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The important intermediate pherytopper metal complexes §8sCu,]~ (m = 1—3), which are produced

from the reactions between copper metal clusters formed by laser ablation and the benzene molecules seeded
in argon carrier gas, are studied by photoelectron spectroscopy(PES) and density functional theory (DFT).
Their structures and bonding patterns are investigated, which results in the conclusiogHghaitdDps bond
perpendicularly on copper clusters through-@io bond. The formation mechanism of these complexes has
been studied at B3LYP//6-311G(d, p)/Lanl2dz level. Direct insertion reaction betweg}t [@nd GHe yields
intermediate complex [§1sCuyH]~, and then eliminates the H atom, or releases the H atom to other neutral
Cu atoms or anionic Cu ions via H abstraction reaction. The first step is the rate-limiting step with C
activation and cleavage, and H abstraction by neutral Cu atom is the most energetically favorable pathway
for the final step. Moreover, the complexddsCu,] ~ is ascertained to be easier to be generated thgs{Tle]

and [GHsCu]~, which are in excellent agreement with the experimental results.

1. Introduction SCHEME 1: Possible Formation Mechanisms of [GHs—
Cup]~ (m = 1-3) Complexes We Suggested

CeHet{Cun] —— [CeHs-CupH] —— [CeHs-Cun] +H @

Studies on the chemical interactions between metal clusters
and organic molecules could provide useful information for
further understanding some important heterogeneous catalytic
processes in the organometallic chemistry fietlAdditionally,
verifying the structures and properties of these formed com- cu_y
plexes can develop a microscopic level description of many
heterogeneous catalysis reactions (for example the Ullmann ] .
reactiorf). Since the active points in the catalysis reactions or Pathway is turned out to be the most energetically favorable
the Raman enhancement pr|nc|p|es are |Oca||zed near the edgegne All these results glVe aclear dlagram about their StrUCtures,
or the defects of metal surfaces, study on the fragments adsorbedhe bond interactions and the formation processes.
on small metal clusters can be a promising platform.

In recent years, a lot of experimerftal? and theoreticaf-16 2. Experimental Methods
investigations on the interaction of metal clusters with benzene
have been carried out because the gas-phase reaction is suitab
model system to shed light on the reaction mechanis#i.All
these results indicate that a phenyl group on orderly metal
surfaces has the slightly titled configuration through metal
carbon bond. However, the species of phenyl group couple
on metal atoms or clusters are a kind of very important
intermediates in catalytic proces$€g!

In this paper, we report the first observation and characteriza-
tion of phenyl groups coupled on small copper metal clusters
[Cum]™ (m= 1-3) in gas phase using mass spectrometry and
anion photoelectron spectroscopy. The bonding structures of
these complexes are obtained by a combination of experimental
and theoretical studies. Furthermore, the systematically theoreti-
cal investigation of formation mechanism of these complexes
[CumCeHs]~ (m = 1-3) in the ground state is performed. The
reaction mechanisms are shown in Scheme 1, in which the third

—L&T 5 [CeHs-Cun] +[CuH]  (2)

[CeHs-Cug] + CuH 3)

Details of the apparatus have been published elsevifere.
ﬁere a brief description is presented. The pure copper metal
disk targets are ablated by a pulsed laser beam (532 nm Nd:
YAG laser, 10 mJ/pulse), and the targets are rotated during the
dexperiment. The laser-induced plasma is mixed with benzene
(analytical reagent) in a channel, and the benzene is seeded in
argon (purity 99.99%) carrier gas delivered by a pulsed valve
with a backing pressure of about 400 kPa. The volume ratio of
benzene in the mixed gas is about 0.2%. The pheogpper
metal clusters formed are entrained with the carrier gas and
undergo a supersonic expansion. After passing a skimmer, all
products are into the accelerating area, and then negatively
charged clusters are extracted perpendicularly from the col-
limated cluster beam for size analysis by a reflectron time-of-
flight mass spectrometer. The resolutidi/AM) of the mass
spectrometer is about 2000, so it is easy to resolve the number
of the hydrogen atoms in the products. The products of interest
“To whom correspondence should be addressed are mass selected and photodetached by a XeCl excimer laser
* Dalian Institute of Chemical Physics. ' (308 nm), respectively. Photoelectrons are measured by a
* Institute of Chemistry. magnetic-bottle time-of-flight analyzer and calibrated by the
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Figure 1. Typical mass spectra of the anion products by laser
vaporlzatlonllonlzatlpn of copper metal samples into a mixture of argon 00 05 10 15 20 25 30 35
and benzene. The inserts in A and B shows the enlarged part of the o
spectra, which contain [GiCsHs]~ products and iodine anion mass Binding Energy (eV)
peak. Figure 2. Photoelectron spectra of [GHCeHs] ™ at 4.03 eV photon

