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Theory of the d10 -d1 Closed-Shell Attraction: 2. Long-Distance Behaviour 
and Nonadditive Effects in Dimers and Trimers of Type [(X-Au-L),] 
(n = 2, 3; X = Cl, I, H; L = PH,, PMe,, -N=CH)** 

Pekka Pyykko* and Fernando Mendizabal 

Abstract: We study the nature of the aurophilic attraction (Au'-Au') a t  its long-range 
limit for the model systems [(X-Au-L),] (n = 2, 3;  X = C1, I, L = PH,, PMe,; X = H, 
L = -N-CH) at  the ab initio M P 2  and Hartree-Fock levels. The nature of the interac- 
tions and nonadditive effects a t  various orientations are related to simple electrostatic 
induction and dispersion expressions involving the individual properties of each 
monomer. 
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Introduction 

The experimental and theoretical results available['- 'I for 
gold(r) complexes show the presence of a weak metal-metal 
interaction, called aurophilic attraction. The intra- and inter- 
molecular Au'-Au' contacts are found in the solid state of the 
compounds, and they may even govern the supramolecular 
structure of certain materiaIs.161 

The supramolecular aggregates in gold(1) complexes of type 
[X-Au-L] (X = halide or pseudohalide, L = donor ligand) have 
a varied structural chemistry, from dimers to  oligomers and 
polymers.[' 31 The intermolecular gold- gold contacts be- 
tween [X-Au-L] complexes typically occur perpendicular to the 
main molecular axis. The dihedral angle can vary, correspond- 
ing to having the monomers in parallel (C2J, antiparallel (C2J 
or perpendicular (C,) orientations (Figure 1).  Thc gold-gold 
contacts are typically 300-350 pm, associated with a bond ener- 
gy of the order of 21-42 kJmol-1.1'4.151 These parameters de- 
pend on several factors, including the nature of the ligands 
(chemical effects). 

From a theoretical point of view, the aurophilic attraction is 
interesting, because the classical theory of chemical bonding 
does not give a satisfactory explanation for this type of metal- 
metal interaction.[16. I7I Only when considered as a correlation 
effect, strengthened by relativistic effects,[3 'I can this phe- 
nomenon be accounted for by theoretical studies.['8* 1 9 ]  
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The intermolecular interac- 
tions in general can be 
analysed in terms of electro- 
static, induction and disper- 
sion terms, and short-range 
Pauli repulsion.16. 201 The elec- 
trostatic terms comprise inter- 
actions between the charges or 
the higher electrostatic multi- 
pole moments. The induction 
terms describe the interactions 
between these moments and 
the static polarizabilities aL. 
The dispersion terms occur be- 
tween the frequency-depen- 
dent polarizabilities, aL(w) ,  of 
the monomers. 

In Part 2 of this study 
(Part 1 '*'I) we try to single out 
the dominant contributions to 
the aurophilic attraction by 
considering the long-range lim- 
its for both dimers and trimers 
of the previously employed 
[XAuL] monomers at typical 
geomctries. More specifically, 
the intermolecular interaction 
energy of dimers and trimers 

I, L = P H , ,  PMe,; X = H ,  
I, = -NCH) are considered at 
M P 2  and Hartree-Fock lev- 
els, and the nature of their 
interactions are related to 

[(X-Au-L),,] (17 = 2, 3 ;  X = C1, 

It  

ri 
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Figure 1.  a) Perpendicular ( C 2 ) ,  
b) antiparallel (C2J and c )  parallel 
(C2J orientations of diiners 
[(XAuL),l. 
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monomer properties at the specific orientations. For the first 
time we consider both additive and nonadditive induction 
terms. As emphasized by Chalasinski and SzczeSniak,[221 the 
dominant nonadditive contributions between polar monomers 
are p A a B p C ,  where pA is the dipolar moment of monomer A. 

Computational Details and Theory 

Quantum Chemical Methods: The Gaussian 94 package was used.[,,] The 
basis sets and pseudopotentials (PP) used in the production runs are given in 
Table 1. The 3 9 valence electron (VE) quasirelativistic (QR) pseudopotential 
(PP) of A ~ ~ d r a e [ ’ ~ ]  was employed for gold. We used two f-type polarization 
functions for gold. This is desirable for a correct description of the interaction 

The atoms C, N, P, CI and I were also treated by Stuttgart pseudopoten- 
t i a l ~ , [ ~ ~ I  including only the valence electrons for each atom. For these atoms, 
double-zeta basis sets of ref. [25] were used, augmented by d-type polarization 
functions.[2h1 For the H atom, double-zeta plus one p-type polarization func- 
tion was used’z7J (see Table 1). 

