sdy sdo/dy 4o/dy 42 ay sdo+z/do+z/do:|ll— -0.217
K - — e -0.219 — | —_]— 0231 e TRTE T 0227
¢ (by, a3) ¢ ‘ D2 —H—
dy/dg/dyy doy/dy/dy dy/dyy /gy daddyy /g non/dy /dy »
. — 0227
ay (ay) — | — -0.245 “l” d /(-l_‘Zj- -0.232 a non/do‘_z/d(,__z_H
sy 42/5dg 42/5dg 42 AT —{—-0.227

b; non/d,,/dy

PG ('AY Dan(Cay) rdy (‘A D Pd; OBy Cov

Figure 1. Schematic presentation of molecular orbitals of thg'Rf, Dan(Cz.)), P(*A1, Dan), and Pg(®B;, Cy,) clusters. Energetics presented in
the right corner of the schemes are in hartrees. Atomic orbital contributions are labeledV&MA.

that B3LYP calculations give reliable results concerning the contrast to the case of PtH,. Since thess orbital even in the
electronic structures of the Pd/Pt dimers, in comparison with triplet configuration of Pdis high lying in energy, the PeH
our CASPT2 calculations and previous theoretical investigations bonds have large s character, and the H atoms are found to prefer
as well as available experimental data. Both &add Pt have bridged sites. Moreover, the triplet state which involves
triplet ground electronic states, while the singl#tplet separa- electronic excitation to the* orbital destabilizes not only the
tion for Pa is larger than Bt Pd—Pd interaction but also the PdH interaction and therefore
For the reaction of BH H,/CHy, it has been found that+HH/ is very high in energy. In the B&¢CH, system, two CG-H
C—H activation preferentially takes place on one Pt atom via activation paths have been found, among which the asymmetric
nonplanar structures, and then one of the H atoms migrates toone is favored due to the fact that gidrefers a directional
the other Pt atom with negligible barrier. The-Hl activation bond.
is barrierless on both the singlet and the triplet state, while the B. Structures of Metal Trimers. In this section, we shall
C—H activation has distinct barriers. Since the HOMO and discuss the electronic structure and reactivities of Pt and Pd
LUMO of Pt, are of metal d orbital character, both the-H trimers. First of all, let us consider{ftAccording to previous
activation and the HPt bond formation proceed in a localized studie§23and also some preliminary investigations here, linear
fashion and H atoms do not occupy a bridged site. andC,, structures far fronDs, are relatively high in energies,
For P@ + H,, it is found that Pdis able to activate the HH and therefore only structures closeDg, have been calculated.
bond without barrier on the singlet state because the high lying Since the ground state of Pt atom #&i%(®D), it is expected
os orbital is capable of accepting electron density from H that the P4 structures, in principle, may have spin multiplicity
efficiently, and the triplet configuration of Rdan form strong up to 7. Since we expected that the structures with a multiplicity
covalent bonds with the two H atoms. For the same reason,7 will be energetically less favorable, we have studied the
the H, activation on Pg takes place preferentially when the structures for up to quintet states. All the structures presented
H—H approaches the PdPd bond perpendicularly, a clear in Table 1 have zero imaginary frequency. As seenin Table 1,
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H'-Pd!-Pd¢*-Pd?: -48.8°
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2.736
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Cy A o
-33.6 G A

Pd;_H_Com3

H-Pd>-Pd*-Pd!: -121.5°
C-pd!-pd’-pd*: 92.2°
(SN

trans-Pd;_CH;_Coml -102 C.

2.908

2.656
H-Pd'-Pd>-Pd*: 1372
C-Pd*-Pd'-Pd*: -71.9°

Cy 'A Pd3; CH; Com2 .23

H*-Pd'-Pd3-Pd’: -95.1°

H-Pd*-Pd*-Pd' : -172.1°
178icm’}
Ci 'A Pdy H_TSi

H-Pd>-Pd’-pd! : 51.0°
C-Pd'-Pd>-Pd*: 90.7°
775icm’
Pd;_CH:_TSal /8.0

H-Pd?>-Pd*-Pd} ; 44.5°
C-Pd>-Pd*-Pd’: -148.6°

Pd;_CH; Coml' .46
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H'-Pd'-Pd*-Pa’; -124.2°
H2-Pd>-Pd’-Pd!: 130.0°

316 Cs 'a' Pd3_H_Com2 -35.0

H-Pd>-Pd*-Pd!: 128.8°
C-Pd'-Pd*-Pd*: 92.7°

| C, Ia
cis-Pd;_CH;_Coml -9.9

H-Pd'-Pd>-Pd3: 97.9°

C-Pd>-Pd!-Pd?: -100.5°
C, A 6l2iem!

