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Electronic spectra of cyclotetramolybdenum(I1) 
diynes 



rectangular cIusters with the formation of long-edge MO-MO single bonds (d[Mo2) -2.9 A). 
There is no significant visible absorption polarized parallel to the short bonds: that is. the 
prominent metal-metal potarized ‘(4 + j *I transition of quadruply bonded Mo,X,(PR,), 
cclmplexes is not observed. A very intense near-UV absorption band at 31 I nm (E 30 600 
M ’ cm ‘) for Mo,Cl,(PBul;), is assi_gned to the dipole-allowed ‘(0’ -+ G’*) transition 
associated Ivith the long MO-MO bonds. The many weaker absorption systems in the visible 
spectra. consisting cxclusiwly of bands polarized either parallel to the long MO-MO bonds 
or perpendicular to the Mo, plane. are assigycd to T+ rs’* transitions and or forbidden 

0’ + (r’* transitions. No electronic emission is observed. nor arc transient-absorption signals 
with lifetimes of greater than 20 ns. Together with the itbsence of iin! photochemistry for 
visible irradiation. the results indicate that the cxcitcd states undergo rapid nonradiative 
decay to the ground state. L 1999 Elsevier Science S.A. All rights reserved. 



single bonds; the dichloride-bridged compounds ZrzX,(PRJ), [B], which are the 
closest analogues for the long-edge metal-metal bonding situation that we are 
aware of, have metal-metal distances of 3.1-3.2 A and forma1 metal-metal single 
bonds [7]. The metal-metal distances of the M, units, along with spectroscopic 
data, led to the proposal [l] that the &bond of the parent M i M subunits is 
broken in the M, clusters. with the d,!. orbitals forming M-M single bonds along 
the long, doubly bridged edges. This amounts to a formal cycloaddition of two 
metal-metal quadruply bonded dimers to yield a cyclotetrametalla diyne. A 
theoretical study [S] of the homoleptic D,,, complex [Mo,Cl,~]” ~’ is fully consistent 
\vith this description of the bonding, 

The electronic-spectroscopic properties of quadruply bonded M,X,(PMe,), (M = 
MO, W) complexes have been investigated extensively [9]. Aided by these results, 
and with insights from the theoretical work [S], we have interpreted the electronic 
spectra of M,X,L, clusters. We also have studied the photophysical and photo- 
chemical properties of these clusters. 

2. Experimental section 

The compounds Mo,X,(PBu$ (X = Cl. Br) and Mo,CI,(PEt,), were prcparcd by 
established methods [ lc]. Single crystals of Mo,CL,(PBu’(), and Mo,Cl,( PEt,), were 
respectively obtained by vapor diffusion of methanol into a concentrated benzene 
solution and slow evaporation of a solution in I:1 benzene ‘hexane. The well 
developed fiices and the crystal directions of their estinctions \vere identified for 
crystals mounted on an X-ray dit fractomcter. Unit-cell dimensions agreed \vcll lvith 
reported values [la.dJ]. 

kly( ~~~~th~l~~~~th~~~r~l~~ It) ( PM M A I lilma conl;lining Mo,X,( PR ,I, \VCTC ciist 0t1t3 

quartz disks from concentrated Cl-l,Cl, solutions by slow evaporation. 
Spectrometers, low-tem~~craturc cquipmcnt. and the Nd:YAG laser system have 

been described elsewhere [IO. 111, 

3. Rrsults and discussion 

Electronic-absorption spcctru of Mo,X,( PBu’:),, (X = Cl. Br) in hcxane solution 
are shown in Fig. 1; the data are summarized in Table 1. Extinction coefficients at 
lhe maxima agree within 5- lO’!i~ ivith those of ;I previous report [la] except for 
those of the \\peakest bands (i > 500 nm): cure hc! been taken to determine these 
latter extinction coeft’icients with better precision it1 the present work. The UV 
bands (i. c 300 nm) have not been previously reported. The spectrum of 
Mo,Cl,( PEt,), in hexane is qualitatively \‘ery similar to that of Mo,Cl,(PBu’~), in 
terms of maxima and relative intensities, but, becnuse of its very low solubility. 
extinction coefficients were not determined. 