Table 1 Basis sets and pseudopotentials (PPs) used in the present work 
-~ 

Atom PP Basis Remarks 

H 
C 
N 
P 
F 
CI 
I 
Au 

- (4s 1 P ) m  1 PI up = 0.8 
Bergner [25] (4s4p Id)/[2s2p Id] ap = 0.1561, ad = 0.80 
Bergner [25] (4s4p ld)/[2s2p Id] q, = 0.222, a,, = 0.864 
Bergner [25] (4s4p ld)/[2s2p Id] a,, = 0.084, md = 0.34 
Bergner [25] (4~4pId)/[2~2pId]  I,, = 0.0848, xd = 1.496 
Bergner [25] (4s4p ld)/[2sZpId] xLp = 0 0154, ad = 0.514 
Bergner [25] (4s4p Id)/[2s2p Id] a. = 0.0326, ad = 0.266 
Andrae [24] (Xs6~5d2f)/[6~5p3d2fl  xI = 0.2, 1.19 

We first fully optimized the geometries for the [XAuPR,] (X = C1 and R = H, 
Me; X = I and R = H) and [HAUNCH] monomers a t  M P 2  level. These 
geometries were left unchanged when studying the Aul-Aul intermolecular 
interactions in dimers and trimers. These monomer data are given Table 2. 

Table 2. Optimized geometries for the [XAuL] monomers at MP2 level. Distances 
in pm, energy in au. 

System P--H L-Au Au-X HPAu E 

[CIAuPH,] 141.3 224.3 226.3 117.4 -158.47013 [a] 
[CIAuPMe,] - 224.3 227.5 - -178.94969 [a] 
[IAuPH,] 141.4 226.9 255.9 11 7.6 - 154.87424 [a] 
[HAUNCH] - 209.8 153.4 - -153.93550 [a] 

[a] Part 1 [21] 

The interaction energies of the dimers and trimers were obtained as Equa- 
tions (1) and (2). respectively; a counterpoise correction for the basis-set 

superposition error (BSSE)[”I on AE was thereby performed. The calcula- 
tions were mostly carried out at M P 2  level. The optimized interaction energy 
V(R,) and Au-Au (R,) distances for the dimers and trimers are shown in 
Table 3. These results were obtained by using the fitting procedure described 
in the Part 1 . [2”  We would like to emphasize that the interaction energy is 
obtained by a supermolecular approach. Another option would have been to  
use symmetry-adapted perturbation theory.[”’ 

Table 3. Optimized MP2 Au-Au distances, Re, for [(XAuL)”] ( n  = 2,3). Distance 
in pm; interaction energy V(R,) in au. 

System R, V(RJ  

320.8 
[a1 
384.9 
375.5 
315.4 
312.8 
[dl 
316.4 
316.9 
308.2 
[a1 
[a1 

- 0 009407 

-0018652 
-0 008451 
-0 012315 
-0 005826 

-0 009239 
-0018802 
-0 010185 

[a] Repulsive curve; no minimum found 

Theory of Intermolecular Forces: An alternative partitioning of the interac- 
tion energies of the Equations (1) and (2) is given in Equation (3),  where 

AE(MP2) = AE(HF) + AE”’ (3) 

AE(HF) is the interaction energy evaluated from a self-consistent field (SCF) 
supermolecule calculation at Hartree-Fock ( H F )  level. Because the in- 
tramolecular second-order correlation energy is included in EA, AE‘” is a 
useful approximation to the dispersion energy at  second order of the many- 
body perturbation treatment (MBPT) .[30. 311 

The total intermolecular potential V, , , [20 ,  321 can be partitioned into different 
contributions at  long ranges [Eq. (4)],[33.341 where the overlap between the 

molecular charge clouds is insignificant. The four terms are the short-range 
( Khar,), electrostatic ( Velect), induction ( Knd) and dispersion ( Vdlsp) contribu- 
tions. For a bound system, the intermolecular forces are repulsive at  short 
range and attractive at  long distance; there must be at  least two contributions 
of opposite sign to the total force, leading to the appearence of the van der 
Waals minimum. The repulsive effects a t  short distance appear because the 
electron clouds of the monomers penetrate each other and bring about charge 
overlap and exchange effects. The electrostatic and induction energies are 
classical long-range contributions. Finally, the dispersion (London) energy 
also has a long-range character, but requires a quantum mechanical interpre- 
t a t i ~ n . [ ~ ~ ]  