Pd;_CH;_TSa2 4.6

Figure 2. Geometries (in A and deg) of intermediates and transition states involved irpi@elfHactivation on Pg Energies (in kcal/mol, at the

B3LYP/IIl level with ZPC) are measured relative to the triplet ground electronic state reactants and are presented in italics. The imaginayy frequen

is also give for transition states.

the ground electronic state ofsR$ predicted to be the closed-
shell 1A, (in Cp,). As seen in Figure 1, the HOMO, and

LUMO a;' are ¢, and @ orbitals of the Pt atoms, respectively,
and the tripleB;(axth,?) state is expected to be very close in
energy to the ground state.
3B (albyl) state is only 0.2kcal/mol (at the B3LYP/III level)

d®® for about 25%), which is in contrast to the conclusion by
Carter et af which proposed tha#A; actually consists of two
sld® and one & atom. Sinc€e'A; is not subject to the Jakn
Teller distortion and adopts Bz, symmetry, we feel it is

Indeed, as seen in Table 1 theunlikely to have the symmetry-broken wave function which

gives the inequivalent populations. TheJPt distances in the

higher in energy. Several other triplet states are also close inelectronic states considered here are rather close among the

energy, manifesting the weak coupling of the d orbiatsAll
the triplet states are distorted away from perfegt due to the
well-known Jahn-Teller effect, although the distortion is
insignificant with alldPt—Pt—Pt angles at most°3away from
60.0°. As argued by Carter et al. in a previous stddiijs is
because the dd overlap does not contribute to the binding

singlet and all triplets and a little longer in the quintet states,
especially irPB;. All the quintet states obtained here are higher
in energy compared to thé\; state by~20—25 kcal/mol.
Comparing our results with those obtained previously with
CCCI/GVB? or one valence electron effective potential ap-
proach?® we see that B3LYP/I gives much shorter-fit bond

energy significantly. Indeed, as seen in Figure 1, the main lengths,~2.5 A compared te-2.9 A from GVB, and also much

bonding orbital @ contains mostly sdorbitals of Pt atoms.

larger atomization energies;120 kcal/mol compared te-50

According to the Mulliken populations presented in Table 3, kcal/mol from CCCI/GVB given in ref 8 as the lower bound.
the Pt atoms in all the electronic states including the singlet Given the experience with the dimer systems we have just

state adopt mainly théd® configurations (for about 75%, with

described above, we feel that our number is closer to reality,
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H-PUPC-PR77.1(178.97) Hﬂ'P‘jP‘l‘P‘; 178.3°(-178.9% HUL-PL-PE-PC: -126.2°(-122.4%) H-PtlPO-PL: 168.2°
H2-PU-PU-Pri-95.4°(-92.27) H"PE'P‘ l"P‘_j -63.1°(-84.3% l H2-PE-PU-PC: 63.1°(102.3%) HLpp P 104,10
Ci lada 1 A.A(‘A) 467(416)icm Cy tadan C, 'A 457iem’!
. Pt H_TS2  -16.4-20.8) ;
Pty H_Com2 -17.5(-22.4) trans-Pty H_Comd  .22.9¢.27.) Pty H_TSi4 .97

1.678
(1.626)

u! (1.927)

HL-Ptl-pE-Pe: -119.1%(-134.77)

H'-Pt'-PP-Pr*: 129.6°(155.9%) o
H3-PC-Pr-Pe: 120.6°(136.77)

H2-Pr>-Pr'-Pr: 129.6°(155.9%)
NG Ci 'ACA)
cis-Pty H_Coms -23.5 trans-Pty_H_Com3 -20.6

Figure 3. Geometries (in A and deg) of intermediates and transition states involved i thetitation on Pf Plain numbers are for singlet state,

and numbers in parentheses and brackets are for triplet electronic states, as indicated by the state label under each structure. Energies (in kcal/mo
at the B3LYP/III level with ZPC) for both the singlet and triplets are relative to the singlet ground electronic state reactants and are presented in
italics.

while the CCCI/GVB results significantly underestimate the which have open d electron configurations and are very close
atomization energies presumably due to the large core ECP andn energy within a few kcal/mol. Among them, as seen in Table
small basis sets employed. Indeed, the recent CASSCF-1, the3B; (a)!(by)?! is found to be the lowest at the present

MRSDCI calculations of Balasubramanian et?algive an level of theory. Similar to the case ofgPall triplet states are
atomization energy of 11.8eV for Riwhich is closer to our distorted away from perfed3, due to the JahnTeller effect,
value. although the geometry distortion of £flom D3, is not severe