Spectra at room temperature and 30 K for PMMA films of Mo,Cl,(PR,), 
(R = Bu” and Et) are shown in Fig. 2; the data are summarized in Table 2. The 
room temperature spectra are very similar to those of hesane solutions. Bands at 
i > 500 nm are too weak to yield significant absorption for these thin film samples. 

The major bands of these spectra sharpen and significantly blue shift upon 
cooling. Resolved in each of the spectra are additional features about 30 nm to 
both higher and low,_ pr energy of the intens? ca. 310-nm absorption band. The ca. 
430-nm band of Mo,Cl,(PEt,), develops a high-energy shoulder. but a similar 
feature is not evident for Mo,Cl,(PBu’&. Spectroscopic data of a PMMA film of 
Mo,Br,(PBul;), {spectrum not shofvn) are included in Table 2. For this compound, 
no feafures other than those already evident in the room-temperature spectrum are 
resolved at 30 K; the temperature dependences of the absorption bands are similar 
to those exhibited by the bands of the chloro complexes. 

the paper, of molecular 
axes for the tetranuclear compounds. The I-asis was chosen so as to Emphasize 
comparisons; to quadruply bonded Mo,X,,( PR,), compounds [93: it is also consistent 
\vith the ascs chosen in ;t theorc&l c&ulatiat~ [S]. The ,r axis. not indicated in the 
sketch. is perpendicular to l!le Mo, plitt~e. 
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The well dcwloped face ol the greenish-yellow crystals of Mo4C1,(PEt3), was 
identiiied by X-ray methods as (100) of the monoclinic (P2, w) lattice, There are 
two orietltations of the tnolecular unit. owing to it 90” rotational disorder of the 
MO, unit (exchanging _I’ and I) within the age of the terminal ligands: the minor 
orientation occurs, according to Cotton and Shang [3], to the extent of 8%. Beers 
[12] had earlier refined this disorder in an independent X-ray determination. 
arriving at a population for the minor orientation of 5%. In Table 3 we present the 
normalized intensities calculated according to the atomic coordinates of the Cotton 
and Shang rcfinemenr, including an average for the two orientations. Calculation of 
an average is reasonable because the two crystallographic orientations exhibit no 
significant internal metric dirferences; since the observed electronic absorption 
bands are all broad (widths 2 2000 cm ’ ). signiticanl spectral shifts between the 
two orientations are unlikely. The site symmetry is only 7 but the molecular 
structure conforms closely to C2,! symmetry, and. in particular, the MO-MO and 
MO-MO vectors are precisely orthogonal. 



The weI; developed face of crystals of Mo,Cl,(PBul;), was identified by X- 
cay methods as (I IO) of the orthorhombic space group F,,,<, [5]. Intensities predic- 
ted by electric-dipole selection rules are summarized in Table 4. The site symmetry 
for this compound conforms to the maximum mokcular symmetry, .& Rota- 
tional MO, disorder of the type found for Mo,CL,(PEt,), was not detected in the 
crystal-structure refinement [5]. ff it occurs to some extent, predictions for _u-polar- 
ization will be unaffected but the Z- and _I!- polarizations will be mixed into each 
other. 
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Absorption spectra of Ma,S,(PR,), in PMMA 

Compound T=295 K 

Mo,CI,(PBu’.l), 438 12.8 425 23.5 
I> h 344 ‘9.1 

3 I (1 _-.. 3’ 7 302 33.1 
Gl. 775 (41) <il. 36 (sh, 278 36.0 

23.4 
ca. 25 (sh) 
29.x 

33.2 

36. I 

‘I.’ 
23.1 
27.5 
30.7 

34.4 

Fig. 3 shows sir@-crystal polarized absorption spectra of ;I t?+.t crystal of 
hlo,Cl,(PBu’& at 6 and 300 K and Table 5 surnmari:~~ 1; rhe data. Six distinct 
absorption fcaturcs are obscrvcd, labeled bands I -VI m Table 5 [13]. The luwest- 
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Tabic 4 

Crystal fact extinction direction Molcculm transition dipole orientation Relative intensity 

mergy band, I. maximizes at 14 900 CM ’ at 6 K and is predominantly polarized 
1~‘. The polarization ratio of band 1 is not well determined from these data because 
of baseline problems [14]. Fig. 4 shows the polarized bpectta for a thicker crystal at 
3 slightly higher temperature (30 K), \vherc the polarization ratio (1~ .I,(,) of this 
hutd is better determined. 

