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Routines for calculation of analytical second derivatives for the effective core potential have been developed.
The present version allows for spdf basis sets with spdfg projection operators for HF, DFT, and MP2 methods
and has been incorporated into the Gaussian package. Analytical frequency analysis has been applied to the
characterization of a critical structure of fRu,(u-H)4 and to the study of the mechanism of reaction between

Cu and CHN,. Frequency analysis demonstrates that the structure previously found as the transition state of
H, dissociation of CgRw(1-H)4 actually is a third-order stationary point. For various species of the system

of Cu+ CH;N,, DFT and MP2 second derivatives gave reasonable frequenei®s verage error) compared

to the experimental in most cases, except that theN\Nstretch was very poor at the MP2 level because of
spin contamination in pCuCH. On the basis of vibrational frequencies, assignment has been made for
adducts found experimentally between Cu and,’¥H The energetics was also studied with the PCI-80
method and compared with DFT amadb initio results. The best estimated binding energy for-Ci, is

60.8 kcal/mol. The end-on isomer is the only stabje@ICH, species, and the side-on-luCH, isomerizes

to the end-on form without barrier. The best estimate of binding energy feNCH, is 19.4 kcal/mol for

the end-on complex. The overall reaction for @uUCH,N, — CuCH, + N3 is 34.9 kcal/mol exothermic.

The reaction is found to take place without substantial barrier. The effect of recontraction of the ECP-
associated basis set in DFT calculations is also briefly discussed.

I. Introduction formt

It is well-known that the effective core potential (EGP) Lo
provides an efficient method fab initio calculation of systems RS ey b+l
containing heavy elements. ECP is also the only practical Uc(r) = U™ (1) + ;;1 IMIU(r) = U™ (O1TmI - (1)
method for taking into account the relativistic effects for
polyatomic molecules. Frequency analysis, based on analytical
second derivatives of energy, is widely used for calculation of ri
vibrational spectra and zero-point energy and entropy as well
as for search and characterization of equilibrium and transition
. : | _
state structures. Though routines for Hartré®ck analytical rE[UC(r) — Ué“(r)] = zdji[rgj exp(—fjrg)] (3)
]

NC
U™ ——| = Y dlrdexptgral -
c J

second derivatives for ECP (up to d Gaussian basis functions)

have been reported by Komornicki et athe lack of a widely

available analytical second-derivative package has been one ofwhereL is the largest angular momentum appearing in the core.
the stumbling blocks for a convenient use of ECPs. While the The total ECP is the sum &fc(r) over heavy atoms:

present paper is being finalized, the Hartr€®ck analytical

second derivative with ECP is implemented in the MESA ur) = ZUC(r) (4)
program?

In the present paper, we have developed the routines for ) o
calculation of analytical second derivatives for ECP and The calculation of the second derivative of the ECP total energy

incorporated them into the Gaussian packagghe present ~ formally rgquires not only the dgrivgtives of normal integrals
version allows for spdf Gaussian basis functions and spdfg @nd densities but also the derivatives of ECP integtéls
projectors for HartreeFock (HF), density functional theory  (9XadYs)(,|U|,0] whereXa andYs are Cartesian coordinates
(DFT), and second-order MgllePlesset perturbation (MP2) of atom A and B, respectively, an¢L and ¢) are basis
calculations. In the next section, we first present the method functions on atoms | and J, respectively. Since the form of the
used for implementation. The method was then used for ECPs is rather complicated, it is advantageous to replace the
characterization of a “transition state” structure for Cpru(  derivatives of the ECPs themselves by derivatives of basis
H)4RuCp. In the following section, we have applied the method functions by using the principle of translational invariadéer

for elucidation of the mechanism of reaction Gu CHyN», the second derivatives, for instance
which is followed by brief concluding remarks. )
Il. ECP Analytical Second Derivatives @L 8)? gY ¢3D:{D}2¢L/8X,8Y||UA|¢,J,D+
In the ECP method, the potential due to core electrons is AI B ’ .3 | ;
replaced by the effective core potential usually in the following (B, |UA10°¢,/0X,0Y [ H (3¢, /0X,|U|0¢5,/0Y[H-
® Abstract published if\dvance ACS Abstractdune 1, 1996. @4’1/ 3Y||UA|3¢1J;/ 8XJ[}] 6AB (5)
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Then, after some simple algebraic manipulation, the second If an ab initio program has the capability of calculating
derivatives of ECP integrals are reduced into the form below: analytical second derivatives for non-ECP calculations, incor-
poration of the routines for the ECP analytical second derivatives
is not difficult using the clear ideas discussed above. Though
the present version can only handle Hartr€eck, density-
functional, and MP2 methods, we hope to extend to other
methods such as CASSCF.

2
oy, PUIe=
(%0, /9X,0Y;|Ub 5 05 — Ugdp — Updpg + Updaglery
[9),1U00 1085 — Ugday — UpOg; + UpOag|9°)/0X 0Y,H
[36,/0%|U8 505y — Ugdp — Updgy + Ul dgy/aY T
D}(#L/Z)Y”UéAJéBI — Ugdp; — U + UA6A8|8¢3/8XJD (6)

Ill. Characterization of a “Transition State” Structure
for CpRu(u-H)sRuCp

The present program was applied to a large system, CpRu-
(u-H)4sRuCp where Cp= CsHs, in order to examine the power

The ECP contribution to the energy second derivative is thus of the analytical ECP second derivatives. Using only the

PE gradient of ECP, Koga and Morokuma (KM) determined the
ECP 2,1 _ _ “transition state” for H dissociation from the stable complex
9. Y. ZZZPW(@ 9% N[ U0 0 — Ugdy CpRu:-H);RuCp? We have reoptimized the structure and
ATB ¢ 3 | obtained the same result, as shown in Figure 1a, using the same
UnOgi + UpOpgld,[H @¢u/3x||U5A|5BJ — Ugdp — approximation, i.e. the RHF method with the standard Lanl1DZ

Ux0py + Up0,5l060Y 0 (7) basis set with the HayWadt valence electron ECP for R#,
assuming the overa@l,, symmetry with localCs, for Cp rings.