Let us now consider Rd Since the ground state of the Pd in all the triplet states. The bond lengths ogRdall the triplet
atom is 8d0 (1S), it is expected that the'abonding orbital states are rather similar, while those in the singlet state are a

containing sd orbitals of Pd atoms is not as stable as other d little shorter. The quintet states are very high in energy and
orbitals and becomes the HOMO of £dThe orbital diagrams, therefore have not been included in Table 1. As expected, the
shown in Figure 1, calculated for tha, state of Pgconstrained atomization energy of Rdwhich is around 5860 kcal/mol

to Dan symmetry substantiate this expectation. However, the for all the states, is smaller than that o By about 60 kcal/
singlet state is energetically higher than several triplet states,mol. As seen from the Mulliken population in Table 3, the Pd
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H-Pt PP 149 4°(147.37) ~PII-PL3-P12: 130.6°(106.5%)
C-Pt'-Pt>-Pt*: -161.8°(-163.97) C-Pt'-PC-Pr: -145.8°(-162.57)
C, 'ACA) 806(816)icm! Ci 1AcA)
Pt, CH, TSa  1.1{0.4) Pt;_CH; Coml -5.6(-0.5)

H-Pt'-PE-Pt: 109.0(124.0)°
C-Ptl-PC-P%: -176.3(-173.0°
C1 'AGA) 34956 iem™!
Pty CHy TSil 0.5(-2.1)

H-PE-Pil-Pi2: -96.6(97.2)°
C-Pt-PE-P%: -175.5(-112.8)"
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ground state, while in ref 10c, the energy gap between the
ground®B; and excitecPB; states is found to be 3.8 kcal/mol
at the B3LYP/I level. Note that the total energy of theP8;)
calculated at the B3LYP/I level in our paper,380.212 39
hartrees, is lower than that obtained by Valerio €falSince

the open-shell low-spifA, state cannot be described correctly
in the present implementation of DFT, we cannot make further
comments on the result of BalasubramarfarHowever, since

the difference is small, we did not pursue the issue further, as
the main purpose of the current work is to investigate the
reactivities of Pd

C. Reactivities of Pg. Since the potential energy surface
of P& + H2/CH, is relatively simple, we shall consider the
reactivities of P first.

Pd; + H,. The reaction mechanism of Pd- H, has also
been subjected to the study of Balasubramanian et al. at the
CASSCF-MRSDCI levef® In their studies, several “minima”
have been obtained i@, andCs symmetries with Pglfixed at
Dap local symmetry. Limited potential energy scans wiked

Ci TAGA)

Pty CH, Com2 -3.7(6.0) H—H distances indicate the existence of a “barrier” resulting

from the crossing of Pd+ H, and Pd + H + H potential
curves, which is a rather unusual argument since theHH
distances at the “crossing point” are quite different, 0.76 and
8.0 A, for the two potential curves, respectively. With our
experience in the case of,Pt H,, we feel that many important
regions of the potential energy surfaces have not been sampled
by their scans, which turned out to be the case, as we shall see
in the following discussion.

In optimization of Pg—H, complexes, we have obtained three
types of stable structureBgds H_Com1-3, as shown in Figure
2. The most obvious character of these complexes is that the
H atoms all occupy the bridged sites, either between two Pd
atoms in anp?-fashion or between three Pd atoms in@h
fashon. The reason has already been discussed in the case of
Pd; namely, a frontier orbital contains large s characters, and
therefore the spherically symmetric H atom prefers to bind at
bridged sites. Interestingly, structueds H_Com2 has H
atoms cis to each other (we expect the trans-isomer of this

P complex to be energetically very close to its cis-isomer and was
H-P-PC-Pt': 145.4°(127.9%) . . . . .
CPU PP, 1008 118.4) not included in this paper) and is far from planar, different from

C, 'ACAY the planar A structure studied in ref 9c. The structure optimized
Pt; CH; Comd  -9.2(-11.6) with planar constraint (not shown), as was done in ref 9c,

contains two imaginary frequencie of several hundred
Figure 4. Geometries (in A and deg) of intermediates and transition g yreq Si()

states involved in the CHactivation on Pf Plain numbers are for cm-, but is energetlca.”y. not fgr from the true r271|n!mum
singlet state, and numbers in parentheses and brackets are for triplePd_H_Com2. The optimized distance of PdPd-* with
electronic states, as indicated in the state label under each structureplanar constraint is 0.2 A longer than thatRu; H_Com2,
Energies (in kcal/mol, at the B3LYP/III level with ZPC) for both the  which indicates that by mixing the out-of-plane d orbital
singlet and triplets are relative to the singlet ground electronic state contribution to the PetH bonding, the PetPd bond is stabilized
reactants and are presented in italics. by minimizing the repulsion between hybridized d orbitals.