Rel‘erencc to Table 4 indicates that band I might be Atha x- (’ (Mo- Mo)) or J*- 
( i Mo,) polarized. The small but nonz~ro j I* intensit>, of the band is not rxplained 
b!. tither assignment ITabk 3). The intcgmted intensity UT band 1 in horh polariza- 
tions is Imqm-aturc independent to kvithin 1 II” In: decreases in handwidth ;irs 
compensated by increases in peak intensity. However. band 1 is clearly IW 

I2 16 13 20 22 24 26 28 
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z-polarized; the finite 1~~9 intensity tray occur because ot’ some small amount of 
crystallographicnlly undetected disorder of the type discttssed above. 

Solution spectra of Mo,Cl,(PBu’~), (Tables 1 and 2) show an intense (I: 3700) 
band at 22 900 cm I. The crystal absorption bands in \icn polarization ;tt 24000 (295 
K ) and $4 300 an I (A K). band VI, tnatch the solution maximum fairly well, and 
probably represent a weak Iit’ component of the intense solution band. This band is 
thus tiwnd to be prcdotninantly Irn polarized. that is. either .v- ( l~(Mo--MO)) or _t’- 
(iPfl0,) polarized. 

_ __.._____~_ ~. --- 

V 
j 8 
2 

, 
L L.._.. ..I __. .__I_._ ._._ I____ 

12 14 16 18 20 22 24 26 28 

Energy (cnv 1 x 1 O-1) 



3 

1 

0- I I 

12 14 16 18 20 22 24 26 25 

Energy (cm-1x103) 



113 



(Table 3) than is that of the measured crystal face of Mo,CI,(PBu’&. Thus, whereas 
&ivd for the latter conqoun~ cou\d only b2 taken to show Ihal ‘oand I was either 
S- or _t.-polarized, the Mo,C1,(PEt314 data clearly indicate band I to be _r-polarized. 
The esperimental polarization ratio. l:I? ‘i+ 1 7. is in good agreement with the 
theoretical value of 9 from Table 3 for .ts-polarization (average orientation). The 
intetgated intensity of band I in the (h polarization decreases by a factor of ca. 3.3 
between 295 and 6 K as the band simultaneously sharpens (full-width-at-half-max- 
itnum decreitses from 2800 to IS00 cm ‘) and decreases in peak intensitl 

(CID),,,;,, = 0.525 and 0.365 for this crystal at 295 and 6 K, respectively). Therefore, 
the intensity of band I for this cb.npound is largely or entirely vibronically induced. 
Since the molecular unit of Mo,CI,(PEt,), is located at an inversion center in this 
crystal [la,& we can surmise that band I is Laporte-forbidden; the molecular 
symmetry of Mo,CI,(PBu~:), does not include inversion, which accounts for our 
earlier observation that band I of this compound has temperature-independent 
intensity. 

Bands III and V iire weak features that do not contribute irppreciablg to the 
solution absorption spectrum. Both of them have polarization similar to band I; 
tlrcir thermal behavior is not well defined because the!, are shoulders. but predom- 
inant .t,-potitrizatiotl is evident. 