It is well-known that the derivatives of Gaussian type An analytical frequency analysis took nearly 15 h on an IBM
primitives are just linear combinations of primitives with RS/6000 Model 350. Numerical differentiation of the gradient
different angular momenta: for this system of large number (21) of degrees of freedom

would have taken about 100 h on the same machine. Unable
— I —aalr—Ra? to perform such a calculation, KM assumed that the transition
¢Imn NlmnXAyX]ZrA1e .. Lo "
o state optimized undeg,, constraint is the true transition state.

P ” For KM’s “transition structure” we foundhree imaginary

Lmn I(1 = 1)y mn — 202 + 1)y + 4(12¢|+2mn frequencies, with corresponding normal modes shown in Figure

Z)X,ZA o w o 1b—d. The largest imaginary frequency, 1042611, belongs

to & and, as seen in Figure 1b, clearly represents the true
Py reaction coordinate for dissociation of.HThe next one, 434i2
X oY, Omlgy_g 10— 200011 10— 200D 1 10+ cmL, in bz in Figure 1c, shows that the true transition state

AT TA wants to distort fromCy,, to Cs symmetry, making the four

40*2¢I+1,m+1,n hydrogen bridge bonds nonsymmetric. KM also found for the

reactant complex CpRu{H);RuCp that the symmetrically

For example, the second derivative of an f function is just a hydrogen-bridged structure is slightly higher in energy than the
linear combination of p, f, and h functions with certain nonsymmetrically hydrogen-bridged structure at the RHF level;
coefficients. Here the symbol indicates that normalization when electron correlation is taken into account at the MP2 level
coefficients are considered separately for convenience in thethe symmetric structure becomes lower in energy than the
program. Thus the derivatives of normal ECP integrals with nonsymmetric structure. The smallest imaginary frequency,
Gaussian primitives are further reduced into the combination 133.2 cm™, in Figure 1d corresponds to the rotation of four

of normal ECP integrals. For example: bridged hydrogens within thezsymmetry plane. This can also
be regarded as the rotation of the Cp rings; apparently the
@7 o/ X5 | Ul (1] dissociating hydrogen molecule'H? (atomic labels in Figure

1la) does not want to be on top of one of the Cp ring carbon

atoms. However, since the two extra imaginary frequencies are
small, KM’s conclusions based on tlg, “transition state” seem

to be unaffected. The successful application of the program

and the timing data suggest that the analytical second derivative
will have a large impact on geometry optimization, characteriza-

tion, assignment of vibrational spectra, and zero-point energy
evaluation of large organometallic systems.

60p,|Uclp)0— 14| Ul TH 4ol Ul

The Gaussian package is capable of calculating analytical
gradients for ECP integrals, equipped with the ECP program
written by R. L. Martin® Though his routine for collecting
terms for ECP second derivatives is also included, the contribu-
tion of first derivatives of ECP integrals is not considered in
the gradient of the Fock matrix, which is required in the
calculation of the second derivative of the total energy. We
followed the existing mechanism for normal second derivatives
and developed routines giving analytical force constants for By using the ECP analytical second derivative extensively,
ECP. In order to calculate the second derivatives for f basis we have studied the potential energy surface for the ground state
functions, we need to evaluate ECP integrals for h basis reaction of Cut+ N,CH,. This reaction was studied in detalil
functions. Martin’'s ECP integral routine in Gaussian92/DFT by Chang et al. via FTIR matrix isolation spectroscépyit
and Gaussian 94 can calculate only up to f basis functions. has been found that the copper atom inserts easily into the CN
According to McMurchie and Davidsdhwe only need to bond of diazomethane in argon matrices at 12 K, leading to a
extend the table for spherical harmonics to higher | values. We carbene complex of copper, CugH, and an N molecule.
took such a table for g basis functions developed by H. J. Flad Several intermediates such as dinitrogenppermethylene
and H. Stoll in connection with R. S. Pitzers’ ECP program complex, NCuCH, and Cu(CHN,) have been identified as
and extended the table to h basis functions for spherical well. However, the mechanism of this reaction as well as the
harmonics ofl = 9, 10 with a slightly different method. structure and stability of the observed intermediates still remains

IV. Mechanism of Reaction Cu+ CH5N>»
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Figure 1. Structure and normal modes (RHF/Lanl1dz) of the transition state fatig$ociation in the GiRu(u-H), complex.

unclear. In order to solve these problems we have applied thecalculations were carried out at B3LYP-optimized geometries.

Gaussian-92/DFT programs with the newly implemented ECP

In the PCI-80 method correlation effects from an MGPF

analytical second-derivative code to study the potential energy calculation are extrapolated by simply adding 20% of the

surface of the ground state reaction

Cu+ CH,N, =~ CuCH, + N, (8)

It is well-known that the ground state of copper atoniSs
(sd9 with the 2D (’d°) state 1.49 eV higher in enerdy.
According to a previous study, the global minimum of diazo-
methane CkHN; has end-on coordination of ;Nto the CH
fragment!? The three-membered ring isomer, diazirine, is
calculated to be 6.5 kcal/mol higher. Therefore, we decided to
study only the reaction 8 of C#%, sd9 with diazomethane.