atoms in Pghave large s characters, and therefore this 60 kcal/  Energetically, these three structures are all very similar, and
mol difference can be s|mp|y interpreted as the promotion all have blndlng energies of around-335 kcal/mol relative to
energies (3< 20 kcal/mol for d° — sid?) that have to be paid  the ground-state reactantssPtl H,. These are all larger than
for all three Pd atoms during the Pfbrmation. those found in ref 9c, where the most stable isomer A has a
The results for Pgobtained here agree in general with the binding energy of 20.3 kcal/mol compared to the singlefd
previous CASSCF-MRSDCI study of Balasubramafizand H,. Presumably this is due to the fact that;Pds been fixed
the DFT study of Valerio et &% The three studies including o be equilateral in ref 9c. Similar to the case obPH,, the
the current one gave very similar atomization energies, which triplet states ofPd; H_Com1-3 are all very high in energy
are all around 60 kcal/mol compared to 3/)( The ground by an electronvolt or so and therefore have not been studied
electronic states, however, differ from one another in these further.
studies. The CASSCF-MRSDCI study of Balasubramafian As to the interconversion between these structures, an
gavelA; as the ground state. Valerio et'8fand we obtained  isomerization transition stateds H_TSi has been obtained,
the 3B, as the ground state. However, in our study3Bestate which according to the normal mode shown in Figure 2 connects
is energetically very close (1.3, 1.0, and 0.1 kcal/mol at the Pds_H_Coml andPd;_H_Com2. To be more specific, the H
B3LYP/I, B3LYP/II, and B3LYP/IIl levels, respectively) to the  atom that occupied the 3-fold bridged siteRd;_H_Com1 is

& (2.025) (2.791)

H-PC-PU-PE; -64.10-49.5)°

C-PU-PR-PC: -177.7(-130.5)°
C, [:\(ﬂ'/-\) 177(484)iem™! C l,-\("‘A)

H-P-Pe-Pit: 167.1°(100.8%)
C-PU-PC-Pt*: 103.1°(112.7%)

Pty _CH;_TSi2 -2.3(-49) Pta_CH;_Com3  -/2.4(-10.8)

H-Pr-PA-Pr: 114.7°(113.87)

C-Pil-pe-pi: -79.3'(-110.4%)
C,'aCA”)

Pt;_CH; TSi3  -7.1(-9.9)
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Figure 5.

moving away from the center of Bdand the other H atom is
moving up relative to the Rglane; eventually the two H atoms
occupy the P#-Pd and Pd—Pc? bridged sites, respectively,
both above the Pdplane, to formPds_H Com2. It is
interesting to note that since?lis nearly in the Pglplane at the
saddle point, the Pe-Pc? distance of 2.936 A iPd3_H_TSi

is longer than that in eithePds H_Coml or Pds_ H_Comz2,
which are around-2.8 A. This Is the same effect as mentioned
above in the discussion of planar versus nonplegrH_Comz2.
The isomerization barrier is small, about 4 kcal/mol. This is
not surprising since the P¢H interaction is hardly affected
during the isomerization process. For the interconversion
betweenPd; H Com1 andPd; H Com3, a similar situation

-35.0
Pd_X_Com2

Pd_X_TSi

Schematic potential energy profile (in kcal/mol, at the B3LYP/III level with ZPC) for th&CH, activation on Pgl

optimization verify that no activation barrier exists on the
singlet-state potential energy surfaces leadingdg H_Coml,
while the highly symmetric pathway leading directly to
Pds_H_Com3 has a large barrier. Therefore it is expected that
Pds_H_Comg3is formed via isomerization froffds_H_Comd1,

but not directly from H + Pd;. Similar to the case of Be

H», the minimum on the seam of crossing (MSX) between the
singlet- and triplet state-surfaces constitutes the approximate
barrier for the actual activation process starting from the triplet
ground state. However, since the singlatplet splitting is
much smaller in the case of Pthan Pd, 4.7 versus 12.8 kcal/
mol, it is expected that Rdn the ground triplet state is more
active than Pglin the H—H activation process.

is expected, and therefore no transition-state search has been Pd; + CH4. To our knowledge, no reaction mechanism has

carried out.

The most important and interesting issue is probably the
activation process leading;H Pd; to either of the compounds
found here. Despite several trials starting from different
geometries, no transition state fop Hctivation on the singlet
state has been obtained forsPdAll TS optimizations led to
activated complexes such Bes_H_Com1, which implies that
H—H activation takes place without barrier on the singlet
surface. To verify this, we have carried out partial optimizations
along two paths which are shown in Scheme 1. In the @st,
path, we fix the distanc® between the HH center and the

been studied in detail before. However, on the basis of our
studies on Pgd+ CH; and Pd + H,, we may make a few
speculations before any calculations. First of all, the H atom
is expected to occupy the bridged sites ands@Hocalized on
a single Pd atom. There might exist two activation pathways:
one proceeds in an asymmetric fashion while the other is
symmetric, as we found in Rd- CHg.11

Indeed, our calculations verified most of the expectations.
First of all, we have considered the symmetric pathway and
obtained the €H activation transition stat®ds CH3z_TSal
and the producPd; CH; Coml. In Pd; CH; Coml, the H