.4s observed for Mo,Cl,(PBu’~),. the tn;~simum of bi\tld VI is close to that 01’ ;I 
rnodetxtel!- intense solution itbsorpticltt ut 23 1100 cm ’ kltld \\L\ IlhSlIlllC that lhC> 
cot-respond. Since .xtr dipole-~elc~tiotl-rule intensity c:\Iculi\tions save good results 
tix b;tr\d I in thts littlice. WC can attempt 10 disringuish btat\veen .Y- ;md t*-polariza- 
tic)11 l’or this itttetw ttxnsition (:-polarizatiou br;ng rxcludcd by thl* l’ecbletwss of 
the c-polarized intensity) by comp&on 10 the solution spectra. for lvhich band 
VI is ca. 4S times its intense at the tnasimutn ;IS band I. From Table 3 (final 
colutnn) WC predict that the ratio of rhe intensities of band Vl in I!(* polarization 
end band I (taking band I to be ,t’-polarized) in j,h polarization should bc ca. 5 if 
band VI is ,t,-polarized ;~m.l a. _3 it‘ it is .u-poli\rized. The observed \litlue is 2.7. 
wtisistcnt \\ith .~-I,ol~trizatic~n. Thcsc cAxls[ions delinit:ly show thitt our corrcla- 
lion of the ’ (’ crystul ;rbsorption band VI to t!le intense solution band is corrccI; 
this baud must ;tppc;ir in the crystal I c*-polarized spectrum \vith iltl intensity similar 
to or grouter th;ul the r~bscrvcd inteAt\. of band VI if dipole sclcclion rules urc 
:\pplic&lc. as they must bc for such an ituenw band. 

Assignment c,.’ this b;lnd to .y-pt>li\rizatiotl is also supporrcd b!, another aspect 01’ 
the data. Fig. 3 show3 that the I<,-polarized ,bbsorption 01’ the Mo,CI,( P13u’;IJ 
Cr)‘Still gOCS Ot‘fSCillC quite abruptly ilt l9-W Cl11 ’ (35 K) iillJ 3) 800 Ctll ’ (6 K). 

It1 contrast. tar ;I cr!,sral of Xla,Cl,~PEt ;I_, \vith ii Gmiinr ;tbsorpti\,ity for band 1. 
the intwscl~ ~tbsorhing h poti\riz;itiotl 2~s offscale more $etltl>. itt cil. 72 WI ctn ’ 

I l-is. 31. This ittdicatc$ ttxtr intcnsc hand b:I makes ;t stronger contribution 10 rhc 
inrensely ;tbsorbing polarization tur rhe M~,CIJPBU’~~~ crystal than for the 
hlu,Cl,(PEt :I_, cr!~stA nhich is. ilccorditls to Tables 3 and 4. consistent nith 
.\ -pcA~trizalinn. bllt tlot \\ith ,I.-p~~larizatiotl. \\!e ccwclude that band VI is .I-- 
pcll;trized. 



I15 

The electronic spectra of quadruply bonded Mo,CI,(PR,), complexes [9] sho\i 
three major low-energy bands: ca. 17 000 cm ’ (G 3000 M ’ cm .’ ‘), ‘(d -+ 6*); ca, 
22 000 (I: 200). ‘(E --+ 6”); ca. 30000 (c 4000). ‘(a(P) -+ &*). Note that. unless 
otherwise specified, the orbit& we metal-metal orbit&. Additional intense LMCT 
transitions ((Cl, P) -+ J*)) are found at considerably higher energy (1’ > 4 000 

cm ” ‘1 19~1. The M2 S and 8” levels are depicted in Fig. 6(a). 
Upon side-by-side dimerizatiou of M, subunits to form a rectangular M, cluster, 

the MO diagrams shown in Figs. 6(b and c) apply [8], where we use symmetry 
labels appropriate for the parent Dj,, [M,X,]’ and II,,, [M,X,,]‘.-- complexes. The 
two MO diagrams for the M, cluster differ depending on whether the magnitude ot 
the metal-metal &bond interaction within multiply bonded !vl? subunits is greatcl 
than or less than the cr’ dimer-dimer interaction between the d, ,. orbit& of the t\vo 
M, subunits, the latter being the description favored on structural grounds [I]. Our 
elertrotiic-spectroscopic resuhs show utlequicocaily that the structurally eased 
lbrmulation is the correct one. 
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Table 7 
Dipole sdecfion rules for the 6 :d* manifold-derived dec t ron~ wanfitions for lhe case A a ' >  A6 (Fig. 

6(c)) 

~ n  One-ele~ron ener~' A l~x~d  po~fizat~n 

~ Qz" D~ 
. 