...... H 1— 2 cooH
Cu 2
1
\\H
NE=N2—C
| Ho Ne=Ntcwy
Cu 3 E
4 Cu
N=NL—Cu—C <]
1
H
5 |— Co—cy
N! 6
AN H
// Cu C \H
N2 7

calculated correlation enerd$.

Two basis sets were used in the geometry optimization. Basis
| is the standard Lanl2DZ basis set, which includes the
nonrelativistic Hay-Wadt 19-valence electron ECP with a
valence doublé basis set for Ci¥ and a doublé basis set for
C, N, and H82 |n basis set Il the same ECP basis was used
for Cu and the polarization 6-31G(d,p) set for C, N, anéfHd
All CCSD(T) energies were calculated using the basis set I
PCI-80 calculations were performed without ECP using a large
all-electron basis set, which we refer to as basis set Ill, and
relativistic effects were added using perturbation theory for the
mass-velocity and Darwin term&®

There has been some concern about the appropriateness of
using the Hay-Wadt effective core potentials along with their
associated valence basis sets in DFT calculations. In order to
examine the issue for the case of Cu, we also performed some
calculations for CuChKusing DFT contraction of HayWadt
primitives in basis set I, which will be discussed in detail in
section E.

The optimized structures of the reactant €uCH;N,, the
reactant complex Cu(}CH,), the transition states, and the
products N + CuCH, were positively identified as local minima
and saddle points through normal coordinate analysis with the
analytical second derivatives. Their geometries are shown in
Figure 2 and Table 1, and energies are shown in Table 2.

A. Structure of Adduct Complex Cu(CH2Ny). Itis natural
to expect that the first step of the reaction is coordination of

In these calculations we have used the UHF and UMP2 levels N,CH; to Cu atom to form the adduct complex Cu(H),

of theory to optimize geometries. For comparison, we also
optimized geometries with the DFT method using the Bétke
or the Becke three-parameéttnonlocal exchange functional
together with the LeeYang—Parr nonlocal correlation func-
tional.’®> BLYP or B3LYP. The single- and double-excitation

which has been detected experimentally. Three possible
structures,2—4, corresponding to the coordination of copper
atom at the end-on and side-on sites of nitrogen and the carbon
site, respectively, are suggested.

Before examining these structures, it is instructive to study

coupled cluster method with a perturbational triple correction, the CuN molecule. The interaction between the copper atom
CCSD(T), energies were evaluated at DFT-optimized geometriesand nitrogen is very weak, and therefore the structure of the
and compared with DFT and other energies. In order to obtain complex is sensitive to the level of calculation, as shown in
even better estimates of relative energies, PCF-8idgle-point Table 1. Neither the side-on nor the end-on GeNmplex is
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Figure 2. Potential energy surface for the system of €.CH,N; at the level of PCI-80/11//B3LYP/H-ZPE+relativistic effect.

TABLE 1: Ab Initio and DFT Geometrical Parameters (in A and deg) of Intermediates and Transition States for the Reaction
System Cu+ CH;N; with the Basis Set 12

geometrical parameters

compound method €N C—-H H—-C—-N N—N yP
CHN» BLYP 1.304 1.087 118.2 1.161 0®y,)
Cs B3LYP 1.294 1.080 118.1 1.146 o@y,)
MP2 1.315 1.074 116.2 1.151 18.5
Cu—N N—N Cu—N-—N
Cu-N2 B3LYP 2.223 1.113 136.5
Cs MP2 3.456 1.131 149.5
Cu—C C—H Cu—C—H
2B; CuCH; (1) BLYP 1.846 1.095 121.1
Cov B3LYP 1.857 1.089 121.9
MP2 1.870 1.085 123.5
end-on Cu-N? C—Nz2 N1-N2-C Cu—N1—-N?2 N1-N2
Cuw-NNCH; (2) BLYP 1.925 1.294 175.5 134.6 1.190
Cs, planar B3LYP 1.961 1.282 174.8 134.2 1.173
MP2 2.118 1.246 179.6 159.4 1.143
C-on Cu-C C—N!? N2—N!-C Cu—C—N? N1—N2
Cuw-NNCH; (4) BLYP 1.960 1.469 142.1 115.0 1.169
Cs B3LYP 1.954 1.479 134.8 112.6 1.163
MP2 1.966 1.484 135.5 106.0 1.150
T.S.@4-1) BLYP 1.898 1.878 126.2 113.7 1.147
Cs B3LYP 1.905 1.869 123.9 112.0 1.136
MP2 1.925 1.821 127.2 108.1 1.122
end-on Cu-C C—H Cu—-C-H Cu—N? N1-—N?
N2:CuCH: (5) BLYP 1.854 1.099 124.1 1.894 1.129
Ca B3LYP 1.857 1.092 124.2 1.916 1.110
MP2 1.905 1.104 124.1 1.918 1.109
T.S. 6-5) Cs MP2 1.874 1.086 124.3 2.385/2.134 1.140
side-on BLYP 1.855 1.098 123.7 2.108 1.141
N2:CuCH: (6) B3LYP 1.861 1.091 123.8 2.143 1.120
C.,, perpendicular MP2 1.871 1.086 124.3 2.200 1.140
side-on BLYP 1.867 1.097 123.1 2.173 1.131
N2:CuCH: (7) B3LYP 1.871 1.091 123.3 2.206 1.114
Cy, planar MP2 1.876 1.086 124.2 2.260 1.140

aThe N—-N distances in free Nare 1.118, 1.106, and 1.131 A for BLYP, B3LYP, and MP2, respectiVeéljie angle between the HCH plane
and the CN bond.