Pcé—Pc? center at each step and optimize the other parametersoccupied the 3-fold bridged site, while Gl devoted to one

fully while keeping H-H in the C; plane, the plane containing
Pd and the P&-Pc? center and perpendicular to thespdane.
This path is designed to lead B3 H_Com1. In the second,
C.., path, an additional constraint that thespthne bisects the

Pd atom. The relative orientation of H and &Hn
Pds_CH3z Coml can be either cis or trans, but has little effect
on the energetics due to the large distance between them; the
transPds_CH3;_Comlis more stable by 0.3 kcal/mol than the

H—H bond perpendicularly has been added,; this path is designedcis-isomer. Note that theis-Pd;_CH3;_Com1isomer directly

to lead to structures liked;_H_Com3. The results of partial

connects to the CH activation transition st&®e CHz_TSal
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0.0 |Ptz+HX

Singlet
-------- Triplet

Pt_X_Mol cis-Pt X Coml Pt_X_Com2 Pt_X_Com3 ftrans-Pt_X_Comd ¢is-Pt_X_ComS5
Pt_X_TSa Pt_X_TSil Pt_X_TSi2 Pt_X_TSi3 Pt_X_TSid

Figure 6. Schematic potential energy profile (in kcal/mol, at the B3LYP/III level with ZPC) for théCH, activation on Pf Solid curves are for
singlet electronic states, and dotted lines are for triplet states.

SCHEME 1 Referring to the asymmetric pathway in the;P€H, system,
o we have also studied and found an asymmetric mechanism in
\;Hz the Pd—CH, case. In this mechanism, the activation TS

Pds_CH3 TSa2 can be regarded aBd, CHs TSal in the

\ dimer casé plus an interacting Pd atom. Indeed, the £H

‘ Pd—Pdf part in Pd;_CH3 TSa2 is nearly planar and very
similar to the structure d?’dz CHs3_TSal The barrier height

: for the asymmetric path is also Iarge 14.6 kcal/mol measured
from the ground-state reactant. In addition, we have found a
complexPds_CHs_Com2, which is energetically higher than
Pds_CH3z Comland is only 2.3 kcal/mol below the reactants.
@ (b As seen from its geometry, the lower stability of the
Pds_CH3_Com2complex obviously comes from the repulsion
between the H and CGHoroups. Intrinsic reaction coordinate

and energetically lies 9.9 kcal/mol lower than the ground-state (IRC) calf;ulatlons confirm than3—CH3—Tsa2 connects the
reactants. No isomerization saddle points between the cis- andcomplexcis-Pds_CHs_Com1with Pa CHs Com2. As men-
the trans-isomers have been searched, since we expect a verg?ned .above,. theis-Pd;_CHa_Com1 complexis only 0.3 kcgl/
small barrier. The isomerization barrier is indeed insignificant, ol higher in energy thartransPd;_CHs_Coml and is
as we shall see later for the similar structure gt-Pt,. Another expected to be separated from the latter with a very small barrier.
complex in which CH occupies the Fi-Pc? 2-fold bridged The schematic profile for the reaction ob/Hs + Pds is
site and the H atom occupies the 3-fold bridged site, summarized in Figure 5. In short, we found that although the
Pd;_CH3; ComY, has also been obtained. However, the energy products of C-H activation on Pglare similar energetically to
of this structure is relatively high, merely 4.6 kcal/mol below those in the dimer system, the activation barriers are significantly
the ground-state reactants, sinces(Qirefers a directional bond  higher, raised from<10 kcal/mol in the Pglcase to>15 kcal/
instead of a bridged site. Therefore, we will not discuss in more mol in Pc. This is in accord with the experimental results of
detail this complex or the transition states separating this Cox et al.}3 where the rate constant of GHctivation on Pgl
complex from the dissociation limit, Bd- CH,. is much larger than that on Pdr Pd,. The reason for this can
The character of the symmetric activation transition state, be traced back to the s character of Pd atoms in the cluster, the
Pds CH3 TSal, should be quite obvious from its structure and argument proposed by Siegbahn etéaln Pd, as established
the normal mode presented in Figure 2. Compared to the Pd in previous studies and also from the Mulliken population in
CH, system, the barrier height for-€4 activation in Pd is Table 3, the two Pd atoms are mainly in thei donfigurations,
rather high, 18.0 kcal/mol, and nearly doubles the barrier in and therefore the repulsion between the dimer and the incoming
the dimer case. The reason for this shall be considered a little CH,4 is small, which implies a low barrier. In the case of;Pd
later. however, all the Pd atoms have significant s character even in

C, assumed C,, assumed
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the singlet state, and therefore a larger repulsion betwegn Pd
and the incoming Cklis expected, which results in a higher
barrier. Since this effect is not present in the final products
and their stability depends on the triplet configuration of,Pd
we see that the €H activation products in Rdand Pd have
similar binding energies.

