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Geometry Optimizations of the Ground and Excited Triplet State Structures of the
Low-Valent Metal —Metal Bonded Isocyanide and Carbonyl Di- and Trinuclear Palladium
Complexes Using Density Functional Theory
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In relation to the known complexes #E@NMe)?" and Pd(CN-t-Bu)4Cly, Pdh(tmb)Cl, (tmb = 2,5-dimethyl-
2',5-diisocyanohexane) and Bdppm}CO?* (dppm = ((CsHs)2P)2CHy), respectively, the ground and lowest
energy triplet excited state geometries of the model compoung€RMe),Cl, and Pd(CN(CH,)4sNC).Cl,, and
Pdy(PHs)sCO?+ have been optimized using density functional theory. The computations for ground state structures
are in excellent agreement with the X-ray data. In the excited states, bond lengthening (due to the change in
Pd—Pd bond order 6 1) is predicted. In the bridged species@N(CH,)sNC).Cl,, the computations reveal

that twisting of the dihedral angle must occur in order to account for the large change RdRtistance. Finally,

the Pd-Pd bond lengthening for the Rdppm}CO?* cluster in the’A, excited state is predicted to be).19 A

relative to the ground state. This value has also been confirmed by an analysis of the emission band using
Heller's time-dependent theory.

Introduction EHMO), the M—M interactions are antibonding in the excited

The photoinduced homolytic bond cleavage of the low-valent states,which subsequently were confirmed experimentéllye
Pd—Pd bond in binuclear complexes has been investigated by NOW report the results of our ground and triplet excited state

a number of research groups for some time AdwThis geometry optimization calculations using density functional
photoprocess occurs in the triplet stitediere a metatmetal theory on three complexes RGN-t-Bu).Clz, Pd(tmb)Cl, (tmb
(M—M) bond lengthening results from M antibonding = 2,5-dimethyl-25-diisocyanohexane), and ®dppm}CO**.

interactions. The change in#M bond lengttt®in the excited ~ Bond lengthening is indeed predicted, but ligand structural
states strongly depends upon the nature of the complexes andleformation also occurs. For dppm}CO?*, the computa-
the extent of excited state mixiffig.Recently, our group has  tional results have important implications on its guesbst
been interested in the photochemical behavior of a trinuclear chemistry®? and, therefore, its photoreactivity.

cyclic cluster, Peldppm}CCO?" (dppm = ((CeHs)2P).CH,),
which photooxidatively break down to the monomeric P
(dppm)C} complex (among other products) in the presence of  The reported density functional calculations were all carried out
chlorocarbon& or photoadds @using appropriate irradiation utilizing the Amsterdam density functional (ADF) program, which was
wavelengths and temperature conditidhsOn the basis of ~ developed by Baerends al!%!*and vectorized by Ravenetk.The

theoretical calculations (extended"¢kel molecular orbital, numerical integration procedure applied for the calculations was
developed by te Veldet al'®* The geometry optimization procedure

® Abstract published irddvance ACS Abstractdarch 1, 1996. was ba§ed on _the method developed by Versluis and Zié‘glé’r_le
(1) (a) Lemke, F. R.; Granger, R. M.; Morgenstern, D. A.; Kubiak, C. P. electronic configurations of the molecular systems were described by
J. Am. Chem. S0d.99Q 112, 4052. (b) Metcalf, P. S.; Kubiak, C. P. an uncontracted doubgbasis séf on palladium for 4s, 4p, and 5s
J. Am. Chem. S0d.986 108 4682. (c) Reinking, M. K.; Kullberg, and triple¢ for 5d. Double-¢ STO basis set§ were used for
M. L.; Cutler, A. R.; Kubiak, C. P.J. Am. Chem. Sod985 107, phosphorous (3s, 3p), oxygen (2s, 2p), carbon (2s, 2p), nitrogen (2s,
3517. (d) Yamamoto, Y.; Yamazaki, Hull. Chem. Soc. Jpri985 2p), and hydrogen (1s), augmented with a single 4d polarization function

58, 1843. (e) Perreault, D.; Drouin, M.; Michel, A.; Harvey, P. D. ; .
Inorg. Chem.1992 31, 2740. (f) Harvey. P. D.; Murtaza, Znorg. for P, a single 3d one for O, C, and N, and a 2p function for H. No

Chem.1993 32, 4721.
(2) Reviews including this topic are also available: (a) Meyer, T. J.; (8) Harvey, P. D.; Provencher, Rorg. Chem.1993 32, 61.

d- Computational Details

Caspar, J. VChem. Re. 1985 85, 187. (b) Harvey, P. DJ. Cluster (9) Harvey, P. D.; Hubig, S. M.; Ziegler, Tnorg. Chem1994 33, 3700.
Sci. 1993 4, 377. (10) Baerends, E. J.; Ellis, D. E.; Ros, @hem. Phys1973 2, 41.