a local minimum; the equilibrium structure is bent with the-<Cu  indicating stronger interaction. The MP2/Il optimized structure
N—N angle of 136.5at the B3LYP/Il level. Itis weakly bound is rather different from the DFT results as in the case of £uN
with a binding energy of 1.44 kcal/mol. Atthe MP2 level, the Table 2 shows that the adduzties —9.3 and—14.5 kcal/mol
interaction is even weaker with the binding energy of 0.96 kcal/ relative to the reactants at the B3LYP/Il and BLYP/II levels,
mol, and the CaN bond is much longer (3.46 A) than the respectively, and-1.7 kcal/mol at the MP2/1l level. Inclusion
B3LYP optimized one (2.23 A). PCI-80/Ill at the B3LYP/Il  of more correlation effect using the CCSD(T)/Il//B3LYP/Il and
optimized geometry gives the binding energy of 1.01 kcal/mol. PCI-80/111//B3LYP/Il approximation gives-2.1 and—7.4 kcal/

As shown in Table 1, Cu(®CH,) 2 converged to a planar  mol, respectively. The stronger interaction of Cu witbQ¥,
structure which is similar to that of the CyMomplex. The than with N is also clearly indicated by the Mulliken population
Cu—N distance, 1.96 A (B3LYP/II), is shorter than in CyN  analysis in Table 3. The GtN overlap population of 0.18 in



10940 J. Phys. Chem., Vol. 100, No. 26, 1996 Cui et al.

TABLE 2: Ab Initio, DFT, and PCI-80 Total and Relatives Energies of Intermediates and Trasisition States of the Reaction
System Cu+ CH3N, 2

energetic parameters

compound BLYP/II B3LYP/II MP2/II CCSD(T)///B3LYP/II  PCI-80/111//B3LYP/H-Reb  PCI-80/lll+ReH-ZPE
2S Cu+ 3B, CH, —235.1895 —235.2703  —234.1852 —234.1896 —1692.2850 —1692.3024
2B; CuCH (1) ~70.4 —63.7 476 -52.8 —63.7 —61.4
2S Cu+ CH,N; —344.7696  —344.8555  —343.4809 —343.4976 —1801.7389 —1801.7709
end-on CuNNCH; (2)  —14.5 -9.3 +1.7 —2.1 7.4 7.1
C-on CuNNCH, (4)  —20.1 -16.7 4.1 -11.4 -16.9 -165
T.S.¢-1) ~15.2 -10.7 +2.2 -85 ~15.5 -17.1
end-on N-CuCHy (5)  —44.7/20.2  —40.8-17.6 —49.2/-20.1 —47.21-19.0 —52.3/-20.3 —54.8/-19.4
T.S.6-5) —34.51-6.4
side-on N\CuCH, (6)  —33.3-8.7 —29.9~6.7 —35.1+7.0 ~33.81-5.6 —40.3+-8.3 —42.61-7.2
side-on N\CuCH,(7)  —30.0/54  —28.1/50 —34.4/-6.3 —33.1+-4.8 ~39.0~7.0 —41.5/-6.1
N, + CuCH; (1) —26.8 —25.4 -27.3 —27.7 -32.0 -35.4

a2 The total energies (in hartrees) are given only for reference structures, and the relative energies (in kcal/mol) are relative to the reference
structures® Corrected with the relativistic effeét. ¢ Zero-point energies are calculated with B3LYPfilAfter slash in italic, relative to b+ 2B
CuCH.

TABLE 3: Mulliken Population Analysis for CUCH ,, No*CuCH,, and Cu-NNCH,, at the B3LYP/II Level

°B; CuCh, end-on CeNNCH,  C-on CuNNCH, end-on N-CuCH, side-on N-CuCH,
1 2 4 5 6
gross orbital population (3p4p (3p4py1e (3s3p§° (3p4py2° (3p4pf2’
on copper atom (3s4sy (3s4s3™ (35453 (3s4s}82 (3s4s}78
309.80 309.86 309.85 309.72 3d).76
atomic charge Cu +0.17 +0.09 +0.10 +0.26 +0.19
C —0.40 (-0.26} —0.22 (-0.23y —0.30 —0.47 —0.44
H +0.12 ¢-0.13)  +0.13 (4-0.15) +0.15 +0.10 +0.10
Nt —0.30 (-0.22) —0.03 +0.02 +0.01
N2 +0.15 (+0.16) —0.10 —0.02 +0.01
overlap population CuC 0.41 0.01 0.28 0.40 0.41
Cu—N? 0.18 [0.08% 0.03 0.09 0.06
N1—N? 0.42 (0.52) [0.58] 0.51 0.70 0.46
atomic spin density Cu 0.06 +0.73 H-0.90] +0.26 +0.09 +0.07
C +1.02 (+2.10) —0.04 +0.04 +0.94 +0.94
H —0.04 (—0.05) +0.01 —0.00 —0.04 —0.04
N? +0.12 +0.13 0.00 +0.04
N2 +0.16 +0.56 +0.05 +0.04

aNumbers in parentheses are for £i8;). ® Numbers in parentheses are for £H. ¢ Numbers in brackets are for CuN

A search for transition states from the adddclocated a
saddle pointTS(4—1) similar in structure to adduct. Fre-

adduct2 is considerably larger than that of 0.08 in GUNON
the other hand, the NN overlap population of 0.42 is smaller
than that of 0.58 in Cup indicating a much weakened-"\N guency analysis and IRC following verify thaiS(4—1) is a
bond. real transition state with = 401.1i cm~! and connects adduct