It is common practice to associate the Hartree-Fock term (AE(HF)) with the 
sum of short-range ( YhOrf), electrostatic (V,,,,,) and induction ( Ynd) terms; 
while the, AE‘,’ electron correlation term is associated with dispersion 
( Vdisp).[341 Hence, we can separate the different attractive o r  repulsive contri- 
butions and their source at  long-range for dimers and trimers. Furthermore, 
if the separation between the monomers is large compared with their dimen- 
sions, a multipole moment expansion of the interaction Hamiltonian may be 
made and the VeI,,, expressed in terms of the permanent multipole moments 
of each monomer. Hence, our aim is to relate the intermolecular potential to 
the properties of the isolated molecules through the total charge (q) ,  dipole 
moment ( p ) ,  quadrupole moment ( B ) ,  polarizability (a) and first ionization 
potential (IP,)!20,321 These properties are given in the Table4 for each 
monomer studied. Both H F  and M P 2  results are given. The latter are used 
in the Figures and in Table 5 .  

The interaction of the dimers [(X-Au-L),] in their different orientations (par- 
allel (C2,,), antiparallel (Cz,,), and perpendicular (Cz); Figure 3 )  will be stud- 
ied using the specific configuration given for two C3$, molecules A and BLZo’ 
with respect to their dipole moment as  shown in the Figure 2. The angles 9, 
and 9, are fixed at  9 0 .  For  this special case, the expressions for the inter- 
molecular potential are outlined in the following sections 3 -3. 

I) Electrostatic Interactions: The electrostatic energy (V,,,,,) of a pair of 
molecules (monomers) is the energy of interaction between their permanent 
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Tahle 4. Finite field calculations or electric properties of [XAuL] monomers at 
I Iartrc- Fock (HF) level and the increment due to MP ?-level electron correlation 
(21. All values in au. 

( L  > 1 j lead to the higher-order interaction terms C,, C,,, etc. The dispersion 
terms (7-8) are additive. The first nonadditive dispersion term ia the Axil- 
roti-Teller["71 third-ordcr tcrm. 

Pi-opcriics [CIAuPH,] [CIAoPMe,] [IAuPH,] [HAUNCH] 

3.29335 
-0.1 3068 

63.58702 
6.90562 

88.27307 
15.27802 

51.24399 
2.7 I941 

0 65968 
1.95297 

0.38061 
0.00519 

3.85520 
-0.2710s 

95.23497 
x.35751 

118.37330 
18.45078 

83.66580 
3.31080 

7.23505 
- 3.58266 

0.36686 
0 00000 

3.68506 
- 0.43896 

85.98593 
8.08540 

125.69640 
20.3 59 60 

66.13070 
1 ,94829 

9.17850 
0.31842 

0.31842 
-0.01 127 

3.05302 
- 0.48164 

50.86690 
1.95122 

67.09482 
4.53388 

42.75301 
0.65982 

14.80905 
0.1 5346 

0.31899 
-0.00165 

/ 

Figure 2. Dclinition of coordinates for the two polar molecules A and B 

charge distributions [Eq. (5j]. The electrostatic energy is of first order in the 
Coulomb interaction and as such is pairwise additive. Note that the quadru- 
pole term is always repulsive for A = B. The dipolc-quadruple cross-term 
vanishes for 9, = 9, = 90'. 

2) Indztctiun Intrructioiu: The induction energy ( ynd) results fi-om the inter- 
action of the induced electric moments ofcach molecule with the permanent 
charge distribution of its partners. The contribution from monomer B is 
for the angles 3 ,  = :i, = YO' [Eq. (6)], where x l  and 2 , .  are parallel and 

perpendicular coinponcnts, respectively, o f  the total polarizability 1. This 
term is rarely the dominant source of attraction between molecules and is 
bmaller than the electrostatic and dipcrsion energies. The induction energy is 
not pairwise additive. 