energy. (The arrows indicate the intensity 20% of that of the lowest
known spectra of Ag and Au. The energy resolution of the  maximum in each spectrum and these were approximately considered
instrument is approximately 70meV for 1 eV electrons. to be the adiabatic EAs. The stick spectra are the occupied energy levels
from the DFT calculations in the spirorbit option by aligning the
3. Computational Methods highest occupied level(s) with the threshold feature.

All the calculations are accomplished with the set of [Cu-CHJ
Gaussian03 prografiAll full optimizations of geometries and 86
harmonic vibration frequency calculations of the reactants,
transition states, intermediates and products are performed with
the method of three-parameter hybrid functional of Becke using
the Lee-Yang—Parr correlation functional (B3LYP)of hybrid
density functional theory (DFT). The standard basis set 6-311G-
(d, p) is used for C and H atoms, while the Lanl2dz BCTP
basis set is adopted for Cu atom. It has been shown that these
theoretical methods are currently the most accurate and ap-
propriate approach for studying the structure and energetics of
organocopper molecules and the copper clugfefs. All

Relative Energy Intensity

AEA=1.

1 1

L L

transition states are located without imposing any constraints 00 05 10 15 20 25 30 35
during the geometry optimization process and are confirmed Bonding Energy (eV)

by one imaginary mode from vibrational analysis calculations. Figure 3. The same as in Figure 2, except for [EtCsHs] .

In all cases the vibrational mode with the imaginary frequency )
is verified to connect a specific pair of stationary points TABLE 1: EAs (eV) of [Cun—CeHs] (m = 1-3) and Their

(reactants, products, or minima associated to intermediatecOrresloonOIIng Pure Metal Species

species) by performing the necessary intrinsic reaction coordi- Cl (Cun—CeHs)
nate (IRC) calculations with step size of 5 (in units of 0.01 copper metal EA EA
amu2 bohr). All energies reported here are corrected with the species EA (expy cal)
zero-point vibrational energy (ZPVE). Since recent repg8is Ccu 1.23 0.60
seem to indicate that the charges evaluated using the atomic Clp 0.84 2.58 2.37
polar tensors (APT) are more representative of the electron Cus 2.27 1.54 1.53

density distributions and are also relatively insensitive to basis  a perived from PES experiments in refs 31 and '8Zhe error bars
set variations, to carry out charge analysis, we have computedwere within 0.10 eV.
the APT charges from the calculated wave functions of the

optimized geometries of these complexes. electronic and vibrational (if the resolution is enough) informa-

tion of the neutral species corresponding to the anionic cluster
geometry. EA is defined as the energy of the origin transition
4.1. Mass SpectraAs shown in Figure 1, anion phenyl between the ground state of the anion and the ground state of
copper complexes [GiCsHs]~ are the dominant products of  the neutral.
the reactions. The lpeaks presented (coming from the trace  Figures 2 and 3 show the PES results of JE@sHs]~ (m=
CHal mixed in argon purposively) are very helpful for assign- 2, 3) at 308 nm photon ¢h~ 4.03 eV). Their electron affinities
ment of the products. An exception is that the produced{Cu (EAs) of GHsCu, (m = 1—3) and the corresponding pure
CsH4] ™ is more than [CaCgHs] —. This can be an evidence that  copper metal specigs®?are presented in Table 1. The EAs value
copper atom tends to show bivalent rather than univalent in its of calculated by DFT method is in excellent agreement with
organic compounds. that determined in the experiments. It can be seen thatdHe C
4.2. Photoelectron Spectra.The photoelectron spectra Cus exhibits lower electron binding energy and large energy
represent transitions from the ground of the anions to the groundgap, which indicate that the neutral cluster is closed-shell, and
and excited electronic states of the neutrals. The anions are inits highest-occupied-molecular orbital (HOMO) is occupied by
their electronic ground state because they are cooled in atwo electrons, so the charging electron, which makes the species
supersonic expansion. When the photodetachment processegative, would occupy the lowest-unoccupied molecular orbital
happens, this process is much faster compared with the(LUMO). However, the @HsCuw, shows higher electron binding
movements of the nuclei. Consequently, PES provides the energy, which suggests that it is open-shell electronic systems.