6 * a  ~ ~ 6 a  ~* A ~ " - ~ 6  " ~" 

6 * a ' ~ d * a ' *  ~ a '  x x x 

~ "  ~ ~a '*  A ~ '  x x x 

6¢'  ~ d *a'* Aa'  + ~6 -. Y 

• ' Our axis choices make the rotation axis x rather than the conventional :. 

that are raised or lowered in energy from Aa' by Ad. Since, experimentally, there 
are no in~nse :-po~fized tran~fions b~ow ca, 29 000 cm ~, the first model cannot 
be corre~. 

Table 7 summarizes d i p o ~ e ~ c t ~ n  rules for the d ;~*-derived dec~on~ transi- 
tions shown in Fig, 6(c). The two dipole-allowed tranfifions of the parent D:h 
symmet~.', ~*~' --~ ~*a'* and ~ '  ~ ~ ' * ,  are essenfial~ the a' --, a'* tran~fions of 
the two ~ng-edge Mo-Mo bonds, and they are x-pohfized in our axis system. 
There is a great deal of information av~hb~  on ~a--,a*l trans~ions of fin~y 
meta l -m~-bonded compounds [15]; lbr tranfitions of this type. energies range 
from 30 000 to 45 000 ~n ~ and extin~ion coel~den~ from 17 000 to 70 000 M -~ 
cm ~, An impo~ant charac tef i~  of this type of tranfit~on is that there are very 
drast~ thermal effects, the bands broadening and red~hifting with increafing 
temperature, owing to large e x ~ d - a a t e  dhto~ions along a low-frequency meta~ 
metal ~retching coordinate [1~. In fact, all of the prominent absorption bands of 
the Mo~X~La complexes disp~y this type of thermal behavio~ which strongly 
sugge~s that they involve ex~tations into a'* orbitals; this will result in large 
d~to~ions along a lpresumab~ low-frequencyJ v(Mo-MoY6{Mo:X~} coordinate. 
Note that the band m0xima and half-widths of the dipole-a~owed t(~._,~,) 
t ran~ons  of Mo:CI~PR~h exhibit relativdy little ~mperature dependence [9], 
owing to a rehtivdy ~nall ex~d -~a t c  di~o~ion ~ca. 0,1 A) and a rclativdy large 
v~Mo:l frequency ¢ca. 350 cm-~1. 

The obv~us candidates lbr the allowed ~ta ' - ,a '* l  tranfitions of Mo~Xs(PR~h 
are the intense absorptions seen in isotropic spectra I Figs. I and 2) between 300 and 
400 nm: 311 nm (e 30600 M tcm ~) for Mo~Ci~PBu~h; 305 for Mo~CI~PEhh; 
337 (~ 17000J and 367 t~ 12 100 IshlJ lbr Mo~Brs~PBu'.0~. There are no dectron~- 
absorption data av~hb~  for dosdy analogous binudear ,oodd complexes such as 
ZuCI~IPR,h [~, but the general comparison to binuc~ar singly bonded compounds 
[15] is compdfin~ For exampl~ the ~(a--*a*) tranfifion of [Rh:~l,3-diiso- 
cyanopropanel~Cl:] ~- (d~Rh:J=2.837 AI is located at 337 nm I~ 59000 M-~ 
cm ~ [15~. Unfortunately, we could not verify whether these bands are x-pola~ 
ized for the chloro comp~xes because we could not obtain cry~als thin enough to 
extend the spectra past 355 rim, wh~h is far sho~ of the band ma~mum. 