There is no local minimum on the PES corresponding to the 4 and dissociation productNt- CuChp, 1. In TS(4-1) the
proposed side-on addugt Without any symmetry constraints C—N bond is stretched to 1.87 A (B3LYP/II) and is nearly
it either converges to the addubr to the adduct which has broken. The CuC distance decreases a little from 1.95 A in
CS Symmetry. The &N bond, 1.48 A (B3|_YP/||), is much adduct4 to 1.91 A, closer to the prOdUCt CuGH The N—-N
stretched in adduet, compared with that, 1.29 A, in the reactant group rotates about X@rom adduct4, and the G-N—N angle
CH2N2| while the N—N distance remains near]y the same. The becomes 1239 The barrier helght is about 5.7 and 4.9 kcal/

Cu—C distance is calculated to be 1.95 A. The-@Z+N bond mol at the B3LYP//Il and BLYP/II levels, respectively, and
angle of 112.6 and C-N—N bond angle of 1348indicate decreases to 2.9 kcal/mol at the CCSD(T)/II//B3LYP/II level.

that the carbon atom has arﬁa:nd the nitrogen atom has an It seems that both DFT methods overestimate the barrier h8|ght
sz hybridization_ The fact that NN—C—Cu prefers a cis- At the PCI-80/111//B3LYP/II level the barrier is 1.4 kcal/mol

conformation indicates that there is some weak interaction Without zero-point energy correction (ZPC) and disappears after
between the Cu atom and the—Nl group. The Mulliken the zero-point energy is taken into account. This suggests that
population analysis in Table 3 shows that the unpaired electronthe stability of the adduct in gas phase is on the borderline,
in 4 is on the N atom, consistent with the bonding picture too close to predict even with the present calculation. In the
mentioned above. Addudtlies 16.7, 20.1, 4.1, and 11.4 kcal/  hitrogen matrix, where the matrix can stabilize the adduct by a
mol below the reactants at the B3LYP/II, BLYP/II, MP2/Il, and ~ few kilocalories per mole, the addu¢imay be observed. The
CCSD(T)/II//B3LYP/II levels, respectively. With PCI-80/11l/  present finding is in agreement with the experiment that the
/B3LYP/II, the binding energy of CuN,CH; is calculated to ~ Production of CuCH from Cu+ N>CH, takes place spontane-
be 15.5 kcal/mol, not far from the CCSD(T) and B3LYP values. ©ously at low temperature (12 K) in matrix. There is no direct
The transition state search for direct conversion between two Path between the addugtand the dissociation product;N-
structures of the complex CugH,), 2 and 4, always con- CuCH,, 1.

verged to the dissociation limit Cé#t N,CH,. The only way The adduct complexes CufiH,), 2 and4, can in principle

of conversion is dissociation and recombination of Cu agd N be converted directly to the insertion produch(GuUCH,).

CHa. Despite a substantial effort, we did not find such a transition
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state. Several transition state search tries with different startingNy), the interaction is a result of donation of electron density
geometries either led to dissociation of the adduct toaNd from theo-lone pair orbital of the bridged N atom to an empty
CuCH; or converged taS(4—1). Therefore we conclude that  ¢-orbital of M, and therefore the NN bond is not affected
the dinitrogen complex MCuCH,) cannot be produced via  much.
unimolecular insertion reaction from the adduct. Instead, they  The optimized geometries of structuf®s7 are found to be
can be formed only by exothermic and nearly barrierless dependent on basis sets and electron correlation. Though no
dissociation of the adduot to N, and CuCH, 1, as just  results of UHF or small basis set | are shown in Table 1, it was
discussed above, which is then followed by the recombination found that the inclusion of electron correlation at the MP2 level
reaction between these two products, &hd CuCH, in the  shortens the GuN bond by about 0.2 A in the end-on structure
matrix. 5and nearly 1.0 A in the side-on structu@and7. Improve-

We did not find any transition stat€S(2—4) connecting ment of the basis set from | to 1l shortens the-a\ibond by
directly adduct2 and4. Transition state search usually led to an additional 0.20.4 A.
dissociation of the adduct toNand CuCH. We also fixed The MP2/Il and DFT/Il optimized geometries given in Table
the distance between the copper atom and the terminal N atomy show that the CuC bonds are very similar in the three
at various values, and the other degrees of freedom are optimizedstr,cturess, 6, and7. On the other hand, the GiN distance
without symmetry constraint. The energies are quite high along i, the end-on comple, 1.92 A (MP2/11), is much shorter than
the path, approximately 20 kcal/mol above that of addlict  those in the two side-on structures, 2.20 A6iand 2.26 A in
Thus we conclude that there is no low-lying transition state for 7 opyiously, N interacts with CuCk more strongly in the
the conversion from addu@tand4. Since the addu@is not = eng.on case. TheNN distance in the side-on structures, 1.14
much lower than the reactants 7.4 kcal/mol at the PCI/IIl/ A for both 6 and 7, for instance, in MP2/ll, is a little longer
B3LYP/II I_evel)_, a_dduc12 may be easily converted to adduct than that in the end-on comple, 1.10 A. These results are
through dissociation. N . in good agreement with the above-mentioned bonding picture.