3 )  l)i.~prr.siun ( L o ~ ~ d o r t )  1ntrruction.s: The dispersion term makes an impor- 
tant contribution to the intermolecular potential and is attractive between 
polar or nonpolar molecules a t  long and short distance. If the average excita- 
tion energy is approximated by the ionization potential I P ,  , which can be 
ohrained from Koopmans's and static polarizahilitics are uaed, 
we obtain the London approximation given in Equation (7). The leading 

( 7 )  

diqxrsion term behaves as Vd,5p = - C,/R". The cxact expression for the 
dispersioii coefficient C, can he obtained from thc Casimir Polder formula 
[Eq. (8j].'3"' where af(iE) is the dipole polarizability of monomer A ,  evaluat- 

(-<, = -j';a:(iE)~?(~EjdF] 

cd at imaginary frequency iE. At short range. a cut-off is introduced by the 
finite molecular sire, and the true dispersion energy [unlike Eq. (7) ]  does not 
became infinite at R = 0. Thc higher-nitiltipolarity polaritahities xL(iEj 

(8) 
3 
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Non-additive Effects: For complexes composed of more than two monomers. 
for instance for (rimers of type [(X-Au-L),], one has to account for all 
pairwise interactions as well as to allow for nonpairwise or nonadditive 
effects. Although nonadditivc effects are in general much smaller than the 
additive component of the interaction energy (usually by 1 o r  2 orders of 
magnitude), they can be significant when considering the properties of bulk 
matter and moleculai- clusters.[33. ''1 

The nonadditivity in polar complexes appear in induction, dispersion and 
exchange energies. In general, for complexes of polar molecules, the thrce- 
body interaction is dominated by the induction nonadditive effects.[3s. 3 9 1  The 
dispersion errect is usually much smaller. The overall three-body interaction 
is thus well approxiiiialed at  the Hartree-Fock (CIF) level. 

We study the lionadditive effects for trimers [(X-Au-L),] in different orienta- 
tions (perpendicular, linear and triangular) (Figure 3) by means of the devia- 
tion from pairwise additivity (AX),[40' which is obtained as the difference 

(a) Linear Perpendicular (b) Linear Perpendicular 

(1:) Equilateral Triangle 
Figtire 3. 2i.h) Linear perpendicular. c) triangular and d)  linear parallel orientn- 
tions of trimers [(XAuL.),]. 

(d) Linear Parallel 

bt:tween the interaction energy of the trimer and all pairwisc interaction 
energies of  dimers [Eq. (9)]. We have derived for the trimers in Figure 3 

AX = AL(ti-iiner) - 2 AE(pairwise) (9) 
811 pdlr 

some expressions for threc-body and pairwise induction. Fii-st. the local 
electric field a t  site i is obtained as Equation(l0).  Thcn. the exprecsion 

6, = ZE,) (10) 
i 
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AE(MP2) + 
AE(2) X - . . .  London Formula - - - - , 

. . .  Induction + London Formula ........ . . .  
x ;(. ;.. ... 
+ + y k'''.. 

& ... m '-._ . '. . .  
' .*....- . . .  . .  .. F... . .  

' . ;%.. 
' . .3.. , 

' ' , .+i. . . .  . .  
' . :...* . . '  - . '.#$; 

lor the total interaction energy W becomes Equation (1 I ) ,  wherc PI< is given 
by Equation (12). Herc, E, is the total electric field a t  site i. The three- 

W = X W ,  (11) 

curve near R,, but above it for large R. The difference (ix. the 
HF contribution) is dominated by the repulsive Pauli term and 
the attractive induction term in the two cases, respectively. 

The long-range behaviour can be compared with the sum of 
the two R-' attractive terms from induction and dispersion, 
estimated with Equations (6) and (7), respectively. The agree- 
ment is reasonable. The extrapolation f rom Iurge R to R,forms 
our best prooftkat the dispersion term is the main contriburion to 
the auroplzilic attraction. The electrostatic dipole -dipole inter- 
action vanishes at 4 = 90". The quadrupoie--quadrupole term 
is small and repulsive. 

The corresponding curves for [ (CIAuPMe,),] and 
[(IAuPH,),] are shown in Figures 5 and 6, respectively. The 
effective C,  coefficients are shown in Table 5. 

body interaction is obtained by Subtracting from W the sum of the pairwise 
interactions. For idenlical monomers, the following special cases were stud- 
ied: 

I )  Linear prrpendicular orientation [Eq. (13) and (14)]: 

2) Linear purallel orirnlation [Eq. (1 5 )  and (16)]: 

0.1 

0.01 

? 
2 7 0.001 

3)  Equilureral triangle [Eq. (1 7)]  ' 

These expressions can he used for understanding the source of the deviation 
from additivity in the trimers a t  M P 2  and Hartree-Fock levels. As a gencral 
comment, a t  large R, the comparison between numerical results and theoret- 
ical expressions is limited hy numerical noise. At small R the niultipole 
expansion (including the choicc of origin, not necessarily at the gold atom) 
will break down. 