Other assignments should also be considered for these intense bands. As noted 
earlier, Mo,CI,(PR& compounds exhibit a a(P) --) 6* LMCT band near the energy 
of these bands. However, a similar assignment for Mo~X,(PR& is excluded 
because: (a) the Mo$&(PR~)~ LMCT band is much weaker (E= 3720 for 
MoJZlJPMe,),) [9a] than the Mo,X,(PR,), band; (b) the MoJ&(PR&, a(P) + S* 
transition is at particularly low energy among the LMCT transitions [SC] because 
the relevant e-symmetry a(P) level is nonbonding towards the d, 2 _ v2 levels [16], 
whereas all b(P) levels are o-bonding for G,, or &-symmetry Mo&(PR~)~ and 
should therefore be strongly stabilized, raising the energies of the LMCT transitions 
and (c) most importantly, Mo,X,L, complexes in which the phosphines are 
replaced by other neutral ligands, such as in Mo,Cl,(EtCN),, display intense 
absorption bands at very similar energies [la]. Taken together with the information 
that other intense LMCT transitions lie at c 250 nm for Mo~X,(PR,)~ compounds 
[9c], these considerations exclude an LMCT assignment for the 300-400 nm bands 
of Mo,XH(PRJ)+ Intense bands of the tetramers at i, c 300 nm (Table 1) are 
attributable to LMCT transitions [SC], The only other assignment that we consider 
at all plausible is ‘(n -+n*) within the triply bonded MO! units. For quadruply 
bonded Mo,&(PMe,),. this transition has been placed at c 200 nm [SC]; for triply 
bonded Mo2(HPOJ)~~~ it has been located at 250 run [17,18]. It therefore seems 
unlikely that the intradimes ‘(TC + ft*) transitions would red-shift to the 300-400 
nm legion for MoJXli(PRJ)+ 

The allowed ‘(cr’ + c’* ) assignment thus seems secure for the intense 300-400 run 
bands. The compound Mo,Br,(PBu:\‘), displays a splittin_e of the band (337 and 
367(sh) nm); this conceivably reflects the two nearly degenerate, allowed ‘(cr’ + u’*) 
transitions that are predicted from Fig. 6 (&‘-+SCT’*, i>*b’-+ S*n’*), The two 
additional ‘(a’ -+ a’*) transitions (iia’-+ ($*a’*, (S*o’ -+ 6~‘*) are predicted to be 
orbitally forbidden in &,, or C,,, symmetry (Table 7) nnd to lie to higher nnd lower 
energy of the allowed transitions by the one-electron parameter A6. For quadruply 
bonded Mo$!,(PR~)~ molecules, AS is estimated to be ca. 8000 cm -- ’ [ 191, so 
bands II-VI are all at reasonable energies for the lowest-energy ‘(d +d*) tmnsi- 
tion, and band I cannot be excluded either, despite its rather large splitting from the 
allowed ‘(a’ + 6’“) transition of ca. 16 000 cm - I. The energies of these bonding-to- 
antibonding transitions include large two-electron contributions [ 15b, 191, and one- 
electron estimates of relative energies may not bc valid. 

Compounds with metal-metal single bonds typically show ‘TC --) u*’ transitions nt 
5000- 10 000 cm ‘-. ’ to lower energy of the ‘(6 3 a*) transition [ 151; for example, 
Mnl(CO),,, has d 3 G* at29740cm ~‘(~33700M-‘cm-‘)and nAb*at26700 
cm I (E 2900 M - I cm -. ‘) [ZO]. By analogy, 15 --t c’* transitions might be expected 
at 22000-28000 cm I (350-450 nm) for Mo,X,(PR,),. We also note that the 
x -+ (S* transition of Mo,CI,( PMe,), is observed at 22 000 cm ” ’ [9], These correla- 
tions encourage us to assign the crystal band VI (together with its intense solution 
counterpart at ca. 23 000 cm - I ) to it n + d* transition. Dipole-selection rules For 
7r + b’* transitions are summarized in Table 8. There are a total of eight one-e!ec- 
tron transitions, and the calculation on [Mo,Cl,,jJ - [S] shows that the TE (binu- 
clear)-derived levels are spread out over ca. 1 eV. We can, therefore, expect several 



iteak bands in this energy region. thereby explaining the spectral compIexity. The 
7~ + b* transitions of singly metal-metal-bonded compounds are polarized mainly 
along the tnetal -metal axis, owing to intensity-stealing from the very intense ‘(G + G*) 
transition [ 15~2 I]. 

We suggest that band VI is II, +h;,, (~7, + ~SG ‘*, Table S). since this transition is 
dipole-allowed along s and can therefore directly mix with 6’ --+ F’* by a nonvibronic 
mechanism. Detailed assignments of the plethora of remaining weak bands must await 
hi&r-lc\*cl theoretical calculations than the one available [S]. The possible assign- 
ments are not limited to those set out in Table 8; for example, band V has an energy 
and relative intensity consistent [9a] with it being the spin-forbidden (singlet-triplet) 
counterpart of band VI. 