D. Reactivities of Pg. Ptz + H,. The reaction of Rt+
H, has been studied by Balasubramanian €t alith the

In the next step, one H migrates from thé Bite to another
Pt atom. Since almost all of intermediates and transition states
starting from thePts H_Com1 haveC; symmetries, we have
calculated only the energetically lowest triplet and singlet states
regardless of their space symmetry. Due to the asymmetric
character oPts_H_Com1 with two (PE—P# and Pt—Pf) short
and one (Pt-P?) long metal-metal bond, the migration would
preferentially lead H to the Psite via migration of H along a
CASSCF-MRSDCI approach. Similar to their former studies short bond rather than to the?Rite via migration of H along
on P& + Hs and Pi + H,, 0n|y limited potentia| energy scans the Iong bond. With this in mind, we have obtained the
have been carried out and some “barriers” were observed. AsiSomerization transition statets H_TSil on the singlet and
was demonstrated in the above discussions, full geometrytriplet surfaces. Although no IRC has been followed, the
optimization leads to qualitatively different mechanisms. In- structure ofPt;_H_TSi1, rather similar in nature to the dimer
deed, the planar structures obtained by Balasubramaniafet al. case, suggests that this TS takés H_Com1to Pt; H_Com2.
turned out to have usually more than one imaginary frequency, Measured fronPt;_ H_Comd, the barrier height for H migration
with some as large as 700i cth is 8.0(7.7) kcal/mol (with ZPC) on the singlet (triplet) surface,

According to our studies on the P# H, system, H-H which_ is significantly higher than that, 1.0(2.0) kcal/mol, for
activation preferentially takes place at first on one metal atom. the dimer case. The reason is that the resultant complex for
Then one of the H atoms is transferred to the other metal with the trimer,Pts H_Com2, is less stable, in contrast to the global

negligible barrier. The activation mechanism of Bn Pg
follows the same pattern, as we shall explore in the following.
Similar to the study of Bt-H,, we have calculated both singlet
and triplet states, and states of different irrep (irreducible

minimum Ptz__H__ComZ for the dimert! In Pt H_Com2, the
H1—Pt—P#—H? part is rather similar t®°t, H_Com2, with a
dihedral angle around 90 It is interesting to note that, although
Pt and P? both have an H atom bound to them, the distances

representation) have all been calculated for the triplet whenevert© Pt are ra'iher different. The PtP# bond, trans to the in-
the structure has symmetry. For the singlet electronic statesPlane H—Pt bond, is significantly longer than the PtP¢

only restricted closed-shell calculations for totally symmetric

bond, perpendicular to the?HP bond. Evidently the P

irrep have been carried out, and therefore singlet states not oft bond, orthogonal to the Pplane, does not affect the®Pt

totally symmetric irrep (such a%A” in Cy have not been
considered. This is practically forced because large spin

P2 interaction, while the P+P# bond is weakened by the
competitive interaction of the trans-H atom. These geometry

contamination is expected for these states due to the close lyingthanges oPts_H_Com2 are more significant for the singlet

triplet states. However this may be justified, as many of singlet
intermediates and transition states h&@¢esymmetry, and even

in Cs symmetry!A’ and!A’"" states are similar in energy as is
seen for manyA’ and3A" states.

First of all, a rather strong molecular complétz H_Mol,
has been found on th®’, 3A’, and3A" states. The PtPt
distances stretch slightly compared to those in the freeda
larger extent for the triplet than the singlet. The structure is
far from C,, for all the electronic states, implying significant
hybridization of the metal d orbitals during the+®t interaction.
For all the electronic states, the-Ht distance inPts;_ H_Mol
is much longer than the corresponding distance in the dimer
case, which is in line with the larger;Hbinding energy for the

trimer complex. Among the three states considered here, the

3A"" is the lowest, 23.8 kcal/mol below the ground-state singlet
reactant, and théA’' and3A’ states are 3.7 and 4.3 kcal/mol
higher in energy thaPA'’, respectively. The next step, parallel
to the dimer case, is the+H activation via the transition state
Pts H TSato formPt; H_Coml. Despite the large imaginary
frequency and 2.1(1.4)[3.2] kcal/mol barrier height (fat, A’

in parentheses arfd\"" in brackets, respectively, measured from
the molecular compleRt;_H_Mol) at the B3LYP/BSI level,

state than for the triplet.