(3) (a) Geoffroy, G. L.; Wrighton, M. SOrganometallic Photochemistry (11) Baerends, R. J. Ph.D. Thesis, Vrije Universiteit, Amsterdam, 1975.
Academic Press: New York, 1979. (b) Roundhill, D. Photochem- (12) Raveneck, W. IlIgorithms and Applications on Vector and Parallel
istry and Photophysics of Metal ComplexBienum Press: New York, ComputersRigie, H. J. J., Dekkor, Th. J., van de Vorst, H. A, Eds.;
1994. Elsevier: Amsterdam, 1987.

(4) Miskowski, V. M.; Smith, T. P.; Loehr, T. M.; Gray, H. Bl. Am. (13) Boerrigter, P. M.; te Velde, G.; Baerends, Bni. J. Quantum Chem.
Chem. Soc1985 107, 7925. 1988 33, 87.

(5) (a) Miskowski, V. M.; Rice, S. F.; Gray, H. B.; Dallinger, R. F.; Milder, ~ (14) Versluis, L.; Ziegler, TJ. Chem. Phys1988 88, 322.

S. J,; Hill, M. G.; Exstrom, C. L.; Mann, K. Rnorg. Chem.1994 (15) (a) Snijders, G. J.; Baerends, E. J.; Verrgdy.At. Nucl. Data Tables
33, 1799. (b) Che, C.-M.; Butler, L. G.; Gray, H. B.; Crooks, R. M.; 1982 26, 483. (b) Vernoosy, P.; Snijders, G. J.; Baerends,Jeurnal
Woodruff, W. H.J. Am. Chem. S0d.983 105 5492. of International Slater Type Basis Functions for the Whole Periodic

(6) Harvey, P. D.; Dallinger, R. F.; Woodruff, W. H.; Gray, H. Borg. SystemInternational Report; Free University of Amsterdam: Am-
Chem.1989 28, 3057. sterdam, 1981.

(7) (a) Harvey, P. D.; Provencher, R.; Gagnon, J.; Zhang, T.; Fortin, D.; (16) (a) Noodleman, L.; Norman, J. G.Chem. Physl979 70, 4903. (b)
Hierso, K.; Drouin, M.; Socol, S. M. Submitted for publication. (b) Noodleman, LJ. Chem. Phys1981 74, 5737. (c) Noodleman, L.;
Harvey, P. D.; Crozet, M.; Aye, K. TCan. J. Chem1995 73, 123. Baerends, E. J. Am. Chem. S0d.984 106, 2316.

0020-1669/96/1335-2113%$12.00/0 © 1996 American Chemical Society



2114 Inorganic Chemistry, Vol. 35, No. 7, 1996 Provencher and Harvey

Table 1. Comparison of the Calculated and Experimental
Structures in the Ground State for Unbridged Bdmplexed

P&(CNMeLCl, P&(CN-t-Bu)Cl, Ph(CNMe)2+

calculatedDyqg X-rayd X-ray!®
r(Pd) 2523 2.532(2) 2.5310(9)
r(Pd—Cl) 2.361 2.410(7)
r(Pd—C) 1.941 1.994(50) 1.963(5)
r(C=N) 1.164 1.113(41) 1.139(3)
r(C—N) 1.388 1.472(22) 1.449(4)
gcPdC 174.5 165.8 169.9(7)
OPdCN 174.9 174.9 175.1(4)
OCNC 178.8 166.8 178.3(5)
OJPdPdC 87.2 85.1 85.0(9)

a2The X-ray data are averaged (angstrom units for bond distances
and degrees for angles).