B. Structure and Stability of the Product CuCH>. Dis- Frequency analysis confirms that the end-on compléxa
sociation of complexX, Cu-CH;N,, leads without barriertothe | .imum. Characterization of the compl&and7, however,
productsl, CuCH, and N As seeninthe Tables 1and 2, the 4 1jes with the basis set. With basis set I, both compotnds
ground state of CuCkiis calculated to béB, with the Cu-C and 7 have one imaginary frequency mode corresponding to
bond length of 1.87 A and a GtCH, binding energy of 47.6 tilting motion of N-N from the side-on toward the end-on
kcal/mol relative to the dissociation limit C&S, $d'% + CH, structure. Using basis set I, complek became a local

(®B,) at the MP2/Il level. DFT geometries are, in general, close minimum, while two imaginary frequencies appeared in complex
to_ MP2 geometries, as shown in Table 1. Th&((mb_ond IS 7, with the additional one corresponding te-H rotation around
slightly (<0.04 A) shorter than MP2 results, especially more the Cu-C axis. This basis set dependency is probably caused
so using BLYP. The binding energy seems to be overes'[ima'[edby the weak nature of the interaction betweenaid CuCH.
especially for BLYP (70.4 kcal/mol with basis set Il). The Connecting the two minim& and6, the transition stat€ S(6—
CCSD(T)/I//B3LYP/II binding energy is 52.8 kcal/mol. The 5) (so named because this is clo’selﬁtthan t05) in Figure 2
PCI-80/111//B3LYP/Il method gives a binding energy of 63.7 was found to be only 0.6 kcal/mol higher thérat the MP2/II
kcal/mol, coincidentally the same as the value obtained using level without zero-point energy correction, as shown in Table

the B3LYP/Il approximation. Allab initio methods including 2 Th . . - . .
! o . . e barrier disappears after zero-point energy is taken into
CCSD(T) underestimate the binding energy mainly due to account. Therefore, we conclude that the side-on complex is

limitation in the basis set. The PCI-80 estimate of the-CL not kinetically stable and cannot exist. It is not surprising that

bond s_trength is 61.4 kcal/mol mcludmg ZPC. No experlmentgl no vibrational spectrum corresponding @owas observed in
result is known. These results are in good agreement with the experiment?

previous theoretical studié8. Planelles’'s CIPSI stud§?gives _

the binding energy of 55.2 kcal/mol with the €C distance The end-on structu@s calculated to be 19.0 and 47.2 kcal/
of 1.82 A, and Yamamoto's CASSCF-MR-CI stu8ygives mol more stable relative to N+ CuCH, and Cu+ N>CH,
the binding energy of 51.0 kcal/mol with the €C distance dissociation limits, respectively, at the CCSD(T)/II//B3LYP/II

of 1.932 A. Large differences in the €€ distance between  €Vel. The structures and 7, very close in energy with 0.7
these studies may be caused in part by the frozen, CH kcal/mol difference, are 13.0 kcal/mol higher than the end-on

structuré® and nonanalytical optimizatiot§? complex5 at the same Ievgl_of_ theory. '_rhe PCI-80/III//B3LYP/
I method (including relativistic correction and ZPC) gives the
structureb to be 19.4 and 54.3 kcal/mol more stable relative to
N, + CuCH, and Cu+ N>CH, dissociation limits. As seen in
Table 2, DFT results are close to thb initio results.

As seen from Table 3, Mulliken population analysis indicates
that the?B; ground state of CuCHarises from the interaction
of Cu (S, $d'9 and CH (®B;). The unpaired electron is mainly
localized on the carbon atom. The atomic charge,%&C 04

implies some ionic character in the €C bond. However, a From the above discussions we may draw the following
substantial covalent component as well. stabilities of various intermediates, using the PCI-BQela-

C. Structure and Stability of Dinitrogen Copper Complex t'V'_St'C correction+ ZPC engrgles.
(N2)CuCH,. Recombination of Mto CuCH, gives the dini- (i) The ground state reaction Ct CHN2 —~ CuCH, + N
trogen Copper Comp'ex @)\CUCHZ, Wh|Ch may have three IS exothermlc by 354 kca|/m0| and occurs WIthOUt bal‘l‘lel’, Wh|Ch
different structuress—7. Before discussing these structures, IS in good agreement with the experiment.

we should note that side-on coordination of M transition (ii) The dinitrogen complexes, MNCuCH;,, cannot be formed
metal complexes in general is less favorable than end-ondirectly from Cu + CHyN, but can be formed only via
coordinatior?® In the side-on structure [M}#-Ny), the interac- recombination of dissociation products: CuCHN,. It exists
tion is a result ofr-back-donation of electron density from an as structureb, where the N molecule coordinates end-on to
occupied metal gorbital to the antibondingr* orbital of N, Cu of CuCH and the bonding energy is 19.4 kcal/mol relative

which weakens the NN bond. In the end-on structure [Mi- to the N + CuCH, dissociation limit.
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TABLE 4: Calculated Normal and Experimental Frequencies for CuCH,

frequencies (cm')
normal mode reduced mdss  UHF/I (UHF/II) MP2/I (MP2/1l) B3LYP/I (BLYP/I) experiment intensity B3LYP/I

CHys-str(a) 1.05 3194.1(3226.8)  3086.5 (3207.2) 3093.6 (3024.5) 2960.7 m
CH; sci(a) 1.13 1438.5(1428.3)  1397.7 (1405.8) 1326.8 (1279.7) 1344.9 s
CuC str(a) 5.23 540.7 (518.9) 567.4 (559.4) 592.0 (590.3) 614.0 w
CH, wag(h) 1.27 515.6 (516.1) 474.9 (441.7) 437.2 (363.6) 526.0 m
CH; a-str(b) 1.12 3297.5(3320.1)  3201.1(3310.1) 3223.2 (3163.1) 3034.7 w
CH; rock(k) 1.17 595.7 (594.2) 576.5 (570.3) 632.4 (630.5) 573.2 m

aThe reduced mass for the specific normal mode, in d@e use the notation s (strong), m (middle), and w (weak) according to the calculated
IR intensity: s,>100 km/mol; m, 16-100 km/mol; w,<10 km/mol.¢ Taken from ref 10. Assignment of the numbers in italic might be reversed,
as discussed in text.