. . .  . . .  . .  ..... + . '.X. . .  . . .  . -  1 .... m . .  . 1. 

0.0001 

1 e-05 I 
300 400 500 600 800 1000 1200 

W m  

Figurc 5. Interaction energy, V(R), in the perpendicular (CJ oricntation of the 
dimer [(CIAuPMe,),]. Results and Discussion 

Perpendicular (C,) Orientation in Dimers I (XAuL),] : 
The ( /XAuPR,) , ]  systems: We consider first the dimer 
[(ClAuPH,),], and then its results are generalized for [(ClAuP- 
Me,),] and [ (IAuPH,),] . The intermolecular interaction energy 
at MP2 level for the dimer [(CIAuPH,),] is shown in Figure 4. 
An energy minimum occurs at  R, = 320.8 pm. Obviously, at  
this distance the attractive and repulsive dVjdR terms cancel. 
The main repulsive term, the Pauli repulsion, already occurs at 
H F  level. Note that the total MP2 curve lies below the AE") 

0.1 

0.01 

Id 
2 

0.001 

0.0001 
iE(MP2) + 

. . .  AE(2) ' X ' I . . .  London Formula - - - - 
Induction + London Formula ........ 1 e-05 

300 400 500 600 800 1000 1200 
Rlpm 

Figure 6. Interaction energy, V ( R ) ,  in the perpendicular (C,) orientation of the 
dimer [(IAuPH,),]. 

. . .  . . .  .. se,.... . .  
.. ,3... . . .  . .  

' . 'k.., . ".+ .. x... . .  . .  - . $..+ . .  . . '..+ . . ?.,+ 

% 
2 0.001 

0.0001 

1 e-05 

Table 5. Dispersion coefficients C, (in l o i 2  aupm-") for the perpendicular (C,) 
geometry of dimcr ((XAuL),]. MP?-level monomer properries are used for the 
London and induction components. 

System M P 2  London London + lnduction 

[(CIAuPH,),I 35.2 40.1 23.5 38 5 

[(lAuPHd,I 48.2 56.5 32.4 53.3 
[(CIAuPMe,),] 94.6 112.4 53.2 80.6 

[(HAUNCH),] 18.2 8.7 12.8 22.4 

300 400 500 600 800 1000 1200 
Pm 

Figure 4. Interaction energy, V(R) ,  in the perpendicular (C,) orientation of the 
dimer [(CIAuPH,),]. 
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k '  AE(MP2) + 
A W F )  x 

0.1 - x Dipole-Dipole Formula - - - - - : 
Dipole-Dipole + Induction Formulas ~~~~~~~~~ ~ , 

P. Pvvkko and F, Mendizabal 

The [(HAUNCH),] systems: This system yields different re- 
sults from those described above (Figures 7 and 8). At short 
distances this system shows an attractive V(R) curve, like the 
earlier three perpendicular dimers. The second order AE") con- 
tribution to the total interaction energy (AE(MP2)) behaves as 
~ - - 6  a t large R and agrees with the London formula. However, 
the interaction energy at long distance (above 500 pm) is domi- 
nated by the Hartree-Fock term (HF) (see Figure 8). This term 
behaves as R-' ,  and is quite close to the quadrupole-quadru- 
pole contribution from the electrostatic formula [Eq. (5)]. 

Near the minimum, between 300 and 400 pm, the quadru- 
pole-quadrupole repulsion is weakened by the induction terms 
(already present at  H F  level, see Figure 8), and cancelled entire- 
ly by the correlation term AE") (see Figure 7). 

d . I 

$ 

0.1 

0.01 

0.001 

0.0001 

1 e-05 

le-06 ' 1 
300 400 500 600 800 1000 1200 

Wpm 

Figure 7. The attractive contributions to V(R)  i i i  the perpendicular orientation of 
the diiner [(HAuNCH),]. 