Figure 1. Optimized geometry for the model compoung@NMe),-
Cl, in the ground state. The computations were restricted{p
geometry.

polarization function was used for palladium. Thé 28 2p° 38 3d°
configuration on palladium, the 18< configuration on phosphorous,
and the 15configurations on oxygen, carbon, and nitrogen were treated
by the frozen-core approximatiéh. A set of auxiliary’ s, p, d, f, and

g STO functions, centered on all nuclei, was used in order to fit the
molecular density and present Coulomb and exchange potentials
accurately in each self-consistent field (SCF) cycle. Energy differences
were calculated by including the local exchange-correlation potential
by Voskoet al*®a No nonlocal exchange and correlation corrections
were made for the geometry optimizations. The emission spectra were
analyzed using Heller's time-dependent thetPuvhich gives results
equivalent to those of a traditional FraneRondon analysis.

Results and Discussion

Figure 2. Optimized geometry for the model compoung(@iN(CH,)4-
NC).Cl, in the ground state. The computations were restricteld,fo
symmetry. The H atoms are not shown.

Ground State. The first two complexes considered are
P(CN-t-Bu)4Cl,td and the closely related unbridged ,Pd
(CNMe)?t dimer® On the basis of the X-ray crystallographic
results!d1®one can easily consider the approximate molecular the X-ray data is also excellent, including the deviation of the
symmetry to beD,y as the G-Pd—Pd—C dihedral angles are ~ C—Pd—C unit away from linearity (computed]CPdC= 174’;
82.7 for Pd(CN-t-Bu)4Cl, 19 and 86.4 for Pcy(CNMe)2".1° experimental JCPdC= 170°). The most important data for
Solid state stacking may be at the origin of the deviation from this work are the PdPd and Pd-L bond lengths. The(Pd)

90°. For the computations, the model compound(8iMe)- average computed value is 2.530 A, and this compares
Cl, was used in order to reduce the computation time, and the particularly well with the average experimental value of 2.532
calculations were restricted ,g andC,, symmetry. TheC,, A. The calculated and experimental-P@l bond lengths are a

symmetry was selected in order to give some degree of freedomlittle different (~2.36 vs 2.41 A).
to the ligands to adopt different configurations. The starting  The second molecule of interest is;Rthb),Cl,. In order to
geometry was a structure where all angles were either 90 orreduce computation time, tmb was replaced by CNAGINC
18Cr, and the bond distances were chosen close to the publishedand the calculations were performed in restridied molecular
values for P(CN-t-Bu)4Cl, and Pd(CNMe)?", in order to symmetry (including the bridging ligand). A second reason for
reduce the number of iterative cycles. After the computations usingD.n symmetry is that one can study the effect of ring strain
some minor distortions from the starting geometry were noticed on the Pd-Pd bond. In a recent study of EdmbkX,
(Figure 1 and Table 1). First of all, f&,, symmetry, there is complexes (dmb= 1,8-diisocyangs-menthane; X= Cl, Br),!
practically no difference between the different bond lengths and stress in the PdPd bond was invoked in order to explain the
bond angles. The differences in the calculated bond distancesncrease in photoinduced homolytic metatetal bond cleavage
and angles was less than 0.001 A and 0.Qspectively. guantum vyield. In subsequent wotkthe estimated (Pd)
Essentially, theCy, optimized geometry haB,qy symmetry. values for these complexes were 2:#2.05 A, representing
Secondly, the comparison between g and C,, optimized long Pd-Pd bonds. The results of the computer geometry
ground state geometries (bond distances and angles) is excellenoptimizations are presented in Figure 2 and correspond to the
Finally, the comparison between the computed structures andfollowing data: r(Pd) = 2.588 A, r(Pd—Cl) = 2.350 A,
r(Pd—C) = 1.941 A r(C=N) = 1.167 A,r(C—N) = 1.387 A,
(17) Krijn, J.; Baerends, E. J. it Function in the HFS-Methadnternal OCPdC= 178.4, OPdCN = 172.9, OCNC = 169.7, and
18) '?5'“’\‘/325('121'38“_“5'1_);'\,';:5(‘? H?mi?;i{Oy\aé;?ftﬁ_r%ah?sQ@Stgéﬁ?ﬁc}?m DPdPdC= 89.2. The most astonishing result is tildPdC

(b) Heller, E. JAcc. Chem. Red.981, 14, 368. angle, which is near 90despite the ring strain induced by the
(19) Goldberg, S. Z.; Eisenberg, Rorg. Chem.1976 15, 535. planar—(CHy,),—bridge and the steric repulsions of the isocya-




M—M Bonded Isocyanide and Carbonyl Pd Complexes Inorganic Chemistry, Vol. 35, No. 7, 199&@115

Figure 3. Optimized geometry for the model compoundsf®iHs)e-
CO?" in the ground state. The computations were performed in restricted
Cs, geometry.