TABLE 5: Calculated Normal and Experimental TABLE 6: Vibrational Frequencies for CH ;N,
Frequencies for End-on NCuCH, 5 -
frequencies (cmt)

normal  reduced. frequencies (crm) i intensity’ normal mode B3LYP/II experimental
mode mas8 UHF/I MP2/Il B3LYP/Il experimentalB3LYP/II

C—N—N bend (b) 424.7
CHps-str(@) 1.05 3178.1 3198.1 3096.5  2943.1 m CH, wag (b) 4401 4272
N=Nstr(a) 13.99 2619.2 3850%9 2379.1  2293.7 s C—N—N bend (h) 582.9
CH,sci(a)  1.13 1489.8 14353 13841  1366.6 w CH, rock (by) 1118.0
CuC str(a) 537 5975 628.8 615.2 613.0 m _ ’

C—N str (a) 1228.5 1406.0
CH;wag(h) 1.30 567.0 561.9 580.9 569.1 m CH, sci (a) 1453.6 1169.6
CHya-str(b) 1.05 3263.7 3283.6 3180.9  3002.9 m N_ZN st (a) 2996 3 2096 5
CHzrock(y) 1.25 577.2 577.3 605.4 590.6 m CH; s-str (a) 3206.6 3068.4

aThe reduced mass for the specific normal mode, in dh8ee CH; a-str (k) 3329.1

footnote b of Table 4 for notation of IR intensityLarge error due to . . .
spin contamination. See text. the error is not related to the degree of spin contamination, as

measured by$[] but to the geometrical derivative aB?LP?

It is worth mentioning that B3LYP energies agree quite well Though other methods such as AUMPZould be used to
with these PCI-80 energies, with only serious exceptions of the improve the frequency, it is not the purpose of the present paper.
dissociation limit N + CuCH, 1 and TS(4—1). DFT results with less spin contamination once again show

D. Vibrational Spectra of Intermediates. Ab initio and advantages over MP2 and give very good agreement with
DFT calculated normal frequencies for Cugshown in Table experiment, with an average error of 4%.

4 are in reasonable agreement with experiment, except for the For calibration and completeness, we presented in Table 6
assignment of two low frequencies. Plot of the normal modes the vibrational frequencies of the reactantBSklat the B3LYP/
(not shown) confirmed that 592.0 cth(ay) is CuC stretch and Il level and experimental values in ref 10. The agreement is
632.4 cm! (by) is CH, rock. Therefore, we feel that the quite good again, with an average error of 4%. As seen in the
experimental assignment of 614.0 and 573.2 Emight be table, we feel that the assignment of £btissor and &N
reversed. As expected, most of the calculated normal frequen-stretch ought to be reversed in the experimental work. A similar
cies are larger than experimental fundamental frequenciesisotope behavior of the two bands might have caused this
because of the anharmonicity in the latter. Large deviations difficulty.’® From the above comparison with experimental
are found for low-frequency rocking and wagging modes, work, we can clearly see thab initio and DFT methods give
because of large quartic anharmonicities. It has been docu-reliable vibrational frequencies for the present system. With a
mented that botlab initio and DFT calculations are poor for  theoretical approach one can assign normal coordinates without
low frequencies in Chland CH; radicals where anharmonicity — ambiguity.

is extremely pronouncedl. When the lowest one is excluded Feeling confident in our calculation, we next discuss the two
and the next two are reversed, the average error in the calculatecaidducts Cu(CEN,) observed in the experiment with unknown
frequencies is 6%, 4%, 4%, and 4% at the UHF/I, MP2/I, BLYP/ structure in the M matrix. They are labeled as adducts A and
I, and B3LYP/I levels, respectively. B3LYP and MP2 frequen- B according to the difference in their vibrational spectra under
cies are very similar and agree well with experiments excluding photolysis conditiond® However, no information about the
the exceptions above. Improvement of the basis set does notstructures of adduct A and B is derived from the experiment.
change UHF or DFT results but actually makes MP2 frequencies According to our calculation, two adduct®,and 4, exist as

a little worse. It should be noticed that the analytical frequency shallow minima on the potential energy surface. Clearly they
calculation at DFT levels is four times faster than at MP2 level. are candidates for the observed adducts, and their identity as A

Calculated frequencies for the struct@&réN,)CuCH, shown or B may be clarified by comparing the theoretical and
in Table 5, are in reasonable agreement with experimental experimental vibrational frequencies. Calculated normal fre-
results, with the average error of 8% and 6% at the UHF and quencies and assignments of normal modes of the ad@ucts
MP2 levels, respectively, excluding the-Nl stretch. The NN and4 calculated at the B3LYP/Il level are shown in Table 7,
stretch frequency is poor for both methods; it is 14% and 70% along with observed experimental vibrational frequencies of
larger than the experimental value, 2293.7 ¢nat the UHF adducts A and B. ltis clear that calculated frequencies of adduct
and MP2 levels, respectively. Numerical calculation confirmed 4 are in close agreement with the observed ones of adduct B,
that it was not due to the second-derivative program. It is causedexcept for the N-N stretch frequency. Thus we assign adduct
by the large effect of spin contamination on the MP2 frequency 4 as the adduct B observed in the experiment. The calculated
calculation. Documented as a serious problem in literature, N—N stretch frequency 1962.3 crhfor 4 is smaller than the
presence of even a small amount of spin contamination in the corresponding frequency 2226.3 chof free CHN,, which is
UHF wave function can cause significant errors in calculated expected from the weakening of the NN bond by interaction of
vibration frequencies at the UMP2 lev@&l. The magnitude of CHyN, with Cu. On the other hand, the experimental value
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TABLE 7: Vibrational Frequencies for Adducts Cu(N ;CH;)?2

theoretical experimental
adduct2 adduct4 A B
frequencies normal mode intendity  frequencies normal mode intendity  frequencies frequencies