0.1 

0.01 

0.001 

0.0001 

+ + 
le-05 ' 

300 400 500 600 800 1000 1200 
Wpm 

Figure 8. The repulsive contributions to V(R)  in the perpendicular orientation of 
the dimer [(HAUNCH),]. 

As seen from Table 4, HAuNCH is unique in having the 
smallest a and the largest 0 among the four monomers. This 
explains why the electrostatic term overrides the dispersion term 
above R = 600 pm. 

Parallel (C2J and Antiparallel (C2,,) Orientation in Dimers 
[(XAuL),]: In this section, we will examine the dominant mech- 
anisms at work in the parallel and antiparallel orientations of 
the dimers [ (ClAuPH,),] and [(HAUNCH),]. 

Tht. [ (ClAuPH,) ,] system: The results for the antiparallel ori- 
entation (C,,) are shown in Figure 9. The total interaction ener- 
gy at MP2 level (AE(MP 2)) reaches a minimum around 375 pm. 
The Hartree--Fock (HF) term is attractive and produces a min- 
imum at 400 pm. At MP2 level, the attraction is strengthened 

i . h 

5 

0.1 

0.01 

0.001 

t .  
300 400 500 600 800 1000 1200 

WPm 

Figure 9. lnteraction energy in the antiparallel (CZh) orientation of the diiner 
[(CIAuPH,),]. 

and R, shortened, to 385 pm (see Table 3). Thus the dispersion 
in not negligible, even in this dipole-dominated case. For long 
dktances (above 400 pm), the HF  term dominates. It shows 
quite a close relationship with the dipole-dipole R -  formula. 
Th,e repulsive quadrupole-quadrupole term is not important. 

'The parallel orientation (C2J (Figure 10) is dominated by 
dipole-dipole repulsion at both HF and MP2 level. The calcu- 
lated HF  curve goes over to the dipole limit at  large R. The MP 2 
curve develops a bulge, but remains repulsive. 

5 

+ 

1 
300 400 500 600 800 1000 1200 

Rfpm 

Figure 10. Long-range ii init  in the pirai ie i  (C2 , )  orientation of the dimer 
[(C'IALIPI 13)d. 

Thus. both orientations are dominated by the electrostatic 
dipole-dipole interaction, but, even here, the correlation effects 
are not negligible (as already suggested by Pyykko and ZhaoC3'). 

The [ (HAuNCH),] system: Figure 1 1  shows the resultqfor the 
antiparallel orientation (C,,). At long range, the attractive elec- 
trostatic dipole-dipole R - 3  term is partially cancelled by the 
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0.1 

0.01 

0.001 

0.0001 

0.01 

0.001 

. , 
* + 
-x 

. 

I . '  
300 400 500 600 800 1000 1200 

Figure 11. Long-range limit in the antiparallel (C2J orientation of the dimer 
[(HAuNCH),]. 

Rlpm 

A X W )  X ' .. -. . . Pairwise Induction Formula - - - - 
Three-Body Induction Formula - - -. - - - -. . -. . .. . -. . 

a. . -. . -. . .. . 
*. . +. . -. . -. . .. . .. 

+ 
X f  

repulsive R -  quadrupole-quadrupole term. Their sum is not 
far from the HF curve. At short distances the correlation effects 
become predominant, overtaking the quadrupole-quadrupole 
repulsion, and lead to a minimum near 316 pm. 

For the parallel orientation (C2J, the interaction energy at 
MP2 level (Figure 12) is repulsive at all distances, but there is a 

0.1 

0.01 

0.001 

k. . AE(MP2) . + 
AE(HF) X 

Electrostatic Formula X . 
Dipole-dipole Formula - . - . 

+ 

+ +  
t .  1 

300 400 500 600 800 1000 1200 
Rlpm 

Figure 12. Long-range limit in the parallel ( C 2 , )  oricntation of the dimer 
[(HAuNCH),] 

local minimum at 350 pm. At short distance, the AE'2' is impor- 
tant, and produces the minimum at MP2 level. The H F  curve is 
repulsive; the dipole-dipole repulsion is now strengthened by 
the quadrupole -quadrupole term. The downwards deviation of 
the HF curve from the electrostatic curve at around 400 pm can 
be ascribed to induction. 

We conclude that, for this specific system, which has the 
largest quadrupole moment 0, the quadrupole, induction and 
dispersion terms remain relevant, even at geometries permitting 
maximum dipole contributions. 