4. Results and Discussion
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Figure 4. Optimized structures with some important bond lengths for the complexes gf [dCsHsCuy|~ (M = 1—3) CuH.

TABLE 2: Point Group and Energetic Characteristics for the Five Kind Isomers of [CgHsCus]~ and Transition State of
Geometry Conversion between Them

[CeHsCug] ~ isomers | 1l TS 1l v \%

point group Co Co C Cs C Ca

Eo (Hartree) —820.146045 —820.145962 —820.137614 —820.138258 —820.138216 —820.138174
relative energyAE 0 0.0521 5.291 4.886 4.913 4.939

Its HOMO is occupied by only one electron, so the charging 2. The one of lowest-energy is a Y-shaped structure With
electron would occupy the other position of the HOMO, which symmetry, where the 4Eis group is perpendicular to the plane
makes their EAs higher. This can be explained by the electron of Cus cluster. The energetically closest isomer is also a Y-shape
pairing effect, just like the pure copper clusters, in which the with Cy, symmetry, where the ¢Els group rotates to the same
EA of the odd-numbered pure copper cluster is larger than that plane of Cy cluster. The energy difference between these two
of an even oné% 36 Because each metal atom in the clusters Y-shaped structures is only 0.05 kcal/mol. All of other three
contributes a single s valence electron to the bonding orbitals, structures are almost 4.9 kcal/mol higher in energy than the
the odd-numbered pure coinage metal anionic clusters arelowest-energy structure. And the activation energy barriers from
closed-shell. The electron in a doubly occupied HOMO will the structures (1, 1) to structures (lll, 1V, V) are about 5.2 kcal/
feel a stronger effective core potential due to less effect of the mol. The geometry of this transition state (TS) is also displayed
electron screening for electrons in the same orbital than for the in Figure 4. Therefore, the structures (lll, IV, V) can be safely
inner shell electrons. By this analysis, theHg group acts like ruled out only for reasons in energy. Very recerflit,has been
an additional copper atom in these complexes that it contributesascertained that the structures o&lHzAgs]~ and [GHsAug]
a single electron to bond with the metal fragment and the most are similar to the above two geometries by the experiment of
possible bond is €ECu o. photoelectron spectroscopy and relativistic DFT calculation.
4.3. Structures of Stable SpeciesTo support the experi- Moreover, the assignment of the most possible structures is
mental result, the structures of [(u (m = 2—4) and given on the base of relative energies and the comparisons
[CsHsCuy]~ (m = 1—3) are optimized by DFT method. The between the theoretically calculated DOS and the experimental
optimized stable ground-state structures of these complexes ard’ES spectra. The structural assignment method has been widely
presented in Figure 4. The ground-state{|Cus optimized to used in cluster studi€g43 The theoretical density of state
be only linear-structure without triangle-structure, in accordance (DOS) is shifted by setting the HOMO level of the spectra to
with the earlier studie®-36 The ground-state [GJI is opti- give the negative of the DOS value for the complex. This is
mized to be two isomers: a Y-shape structure and a linear form. called the theoretically generalized Koopman theorem (GKT)
The Y-shape structure is 2.0 kcal/mol lower in energy than the shifted DOS'® The comparisons of theoretical results with

linear form. All the Cu-Cu bond lengths of [Gy]~ obtained
here are consistent with the reported data by experidteff.
The optimized structures of fElsCu]~ and [GHsCu,] ~ belong
to C,, symmetry, in which the gHs group couples with the Cu
atom through €& Cu bond and €Cu—Cu are in a line with
the same plane of thesBs group. The complex [gHsCus] ~
has five different isomers {1V), and the corresponding

experimental PES of [GyCeHs]~ (m = 2, 3) are shown in
Figures 2-3. Here it should be noticed that in comparison of
the DOS spectra with the PES spectra, the importance is the
electron binding energy corresponding to the each feature and
not the relative intensity. The relative intensity also depends
on other factors such as the unknown orbital-dependent pho-
todetachment cross section. So here the DOS is plotted as the

structures and energy characteristics are summarized in Tablestick spectrum by aligning the HOMO level of anions with the
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threshold peak, instead of the fitted DOS spectra. It can be seeniM3b, via TS3a of 31.9 kcal/mol barrier. In this process, H7
that the energy gap between the HOMO levels in the DOS transfers to Cul4 directly. The other pathway is the terminal
spectrum agrees reasonably well with the experimental atom Cul4 in [Cy]~ attacking the C1 of benzene to give rise