357.9 C-N—N bend (8 m 513.3 Cu-C str (a m

531.7 C-N—N bend (&) m 568.5 CHrock (d") m

594.2 CHwag (&) m 755.2 C-Nstr (3 m 719.8 767.5
1100.0 CHrock (d) m 1130.1 CHwag (d) m
1209.5 C-Nstr (d) s 1166.1 CHrock (d') m 1209.5 1127.4
1468.6 CH sci (d) w 1440.1 CH sci (d) m 1571.9 1486.9
2048.0 N-N str (&) s 1962.3 N-N str (3 s 2196.8
3154.1 CH s-str (&) m 3082.8 CH s-str (&) w 2926.0
3263.5 CH a-str (3) w 3139.6 CH a-str (3) w

aparameters of addu@tand4 are from B3LYP/II in this work; those for A and B are from experiment in ref 18ee footnote b of Table 4
for notation of IR intensity.

1 attri : : TABLE 8: Comparison of the Optimized Geometries,
2196.8 cm! attributed to this mode of the adduct is larger than Cu—CHb Binding Energy (BE) and Vibrational Frequencies

the well-established value 2096.5 chof free CHNp, a (in cm~1) for CuCH , between the Hay-Wadt Basis Set and
somewhat unexpected result which needs to be studied furtherTwo DFT Recontracted Basis Sets

The agreement between the calculated frequencies of adduct Hay-Wadt  S-VWN B3LYP
2 and the observed frequencies of adduct A is poorer, especially basis | recontracted recontracted experiment
for the low frequency. A peak at 719.8 cfis observed cu-C (&) 1.875 1.877 1.875
experimentally in the M matrix, but the closest value in our  cu-CH, BE 63.1 62.5 62.9
calculation is only 594.2 cmt. The difference is certainly too (kcal/mol)
large for the current level of calculation, but since no other CHzs-str(a) 3093.6 3090.7 3091.9 2960.7
structure was found in the present work, we tentatively assign CHzsci (@)~ 1326.8 13199 13213 1344.9

; . X Cu-Cstr(@  592.0 596.4 596.7 614.0

adduct2 as the observed spemes_A in the experiment. One CHywag (h) 437.2 416.2 416.6 526.0
has to remember that the calculation was for isolated adduct, cH, a-str () 3223.2 3223.7 3225.6 3034.7
while the experiment has been performed in thentrix; the CHyrock ()  632.4 627.2 632.5 573.2

solvent effect may account fo.r these dlscrepanc_les. aTwo DFT contraction schemes of the Hayadt primitives are

E. DFT-Based Recontraction of the Cu Basis SetAs discussed in the text. Taken from ref 10. Assignment of the numbers
mentioned earlier, there has been some concern about then italic might be reversed, as in the footnote b of Table 4.
appropriateness of using Haywadt ECPs along with their ) ) o )
associated valence basis sets in DFT studies. Although Russo{W0 DFT recontractions gives very similar results, with the
Martin, and Hag2 have found that the ECPs themselves perform largest dlfferen(_:e in vibrational frequencies o_f {iround 6tm
well in DFT calculations, they did claim that some erratic ~ 1hus, according to the current study, the original Halyadt
behavior was found using the associated valence basis sets. T¥alence basis set derived from the Hartréeck calculation
examine the issue in the case of Cu, we followed their ¢an be used for DFT/ECP calculations as well, at least for the
suggestion and carried out some calculations for Cu®kh case of copper. A more systematic study on the transition metals
recontracted HayWadt primitives in basis setdbased onthe IS planned for the near future.
DFT atomic wave functions. A more systematic study on other ,, Concluding Remarks

transitional metals is planned for the future. As we clearly see from the two applications, the analytical

The procedure of generating new contraction coefficients is gecong derivative for ECP is very useful in the study of systems
straightforward. We perfqrmed a restricted DFT calculations containing heavy atoms. One can easily identify the nature of
for the Cu atom 7S) using the uncontracted HayVadt  , gtationary point structure as a local minimum or a transition
primitives. We then p_|cked contraction coefflc]ents on the basis state, an essential ingredient for study of potential energy
of the obtained atomic orbital. The contraction scheme from g rfaces for chemical reactions, in particular, for complicated
the original HF contracted basis séi,e. { 5s5p5¢/[3s2p2d], compounds containing transition metals. In addition, normal
was maintained for this recontracted basis set. In this study, coordinate analysis is a very convenient tool for assignment of
we examined two different DFT recontractions, one with the nigentified species. The availability of the ECP analytical
LDA (S-VWN) and the other with B3LYP atomic orbitals,  second derivative for MP2 and DFT methods, not just for the
respectively. HF method, is very important, as geometry optimization

Using the two newly recontracted basis sets, we optimized including electron correlation is becoming necessary and more
the geometry and calculated the binding energy and vibrational popular. We hope that the present program will be made
frequencies for CuCld The basis sets for GHare the same  available to users in the near future as a part of the Gaussian
as in basis set I, namely, D95V. The results are shown in Table package.

8. As can be clearly observed, results change rather little among

the three basis sets: original Hawadt, S-VWN recontracted, Acknowledgment. The authors thank Andy Komornicki,
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