Trimers [ (XAuL),]; Nonadditive Effects: We now examine the 
nonadditive effects in the trimers [ (XAuL),] for different orien- 
tations (see Figure 3). The nonadditivity is described through 
the deviation from pairwise additivity [AX of Eq. (9)] at MP2 
level. Moreover, we analyse the results by partitioning the devi- 

ation AX(MP 2) into Hartree-Fock (AX(HF)) and electron cor- 
relation (AX(2)) contributions, respectively. The AX(HF) con- 
tribution is analysed by means of the pairwise and three-body 
induction formulae [Eq. (13)-(17)] for each specific orientation 
of the trimers. 

Perpendicular orientation in [ (ClAuPH,) J and [ (HAuNCH) J 1 

For both trimers, we obtained an attractive intermolecular in- 
teraction energy, with gold-gold distances and energies of com- 
parable magnitude to those of the dimers (see Table 3). 

The results of the deviation from pairwise additivity ( A X )  
are shown in Figures 13 and 14 for [(CIAuPH,),] and 
[(HAuNCH),], respectively. The deviation of electron correla- 
tion AX(2) (not included) is very small; thus, the AX(HF) con- 
tribution dominates at long distances (above 400 pm) and is the 
main source of the deviation. 
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Figure 13. Nonadditivity in perpendicular trimer [(CIAuPH,),] 
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Figure 14. Nonaddiuvity in perpendicular trimer [(HAUNCH),] 

For the trimer [ (CIAuPH,),], the deviation AX(HF) behaves 
as R - 6 ,  similarly to the three-body and pairwise induction for- 
mulae [Eq. (13) and (14)] between 400 and 1000 pm (see Fig- 
ure 13). This situation is also found for the trimer 
[(HAuNCH),] (Figure 14), but it does not show a close correla- 
tion with the induction formulae. 
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Parallel linear and triangular orientations in trirner 
[ f HAuNCH),]:  For both orientations in the trimer 
[(HAuNCH),], we obtained an intermolecular interaction ener- 
gy which is repulsive at MP2 level. 

The results of the deviation from pairwise additivity (AX) are 
shown in the Figure 15 and 16 for linear and triangular ge- 
ometries, respectively. The AX(HF) contribution dominates a t  
long distance and is the main source of the deviation. For the 
triangular geometry, it shows a quite close relationship with the 
deviation AX(MP2) at  all distances (see Figure 16). 
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Figure 15. Nonadditivitj in parallel linear Irimrr [(HAuNCH),]. 

R/pm 

Figure 16. Nonadditivity in triangular trinier [(HAUNCH),] 

The deviation AX(HF) for both orientations shows similar 
results when we compared it with the pairwise and three-body 
induction formulae [Eq. (15)-(17)]. The R-' long-range be- 
haviour was verified. 

Through this analysis, we have found the nature of the nonad- 
ditive effects already at  the Hartree-Fock level. The agreement 
with the induction formulae for the trimers [ (CIAuPH,),] and 
[(HAuNCH),] a t  large distance is acceptable . 

Conclusions 

We have analysed the intermolecular interaction energy in 
dimers and trimers of various [X-Au-L] systems as  a function of 
the Au-Au distances R. The dominant terms at various dis- 

P. Pyykko and F. Mendizabal 

tances are related to the properties of the monomers. The main 
conclusions are: 
1) The model systems [(XAuPR,),] (X = CI, I and R = H. Me) 

with perpendicular (C,) orientations are found to  give simi- 
lar results. The R -  behaviour a t  large distanccs provides the 
best proof so far for the dispersive character of the aurophilic 
attraction. 

2) The pairwise induction contributions to C, are, however. not 
negligible. 

3) The model system [(HAuNCH),] with a perpendicular (C,) 
orientation is dominated at  large distances by the repulsive, 
quadrupole-quadrupole term, owing to  the large quadru- 
pole moment of that monomer. 

4) For the [(ClAuPH,),] system with parallel (C,,,) and antipar- 
allel (C,,) orientations, the R -  dipole-dipole term domi- 
nates a t  long distances, while the correlation effects become 
important a t  intermediate distances. 

5 )  For the [(HAuNCH),] system, both the R - 3  dipole and the 
R - 5  quadrupole terms are important. At intermediate dis- 
tances the correlation term is comparable with that of the 
other dimers. 

6) For  the first time we point out the possibility of nonadditive 
induction terms becoming particularly important for large 
oligomers with several Au' centres. 
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