Although the compleXPts H_Com3, corresponding to the
product of H migration along the long bond frdpts_ H_Comi,
is calculated to be energetically lower thetg H_Comz2, all
our attempts to find the transition state connecktgH_Com1
to Pts H_Com3 underC; symmetry converged Bts H_TSil.
We believe that the path connectinBts H Coml to
Pts H Com3 is energetically higher thaRt; H_TSil con-
nectingPts_H_Com1 with Pt3_H_Com2. Therefore, the only
way to reachPts_H_Coma3 appears to be the migration of the
H2 atom fromPt;_H_Com2 from P# to P via the short Pt~
P€ bond. The migration transition stafés_H_TSi2 has been
obtained, as shown in Figure 3. The procBgs H_Com2 —
Pts H_Com3is found to be exothermic by 10.7(4.1) kcal/mol
(with ZPC) on the singlet (triplet) surface and occurs with a
1.1(1.6) kcal/mol isomerization barrier frofts H_Com2 at
Pt H_TSi2. Note that, although the two-+HPt bonds prefer
to be perpendicular in the singlet state Rt H_Com3, the
most stable triplet structure has the twe-Pt bonds trans to
each other. This is exactly the same as found in the singlet
and tripletPt_ H_Com2.1! Evidently, the trimer complexes
still hold a character of the dimer complexes. The singlet

the activation barrier disappears for all three electronic states Pts_H_Com3is 26.6 kcal/mol below the ground-state reactants.
upon improving its energetics using the B3LYP/BSIII method. The triplet structure oPt; H_Com3 has similar geometries

In the complexPt;_ H_Coml, the structure is highly asym-
metric. The PPt bond is significantly longer than the other
Pt—Pt distances, which clearly comes from the fact thati$t
interacting with two H atoms. The HPt bonds substantially
bend toward the P+P® bond so thatPts H_Mol can be
regarded aPt;_H_Mol 't with the third Pt atom, Ptinteracting
from the back side. Among the three electronic staias,is

the lowest, 23.8 kcal/mol (with ZPC) below the ground-state
reactants, withA' and3A’ 3.7 and 4.3 kcal/mol higher in energy
than®A", respectively.

(except for a dihedral angle) and energies.

We have also obtained a few other structures that contain
bridged H atoms.Pt; H_Com4 is a symmetric structure, which
resemblesPts H_Coml in the case of the Pd trimer, except
that H avoids the 3-fold bridged site which is the consequence
of low lying s orbitals for Pt. The relative orientation of the
two H atoms can be either cis or trans with an energy difference
between the corresponding structurgis-Pts_ H_Com4 and
trans-Pt3_H_Com4 of only 0.2(2.6) kcal/mol for the singlet
(triplet) state. The isomerization transition stdte, H_TS(cis-
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trans), has been calculated only for the singlet state and is found structure of similar character is expected to connectriues
to be 3.0 kcal/mol higher than the trans-isomer. The calculated Pt; H_Com4 andtransPts_ H_Comb5. Since triplet states of

imaginary frequency is only 165i c, which is consistent with
the low barrier from either conformation. Energetically, the
singlet and tripletrans-Pt; H_Com4 lies 22.9 and 27.1 kcal/
mol below the reactants, respectively. Interestingly, for
Pts H_Com4, although the3BA" state is rather stable, in fact
more stable than the singlet, th&' state is very high in energy,
~20 kcal/mol and above. Going frofA"" to 3A’ involves an
alteration of the orbital occupation where tH¢-#DMO in SA"

is replaced by the'aLUMO. Judging from the molecular
orbital coefficients, we see that this change of electronic
configuration involves an electronic excitation from an orbital
with a large s/d component on?Rb an orbital with Pt—P£
antibonding character, which is clearly strongly destabilizing.

The isomerization transition state betwdy H_Com3 and
trans-Pts H_Com4 has also been obtained on both the singlet
and triplet electronic states, which43_H_TSi3 in Figure 3.
The structure oPtz H_TSi3 is more I|kePt3 H_Com4 than
Pts H Comg3, where H is already in a rather symmetric
position relative to Ptand Pt, especially in the singlet state.
IRC calculations on the singlet state further verified that
Pts_H_TSi3 actually connect®t; H_Com3 andPts_ H_Com4.
The isomerization barrier is not Iarge on either the singlet or
triplet state, which is 6.8 and 1.4 kcal/mol, respectively, relative
to the complexPt; H_Com3.

Another structure,cis-Pts_ H_Com5, which resembles a
complex for the Pd trimer, is obtained. The geometncisf
Pts H Comb5 is indeed very similar tdPts_ H_Com2, except
that the planar constraint is energetically unfavorable here.
Optimization with a planar constraint, as was done in ref 9c,

the complexegis-Pts H_Com5 andtransPt; H_Com5 are
higher in energy than their singlet states, we expect that the
transition state connectirgfs H_Com4 with cis-Pts_H_Com5

on the triplet surface will be very high in energy and therefore
was not investigated here.