Table 2. Comparison of the Calculated and Experimental
Structures in the Ground State for thesRuster

Pd(PH;) CO?* Pd(dppm)yCQO?+ ab
calcd X-ray
r(Pd—Pd) 2.592 2.604(30)
:ggg:z)) gg’ég gfcl)g((f%) FigL_Jre 4, Optimized geometry for BECNMe),Cl, in the 3(dodo*)
1(C=0) 1.170 1.165(5) excited state.
OPdPdC 51.45 51.50 Table 3. Comparison of the Calculated Structures of
OPdCPd 77.06 76.99 Pd(CNMelCl, in the Ground and Triple{(dodo*) and 3(dz*do*)
gPdco 134.0 133.70 Excited States
aThe X-ray data correspond to averaged values taken from ref 22 ground state ¥(dodo*) ¥(dr*do*)
(r in angstroms, and angles in degreésJhe uncertainties in paren- r(Pc) 2.530 2.964 2,661
theses are the difference between the maximum and minimum data r(Pd¢—Cl) 2.366 2.405 2.424
values observed. r(Pd—C) 1.941 1972 2.001
r(C=N) 1.164 1.166 1.168
nide carbons (the sum of the van der Waals radii is kx&7= r(C—N) 1.388 1.387 1.388
3.34 A)20 This result clearly indicates that the square planar  gcpdc 174.4 182.1 170.4
coordination is rather rigid and that the ring stress can only be  OPdCN 174.9 167.8 1714
released from a twisting around the Pld bond where the tCNC 179.2 176.7 177.1
dihedral angle would be significantly greater than zég, (— 0PdPdC 87.2 91.0 85.2
Dy). The ring stress is felt in thelPACN anddJCNC angles 2 Distances in angstroms and angles in degrees.

which deviate from the linearity generally associated with the
sp hybridation of the isocyanide C and N atoms. The calculated LUMO, the atomic contribution of the donor atom is larger than
Pd—C, C=N, and C-N bond |engths are not affected by the in the HOMO (Chart 1}f As a result, the PdL bonds should
ring stress. The computed P&d bond distance has, however,
increased from 2.532 to 2.588 A (unbridgeg — bridgedDan). Chart 1
This new value is far from the 2.72 0.5 A that was predicted ¢ Pd
from the spectroscopic findingdout still is evidence for a ring pd._@C /
stress effect on the PdPd bond length. This value compares c C
favorably with other PdPd isocyanide complexeX.

The next complex investigated is the clusteg(Bdpm}CO?",
which was treated using the model compoung(PHs)sCO?"
underCg, symmetry (Figure 3). The absence of the ®-P HOMO(de)
bridge in the computations will determine the role of the dppm
ligand in the Pe-Pd length, if any. The results (Table 2) show ¢ Pd
again excellent agreement between the calculations and the Pd #°
experimental data, includingPd—Pd). These results indicate c C
that the dppm does not appear to induce any bond lengthening
(despite the natural bite distance 8.3 A).

Excited States. The experimentally characterized lowest LUMO(do®
energy triplet excited states in theJZmb}X, and Pd(tmb)X»
complexes (X= Cl, Br) are the3(dodo*) stateslf where the ~ experience a slight lengthening in thglodo®) states!’ where
Pd—Pd bond order is formally zero. Beside the -FRH the Pd-Pd bond order is formally zero. The calculations were
interactions, the PelL interactions also undergo some changes. first performed on the model compoundX@NMe)Cly in Dag
Both in the LUMO and HOMO, the PeL interactions are ~ Symmetry (Figure 4, Table 3). Indeed slight increases inlPd
antibonding according to the EHMO computatidhsn the bond lengths £+0.03 A) have been computed in agreement
with the EHMO predictiond! The most striking feature in these
(20) Cotton, F.; Wilkinson, G.; Gaus, P. Basic Inorganic Chemistry computations is the drastic increase infRtl bond length (from

o 3Srd e?.; Wiley: | Ne\\;v York, 199\?; _pre?(l.h Ky Che 2.530 to 2.964 A). At such a distance the-FRH interactions
ee, for example: Yamamoto, Y.; Takahashi, K.; Yamazal m. i H H H
Lett, 1985 201 r(Pdh) = 2.56 A. are definitely weak, exceeding the distance found in pure Pd