PES spectrum. Furthermore, the structures | and Il gfl§Cus] ~ to anotherCs symmetry complex (IM33, which is 1.94 kcal/

are provided by the HOMOGLUMO difference of struc- mol more stable than the reactants. And an insertion of Cul4

tures | (1.33 eV) and Il (1.36 eV), which best match the gap in into the Ct-H7 bond yields the intermediate IM3kthrough a

PES. transition state (TS3pof 49.3 kcal/mol barrier. IM3bis the
From the structure investigations above, the geometries of most stable species in this reaction pathway, in which H7 acts

[CeHs5Clun-1]~ (M= 2—4) correspond to those of [G]I (m= as a bridge between the Cul4 and Cul3 atoms. However, a

2—4), respectively, in which the ¢Bls group acts just like an ~ migration of H7 from Cul4 to Cul3 evolves to yield species
additional copper atom in the clusters and contributes a single IM3b, through a transition state TS3if 12.6 kcal/mol barrier,
electron to bond with the copper fragment. The @u bond which is found by scanning the Cut#7 distance.

lengths obtained here are similar to each other and also similar |t can be observed that the generation of intermediate
to the results of another theoretical stf@ylhe small energy [CeHsCunH]~ (m= 1-3) is a key step with the GiH7 bond
difference between the two isomers ofsfGCus] ~ indicates  activation because of its large bond dissociation energy (109.1

that the GHs group could rotate freely through-Cu bond. kcal/mol). Then this reaction should take place easily. As listed
All of these results manifest that thelds group binds on the in Tables 3-5, along the pathway of forming EElsCuH]~
copper metal clusters though-Cu ¢ bond. (m = 1-3), the negative charge of [Glr (m = 1-3) is

4.4, Formation Mechanism of [GHsCum]~ (m = 1-3). As decreasing with increasing of the negative charges of benzene

shown in Scheme 1, one can see that the formation process ofgroup and H7. Clearly, the delocalization of the negative charges
[CeHsCuy~ (m= 1—3) is a two-step reaction. The first stepis  from [Cuy]~ to the benzene molecule leads to the activation
an insertion of [Cw]~ into the C-H bond of GHe to yield and cleavage of CiH7 bond. Then an insertion of Cu into
intermediate complex [§HsCuH] . The followed step is the ~ C1—H7 bond results in the formation €Cu and Cu-H7
generation of [GHsCuy] ~ with the release of H, in which three  bonds. However the modes of GYCu,] ~ and [Cu] ~ attacking
possible pathways are involved. Figure 5 presents the optimizedbenzene are different from each other. For On view of the
structures with some key bond lengths of various reaction existing lone-pair electrons (3sof Cu-, it affords lone-pair

species along the reaction pathway offfeCu,]~ (m= 1-3) electrons attacking H to form coordinate bond-Gdt Once
formation. the Cu-H bond is formed, the €H bond of benzene is
4.4.1. Generation of Intermediate §8sCu,H] ~ (m= 1-3). activated through the electron transfer frontGo the benzene.
As shown in Figure 6 about the formation mechanism of As to [Cw]™, it has a single electrons{) on the HOMO.
[CeHsCuH]~ (IM1b), at the initial stage of reaction, Canion Because the LUMO of benzene has a large orbital coefficient

moves to benzene molecule forming a reactant complex with aon the C atoms’), it is reasonable for [Gii~ to attack the C
bonding energy of 7.29 kcal/mol. And then Cis inserted into atom of benzene rather than H atom. In the intermediate
C—H bond, which results in the formation of intermediate [CsHsCuHCu]™ (IM2c), the charge distribution of Cul3, H7
[CeHsCuH]~ (IM1b). This process proceeds via a transition state and Cul4 is 0.1515-0.272,—0.352, respectively, as presented
(TS1a) with energy barrier of 49.2 kcal/mol, which is confirmed in Table 3. It is obvious that the interaction between
by the IRC calculation. Cul3 and Cul4 is strengthening, which compels H7 to migrate