Summarizing the complicated potential energy profile, the
mechanism of HH activation on Pfis shown in Figure 6.
Compared with the case of PtH,,1! the initial steps of H-H
activation from the molecular compléX,_H_Mol (n = 2, 3)
to Pt,_H_Coma2 are rather similar, although the energetics differ
a little. Due to the existence of the third Pt atom, the H atom
can migrate further fronfPts H_Com2 and form various more
stable complexes. On both the singlet- and the triplet-state
surfaces, both RPtand P% can activate the HH bond without
barrier. However, the ground state of, B4 triplet with the
singlet state around 10 kcal/mol higher in energy, while in the
case of Py, thelA; state has been obtained as the ground state.
Therefore, the singlet products ofHH activation are expected
to be formed more efficiently on Pthan on PL

Pt; + CH4. Finally, we discuss the mechanism of-& bond
activation in CH on Pg. According to our experience in the
comparison of Bt-H; and Pi—CH,, we expect a mechanism
for the C-H bond activation similar to that for the +H
activation. Indeed, the optimized structures fretg CHs_TSa
to Pts_CH3_Com4in Figure 4 are very similar in geometry to
the corresponding ones in the- activation process discussed
above. Since Ckifavors a directional bond over a bridged
interaction, no structure resemblirigts H_Comb5 has been
obtained. Another important difference betwee@&rid CH

leads to a structure that has two large imaginary frequencies insystems is the lack of molecular complex in £H'he potential

irrep by and a and is~10 kcal/mol higher in energy. Clearly,
the hybridization of d orbitals in the metaH bonding for Pt

is energetically important. Another difference from the case
of the Pd trimer is that an isomer with one H atom below and
the other above the pplane exists in the case of Pt, which is
transPts_ H_Comb5 in Figure 3. Searches for the similar
structure in the case of the Pd trimer leadRd;_H_Com1.

energy profiles in Figure 6 suggest that QHolecular complex
is likely to be energetically unstable relative ta Pt CH; and
does not exist.

Since the structures in thes&—H activation are very similar
in character to those in the+H activation, we shall con-
centrate on the energetics in the following discussion. Similar
to the case of B+H,/CHy, as seen in Figure 6, the energies of

Evidently as soon as the repulsion between the two H atoms isthe structures in the PtCH, system are consistently higher
avoided by moving one H to the other side of the plane, the than those in the HH activation processes by +20 kcal/
other H atom occupies the favorable 3-fold bridged site and mol, which comes from the weaker-PE€Hz bonding energy

formsPd;_H_Coml. EnergeticallyfransPt; H Com5is 2.9
kcal/mol hlgherln energy thatis-Ptz_H Com5for their singlet
states. For the triplet states thansPt; H_Com5 and cis-
Pts H_Com5 complexes are close in energy. The singist
Pts_H_Comb5 is calculated to be 14.7 and 23.5 kcal/mol (with
ZPC) below the reactants at the B3LYP/BSI and B3LYP/BSIII
levels, respectively. However, the triplet states aé-
Pts H_ Com5 andtransPts H_Com5 have been found to be
rather higher (22.9 and 19.9 kcal/mol at the B3LYP/BSI level,

relative to that of PtH, approximately 1718 kcal/mol
obtained from the monomer calculations. Indeed, the relative
stabilities amongPts X _Coml, Pts X_Com2, andPts_ X_Com3
as well as the isomerization barriers between them are very
similar in the cases of X= H and X= CHjs, especially on the
singlet-state surface.

An interesting result from the current study is that the barrier
height for C-H activation is much lower in Rtthan in Pt
measured from the corresponding ground-state reactants. To

respectively) in energy than their singlet states, presumably he more specific, on the singlet-state surfdelg, CHs_TSais

because of the change of electronic configuration involving
excitation from the bridged PtH bonds to the antibonding
orbital of PE—P#®. Indeed, optimization of triplet states3A"
leads to breakage of the bridged-+P{—Pt bond, H becomes
localized on one metal atom, and thé-F®?# and Pt—P& bonds
also become significantly longer.

cis-Pts_ H_Comb5 can be formed via an isomerization transi-
tion state, Pt3 H_TSi4, from the cis-symmetric complex
Pts H Com4. The reaction path motion is basically migration
of H2 from PE to Pt, as indicated by the normal mode presented
in Figure 3. The barrier height is 3.2 kcal/mol on the singlet-

only 1.1 kcal/mol above the reactants, WHHQ CHa_ “TSais
10.7 kcal/mol above the triplet ground-state react&htSimi-
larly, the triplet statePts_CH3_TSais 0.4 kcal/molbelowthe
reactants, whil®t, CHs_ TSais 2.6 kcal/molbave the ground-
state reactants. Note that, since the reactions take place in
the gas phase, the rate-determining factor here is the energy of
the barrier relative to the reactants, and the stability of the
weakly bound molecular complex is not of much relevance. In
addition, the ground state of Fs triplet, while that of Piis
singlet although very close in energy to several triplet states.
Therefore the activation of Ctbn the singlet state of Phas

state surface. Although not studied here, a transition-stateto involve an intersystem crossing step, either before the
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