(22) Provencher, R.; Aye, K. T.; Drouin, M.; Gagnon, J.; Boudreault, N.; Metal (2-77_7 A). Interestingly, this value also compares
Harvey, P. D.Inorg. Chem.1994 33, 3689. favorably with the é°—d'° Pdy(dppm} complex ¢((Pd) =
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Table 4. Comparison of the Calculated Structures of the Model
Compound PgPH;)sCC?" in the Ground and Lowest Energy
Triplet Excited State’s

1A (ground state) A, (T1) SE (Ty)
r(Pd—Pd) 2.592 2.778 2.881
r(Pd—P) 2.317 2.376 2.339
r(Pd—C) 2.080 2.057 2.078
r(C=0) 1.170 1.169 1.168
OPdPdC 51.45 47.54 46.10
OPdCPd 77.06 84.91 87.79
OPdCO 134.0 128.79 126.8I

a2Bond lengths in angstroms and angles in degrees.

the planar—(CH)4— local ring stress imposed on the molecule.
The main conclusions from these computations are that, firstly,
in bridged species the PdPd bond is also cleaved in the
3(dodo™) state and secondly, twisting of the dihedral angle must
occur to compensate for the change in Bidtances.

Finally, the geometry optimization of the EBH:)sCCO?*"
model compound is considered. The LUMO, HOMO, and
HOMO-1 are the &, &, and e orbitals, respectively (Chart%).

Figure 5. Optimized geometry for BRECN(CH,)4sNC).Cl, in the
3(dodo*) excited state. Chart 2

2.956(1) A), where no formal PePd bond occur® The

r(C=N) andr(C—N) distances remain virtually unaffected by P P
the electronic excitation, as expected. The second observation P pd )
is the large change in CPdC (from 174.4 to 18pdnd PdCN s =
angles (from 174.9 to 167§ indicating some kind of CNMe- LUMO

CNMe repulsions (Figure 4). The remaining bond angle data

do not greatly change in this state. 0
The following set of geometry optimizations is focused on

the T, state arising from an electronic excitation*fHOMO-

1) — do*.1f The fact that both MO’s are MM antibonding Pd d
implies that the Pe-Pd bond order should not change. However

the d,—dy, and d,—d,, metal orbital overlaps are smaller than Pd

the d=-dz interactions (for instance). As a consequence, the HOMO 3,

dn* orbital has a smaller MM antibonding effect than theod. 9 9

Under these conditions, arti — do* electronic excitation
should lead to an excited state with a slightly longer-Pd

bond length. The geometry optimization was performed using Pd Pd P py 3 ¢
the Cp, symmetry restriction. The results (Table 3) show that b o
indeedr(Pd) increases to 2.661 A (from 2.530 A), but this bond HOMO-1 e