Figure 7 presents the reaction of [fuwith benzene, at first, ~ from Cul3 to Cul4. As to [GJJ, it is necessary to mention
the planarC,, symmetry complex (IM2a) an@s symmetry that the distribution of negative charge is 0.124(Cul3),
complex (IM2b) can be formed. IM2a is more stable than the —0.562(Cu14)—0.562(Cul5), respectively. The central atom
reactants by 4.51 kcal/mol, where two Cu atoms interact with and the terminal atoms are not equivalent, which results in two
two H atoms of benzene, respectively; the energy of IM2b is Possible attacking modes. Additionally, it could be seen that
1.15 kcal/mol higher than that of the reactants, and then onethe charge of C1 of benzene+€.028. Itis reasonable that the
Cu atom interacts with GiH7 bond of benzene to form IM2c  central Cul3 (with positive charge of 0.124), as an electrophilic
through a transition state (TS2b) with an energy barrier of 26.4 reagent, is easier to attack the C1 in benzene than Cul4 or Cul5
kcal/mol. IM2c is the most stable species in this reaction (with negative charge of-0.562). Therefore, this leads to the
channel, in which H7 acts as a bridge between the two Cu atoms.€nergy barrier of TS3a in the second channel lower than the
However, by scanning the Cu3{7 distance, a linear config-  corresponding one of TS3a the first channel. On the other
uration species IM2d could be afforded, which is 7.71 kcal/ hand, it is worth to mention that, for all the reactions, to
mol higher in energy than IM2c. In this process, H migration overcome the higher barrier of TSman (= 1-3), excessive
is accompanied by a displacement of Cul4, via a transition stateenergy within hot metal clusters by laser vaporization is
(TS2c) of 14.3 kcal/mol barrier. necessary.

The formation mechanism of fBlsCusH]~ (IM3b) is shown The formation process of intermediate fECunH]~ is
in Figure 8. Three Cu atoms in [g]a are not equivalent each  followed by the reaction of elimination of H atom. From the
other, where negative charge mostly is distributed on the Figures 6-8, if the intermediate complexes §8sCuzH]~(m
terminal Cu atoms and the central Cu atom is of positive charge.= 1—3) release H atom directly to yield the complexes
In view of the unequivalence of the central Cu atom and the [CeHsCuy]~, the necessary energies are 78.7, 38.9, 64.8 kcal/
terminal Cu atoms in [GJ™, two competitive reaction pathways mol, respectively. Additionally, [eHsCwH]~ also could release
of [Cus]~ interacting with the benzene are considered. One is CuH to generate [gHsCu]~ with heat absorption of 38.8 kcal/
the central atom Cul3 attacking the C1l atom of benzene. mol, which is almost as much as the process of releasing H. It
Initially, a Cs symmetry complex (IM3a) is formed, which is is worth mentioning that, although the excessive energy from
more stable than the reactants by 3.21 kcal/mol. Then the centralCu clusters generated by laser may be kept to this stage, it would
atom Cul3 interacts with the €H7 bond of benzene, which  be consumed by the reaction collisional deactivation with carrier
results in the cleavage of the €H7 bond and formation of  gas. So this pathway is not easy to take place without enough