length is still within the range of a PePd single bondf The The two lowest energy triplet excited states are3hgand3E
M—L bond lengths f((Pd—Cl), r(Pd—C)) also experience  giatesiA, < 3E)9 The LUMO and the HOMO-1 are formally
increases in this excited state, whic=N) andr(C—N) are Pd—Pd antibonding and bonding, respectively. The HOMO is
unaffected. The bond angles_ also_remaln close to the ground0n|y partially bonding, and, as a consequence, an excitation e
state values. There are very little differences between the bon a should generate excited states where the-Pd interac-
distances and angles calculated for the same molecule undeggns are weakened compared to the states generated hy an a
Cz, symmetry. o § — g excitation. The optimization results f@s, symmetry
The computations on BECN(CH,)aNC).Cl; in its 3(dodo*) are presented in Table 4. The-PEd bond length, as expected,
state undeDz, symmetry are interesting (Figure 5). First, @ jncreases in the excited states, and the relative order follows
clear scission of the PdPd bond occurs witl(Pd—Pd) now the EHMO predictions (Chart 2A; < 3A, < 3E. The value
3.697 A. This cleavage is also accompanied by a noticeable of 2 881 A corresponds to a distance where only weak:Pd
molecular distortion within the ring. When the P&d bond interactions occur. The 2.778 A distance is also very long and
vanishes, the ring strain distorts the CNC angle from 169.1 g at the limit between a PePd single bond and a weak £d
(ground state) to 1467lin order to reestablish a more stable pq jnteractior?* The 43-CO bridging group may shorten the
conformation in the NCC angle. As a consequence, the CNC pq...pq distances here. The PB bond lengths are also
angle deviates further from 180pushing the PdCl groups |engthened in these excited states, in agreement with the
outward, and the PACN angle approaches linearity (2Y718iS  antibonding Pe-P character of the LUMO (Chart 2). For the
unusual distortion is due to the fact that the computations pg—c ponds, no significant change is computed instate,

reitricted the molecule D2, symmetry. The P¢Cl, Pd—C, consistent with C atomic contributions in the HOMO-1 and
C=N, and N-C bond lengths are 2.363, 1.941, 1.203, and 1.428 | yM0, but a slight decrease in length is found for #e state.
A, respectively. These distances are normal, excep(for-C), In the latter case, the excitation involved removing an electron

which is longer than 1.388 A (Table 1), and is associated with

(24) See data for Band Pd systems in: Perreault, D.; Drouin, M.; Michel,
(23) Kirss, R. V.; Eisenberg, Rnorg. Chem.1989 28, 3372. A.; Harvey, P. D.Inorg. Chem 1993 32, 1903.
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from an antibonding PdC orbital (a) and placing it in the
LUMO which is only localized in the P#Ps framework. Finally,
the C=0 group has essentially little or no role in these
excitations, therefore, the bond length remains unaffected.

In order to address the role of the dppm bridging ligand on
the Pd—Pd bond length in Pdppm}CCO?*, the P+-P distances
are examined. In the ground state, this separation is 3.257 A,
while, in the3A; and3E excited states, these distances are 3.396
and 3.901 A, respectively. With a natural bite distance of 3.3
A, the dppm ligand does not impose any significant-Pd—
P—C—P ring stress on the PePd interactions in the ground
and3A, states. For théE state, the larger 3.9 A-PP distance
indicates that the dppm ligand-8.3 A) decreases slightly the
Pd--Pd separation.

Excited State Distortion. The excited state distortion in the
3A; (Ty) state of Pe(PHs)sCO?t, AQ, is ~0.186 A according
to the computed ground and excited state-Pd distances.
There is no Pe-Pd bond distance evaluated experimentally for
Pdy(dppm}CC?t in the 3A; state. In order to address experi-
mentally the Pa-Pd bond distance in the excited state, the
phosphorescence spectrum of@@ppmyCO?" has been ana-
lyzed using Heller's time-dependent theory which is equivalent
to a traditional FranckCondon analysis. The time-dependent
formulation of Heller’s theory applied to electronic spectroscopy,
involves the use of wavefunctions which include both the
electronic transition moment between two Be@ppenheimer

Inorganic Chemistry, Vol. 35, No. 7, 199@117

{Pddppm ),COI*"

EMISSION INTENSITY
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|
600 700 ,
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Figure 6. Comparison of the experimental (ref 8; broken line) and
calculated (smooth line) emission spectrum of(BdpmCO?" in
solution at 77 K.

800

obtained for the pand ev(Pd;) modes are averaged in order to
obtain a more reliable value. The best fit was obtained fed O

= 15670 cmi?, A for v(Pdb) &y = 5.45, andA for v(Pd) e =

4.30 (Figure 6). The position of the—®@ is close to that
previously calculated by Zieglest al. (15 938 cnt1?l) for the
corresponding absorptién The AQ obtained for the two modes
are 0.172 and 0.199 & respectively, averaging0.186 A. The
comparison between this value and the computed ADF predic-
tion is obviously excellent, but given the number of approxima-

potential surfaces and the ground-state vibrational wave func- ;o1 made. the uncertainty is expected to be large.
tions. For absorption spectra, the wave functions are displaced 5 gimijar analysis was performed on the emission spectrum

in the wave packet and evolve with time acording to the time-
dependent Schdinger equation. The overlap between the wave
functions att = 0 and att = t is Fourier transformed in order
to give the spectrum. Since the emission band afdjbm}-
CO?* is vibrationally unstructured, a number of assumptions
must be employed. In previous works on thg-d® Pd-
(dmb)X, complexes (X= Cl, Br), a first and second moment
band analysis demonstrated that only one vibrational mede (

of Pi(dppmpCO?" (Amax = 625 nm)? The results are as
follows: 0—0 = 18 190 cnt?, v(Pt) a; = 149 cnT?, ° »(Pt)
e = 129 cn1t, ° A for v(Pt) a, = 9.5, andA for »(Pt) e =
8.1. The calculatedQ are 0.342 and 0.314 A, averaging.33
A. Hence, with an average ground sta(et—Pt) ~2.63 A26
the r(Pt—Pt) value in the emissive excited state~2.96 A.
This value is a little shorter than that of,Rippm} for which
no formal P+-Pt bond occursr(Pt) = 3.025 A7 and indicates

(Pd)) could describe adequately the temperature dependencgnat some Pt-Pt interactions are still presettt.

of vmax (first moment) and the bandwidth at half-maximum
(fwhm: second moment) of thesd— do* absorption bandf

In a subsequent study on £dppm}CCO?*, the first and second
moment band analysis demonstrated that a minimum of two

Final Comments

These results have an important implication on the guest

ground state vibrational modes were necessary to appropriatelyhost chemistry of Pddppm}CO?* in the excited states. With

describe the temperature dependencen@f and fwhm of the

1IE — 1A absorption band$. Both vy and fwhm are related

to the relative “hot band” populations. These modes ended up
being both the aand ev(Pd,) modes (i.e., 204 and 143 cr)
respectively, as observed from Raman spectroscbyor the
emission band, it is also assumed that the Frai@bndon active
vibrational modes are thg and ev(Pd;) modes. In the fitting
procedure, Heller’s theory involved the adjustment of five pa-
rameters: position of the-80 componenty(Pd) & (ground
state),v(Pd) e (ground state)), (unitless) forv(Pd) a, and

A for v(Pd) e. The other parameterg’)( and vibrational
bandwidth) were kept normal (x 10712 s, 400 cnrl,
respectively). By fixingv(Pd) &g andv(Pd) e at 204 and 143
cm™1, only three parameters were left adjustable. During the
fitting procedures, the quality of the fit turned out to be very
sensitive to the changes in the adjustable parameters. Also,
for v(Pdh) & and e were found to be interdependent: the fwhm
did not change whem\ for v(Pd) a was increased by the
amount by whichA for v(Pd) e was decreased. This

dependence is due to the fact that Heller's model imposes equal

intensity to all vibrational modes involved in the calculations.
This is in reality rarely the case. The results obtained from
these computations are considered approximate, and e

an increase in PdPd bond length, the cavity size should
increase proportionally. In th#\; state (T), this increase is
on the order 0f~0.186 A. This way, the cavity may become
less selective toward substrat®d; center interactions. In order
to design an unsaturated fabmplex exhibiting a cavity similar
to that of the®A, state, one can modify the bridging ligand. By
replacing P (covalent radiE 1.10 AY0 by As (covalent radii
=1.22 A), i.e., dppm to dpam ((¢Els)2As),CH,), the phenyi--
phenyl separation (along the A®d-Pd-As axis) would

(25) The equation converting the unitless excited state distoftionto
AQ (A) is AQ = {(Nh)/(m(27)cv)} Y2(1BA), whereN is the Avogadro
numbercis the speed of light (X 10'° cm/s),h is the Planck constant,
andmis the reduced mass adapted, for a triangular cluster. For the a
mode,mis considered to be the Pd(R&)2). fragment;m = m[Pd-
(P(GsHs)2)2)/3. For the e modem is taken asn = m[Pd(P(GHs)2))/
2. These assignments are made according to the nuclear displacements
in relation to the fragments being involved in and e vibrational
modes.
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increase by~0.24 A. In this way, density functional theory Internationales) for a travel grant to Calgary. R.P. is grateful
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