3252 J. Phys. Chem. A, Vol. 111, No. 17, 2007 Liu et al.
o
1 1.089 ‘f Syl
- 2.703 Jd
12 ‘j ‘fyam I o ‘1 R I’_ Al 0 ?
jf T ,l‘ L 3129 > ] ks 1.543
wg@ e 0G0, 0 ,
9 IM1a > 2TS1a - IM1b
1.086
12 - 1.082
v @ [p32 ’ D392 s DBH
@ ”ﬂ:;:sés"' 2548, 2425 2487 2410 1.686 . < 1,628
_..' | 2.392 ‘ o J “__“ ° 2.354
1’/‘ S { 2.016
‘) g 3,029 2.370 2.369 °
9 Im2a - Ts2za @ M2 @ TS2b =
A 9 usn.
o 973 1888 > 2.699.4 573 1982 2579 1.551 1.982 16294
209 39 T .9 90 9.9 2RI 9 LB '
2.580 ° \ 1985 2.388 2420
9
o4 J
IM2c(IM1c) -  TS2c(TS1b) - IM2d(IM1d) i IM2e
: 1.090 2967, ' 1.7;3. 1_542? 01.694
J“—d? 2369 1-55‘_‘1-24&_.‘2.527 - 2822 O
4409 .. € 1.975 2426 2.659.
3470 3365 200:@ 2300 20D S ‘ +0D-SD— |2.365
ol . 2.401 1.974 2411 3
IM3a - TS3a - IM3b - IM3c -
1.564
1.540 J
z"ga\zaszo'}d J
_ _dore . (y2aes 2.53¢
+0DEP @ 2363 1974 2550 @
2.466 D39 @
2.452
TS3c - IM3d
L 1.865 B 1.594
. 55 #1.462 D
- \ 2.391 = ) )—““ @ 21625
2082 - 2120 — @ 239 PP
4183 3399 &3P 19 q%?
IM3a’ - TS3a' - IM3b' -
. B 236144 g6 = e 2'?6?'}.
“ “955 ’ ,_ ‘ 2.008_1.543 99 20z < i 166174120
29 9 0y > @2 - 9 ’_Oz saso ? 010 ® 2614 )
I J 2697 02372 PP 278 2300 > i991 2.470
J J Jd J ' J 4 2420
TS3b' TS1b-2 TS2d-2 TS3c-2

Figure 5. Optimized structures with some key bond lengths of various reaction species along the reaction pathwlly@fJC (m = 1-3)

formation.

energy. Maybe [6HsCuyH]~ could release the H through other

However, the possibility of H7 removed by H particles and other

ways. Considering there are a lot of laser-induced plasma of fragments is considered to be very small, for these species are
Cu, a few of H particles and other fragments in the system, it very few in the system, even the reaction is thermodynamic

is suggested that the H7 of intermediateHigCu,H]~ could

controlled. Therefore, the H7 removed by Cu plasmas is the

be eliminated by these species through a second-order reactionmost possible pathway.
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4.4.2. Remang of H by Cu or Cu. As can be seen in Figures
6—8, the H7 atom is relatively easy to be eliminated by neutral
Cu. Initially, when the neutral Cu nears to the intermediates
[CeHsCuH]~ (m = 1-3), they form the complexes (IM1c,
IM2e, IM3c), in which the H7 acts as a bridge between Cu
atoms. All of these processes are exothermic wigt8.9,—24.7,
and —24.4 kcal/mol, respectively, which means the interac-
tions between neutral Cu andd@sCuH]~ (m= 1—3) are very
strong. After the formation of complexes ddsCuH—Cu],
the H atom of [GHsCu,H] ™ is abstracted by Cu to yield the
product [GHsCuy]~ (m = 1-3) and CuH. In the reaction of
[CeHsCuH]~ and neutral Cu, the process of IMiES1b-
IM1d occurred, as well as the process of IMZES2b-IM2d
in the course of forming [gHsCwH]~ IM2d (Figure 7). As far
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TABLE 3: Calculated APT Charge for All Stationary Points
in the Course of [CsHsCu]~ Formation

CeHs C1 H7 Cul3 Cul4d
Re —0.028 —0.028 0.028 —1.000
IMla —0.231 —0.140 0.146 —0.915
TSia -0.732 -0.207 —0.084 —0.084
IM1b —0.586 —0.213 —0.500 0.087
IM1c —-0.538 —-0.112 -0.272 0.151 —0.352
TSlb  —-0.622 —0.084 —0.208 0.315 —0.485
IM1d —0.515 0.007 —0.423 0.004 —0.006
P —0.406 0.033 —-0.370 —0.584 0.370

TABLE 4: Calculated APT Charge for All Stationary Points
in the Course of [CsHsCu,]~ Formation

CeHs C1 H7 Cul3 Cul4d Culb5
Re —0.028 —0.028 0.028 —0.500 —0.500
IM2a —-0.113 —-0.050 0.065 —0.474 -—-0.477
TS2a 0.094 1277 -0.121 -0.359 -0.612
IM2b  —0.025 1.108 —-0.162 —-0.193 -0.617
TS2b —0.15 0.389 —0.357 0.001 —0.442
IM2c  —0.538 —-0.112 —-0.272 0.151 —-0.352
TS2¢c —0.622 —-0.084 -—0.208 0.315 —0.485
IM2d —0.515 0.007 —0.423 0.004 —0.006
IM2e  —0.652 0.051 0.162 0.231-0.340 -0.371
P —0.593 —-0.061 -0.370 0.136 —0.544 0.370

TABLE 5: Calculated APT Charge for All Stationary Points
in the Course of [CsHsCus]~ Formation

CeHs C1 H7 Cul3 Cul4 Cul5 Cul6
Re  —0.028 —0.028 0.028 0.124—0.562 —0.562
IM3a —0.102 —0.026  0.084 0.103—0.540 —0.535
TS3a —0.679 —0.224 0.315 0.170—0.394 —0.410
IM3b —0.553 —0.042 —0.441 0.165 0.087-0.258
IM3c —0.556 —0.081 —0.176 0.209 0.085—0.113 —0.450
TS3b —0.586 —0.084 —0.069 0.306 0.028—0.337 —0.342
IM3d —0.538 —0.029 —0.487 0.245 —-0.101 —0.245 0.125
P —0.575 —0.048 —0.370 0.311 —0.367 —0.368 0.370
—0.591 -0.068 —0.370 0.318 —0.363 —0.363 0.370

[CeHsCuw] ~. The overall process is thermodynamically pre-
ferred for AE = —12.4 kcal/mol. By scanning the Cut4
H7 distance, we found that IM3c could first form species
IM3d, before releasing CuH and yielding the product. In
this process, the migration of H is accompanied by a dis-
placement of Cul6, through a transition state (TS3c) of
7.2 kcal/mol barrier. And then IM3d evolves to yield the
product.

As listed in Tables 35, for the intermediates [{ElsCunH]~
(m = 1-3), the negative charge distributes predominantly in
the benzene group and H7 atom. Although the neutral Cu atom
is not a charged patrticle, and the outmost orbital is only filled
with a single electron (4s). Because the HOMO oHeCuH]~
has a large orbital coefficient on the H7 atom, it is reasonable
for neutral Cu, as an electrophilic reagent, to attack the atom
H7 rather than benzene group. The delocalization of the negative
charge from [GHsCunH]~ to the electrophilic reagent Cu gives
rise to the stable complexesddsCuyH—Cu]™ (m= 1-3). In
the course of forming complex fEsCu,H—Cu]~, the charge
of H7 is delocalized to Cul4 and Cul5 simultaneously, which
results in the atoms Cul4-0.340) and Cul5-(0.371) with
the negative charge repelling with each other. Then the H7 is
abstracted directly by the Cul5, which leads to the formation
of CuH. Whereas, in the course of forming complexes of
[CeHsCuH—Cu]™ and [GHsCusH—Cu]~, the charge of H7 is
mostly delocalized to the neutral Cu, which strengthens the

as the IM2e is concerned, it directly releases the CuH and interactions between neutral Cu and the Cu near H. This results
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in the migration of H to neutral Cu via a transition state before
releasing CuH.

However, as shown in Figures—8, removing H7 of
[CsH5CuH]~ (m = 1—3) by the anion Cu, initially, need to
overcome the energy barrier of 59.4, 45.3, 47.8 kcal/mol,
respectively, to form a complex. This means the repulsive force
between anion Cuand [GHsCuyH]~ (m = 1-3) are very
strong. And what's more, the [CuHWwould has been involved
in the products if this pathway happened, while it is not detected
by the experiment. Therefore, this pathway is very difficult to
take place and could be ruled out safely.

On the basis of analysis above, the intermediat&lfCuH]~
(m = 1-3) releasing H to neutral Cu is turned out to be the
most energetically favorable. In addition, it is worth mentioning
that the yielded complexes §8sCuy]~ (m= 1—3) may go on
interacting with another neutral Cu to form the complex
[CeHsCuyr~ (m = 2—4). Moreover, these reactions are ther-
modynamically controlled foAE < 0 andAG < 0.

5. Conclusions

The phenyt-copper metal (atoms or clusters) complexes are
produced from laser vaporization. A combined experimental and
theoretical effort is made to elucidate the binding patterns,
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