Band I merits special consideration because of its distinctive polarization and 
thermal behavior. The 7t J G’* transition CL -+ h,, f n, + (5 *CT’+. Table S) has the correct 
symmetry properties: it is dipole- +i\rbidden-in C?,, (Mo,CL,( PEt 1)4, for which it exhibits 
tcmpcrature-dependent intensity). btrt dipole-nllolved in & (Mo,Cl,(PBu’&). How- 
ever. (I, -+ h,, must lie to higher energy of the assigned (I, -+ A,,, transition (at 23 000 
cm ‘). Moreover. the levels given by the calculation [S] predict that II, -+hZc will 
possess the highest energy among the n -+ rr’* transitions. An alternative (and more 
intcrcsting) assipm~ent is to the forbid&n G’ + (T’* transition (5 *IT’ --L w*. h,,, --r h?,, 
(TktbIe 7). 1\4iich also has the correct s!‘tnmctq pmpcrtics: rlic cnperiment~rl 
inl‘c~tm~~tticrt~ awilablc cantut distinguish hct\vwn t hew t\\x\ pwsible ~tssignmcnts. 



spectral changes. Dichloromethane solutions of Mo,Cf,(PBul,‘), are photosensitive 
to 254-nm irradiation, changing color from }ellow to brown, and similar color 
changes also occur, but much more slowly, upon 313-1~1~ irradiation. The product 
solutions exhibit a featureless rising absorption that extends across the visible 
region. This reaction likely involves photo-oxidation of MO(H) by the halocarbon 
solvent, similar to a previously documented UV photoreaction of Mo,Cl,(PR,), in 
halocarbon solution [23]. The reaction clearly involves upper excited stntes (possibly 
Cl -+ MO LMCT slates) r9c.233 rather than the low-energy metal-metal excited 
states. 

None of the Mo,X,(PR,), clusters eshibit detectable (i. < S50 nm) luminescence, 
either as solids or in alkane (hexane or 2-methylpentane) solution, at room 
temperature or 77 K. We were unable to detect any transient-absorption (or 
ground-state bleaching) signals with lifetimes greater than 20 ns upon 532 or 
!55-nm Nd:YAG pulsed-laser excitation of hesane solutions of Mo,Cl,(PBu;‘),. 
This result excludes both long-lived excited states and transients that might result 
from metal-metal or metal-ligand dissociative photochemistry of significant quan- 
tum yield. 

Evidently. the lolv-lying excited states of these compounds undergo very rapid 
nonradiative decay to the ground state. This behavior contrasts strongly to the 
photophysics of the Mo,X_,(PR,)., compounds. because the binuclear species exhibit 
i!ltensc fluorescence from :I long-lived ‘(c)d *) excited state [24.25]. However, since 
our spectroscopic studies conclusively indicate that the Mo,X,(PR {)A clusters do not 
have low-lying excited states of the AS* type, this striking tiifl’ercncc in behavior is 
noI surprising. 

WC ha\fe assipncd t tw hxv-cncrgy electronic ;tbwrpliw bands of the te(wmxs to 

n“ + cr’* and IT -+ CT’* transitions. Electronic emission from triplet excited states of 
these types is well established [21,26], albeit exclusively in cilses where the metal- 
metal n-bond is bridged by tigands so that facile metal - metal dissociation 1271 is 
prcvcntcd; moreover. none of the published csamples shows measurewble lumines- 
cence in room-temperature fluid solution. Excited-state nonradiative decay is rapid 
for these motccules. just as it is in the present ciise. WC thcrel’ore cotlclude that 
low-cncrpy cr*-type excited states of the tetrz:ncrs are not dissociative because of 
the bridging ligands. but they we short-lived because very Iargc metal-metal 
distortions (along the long edges for the tetramcrs) facilitate nonradiative decay. 

Refcrcnces 



1 ~  IKHL Bee~ ~ ak C~rdmathm Chemist~ Rer&uw 187 (199~ 103-120 

T.R. Ryes, R.E. McCade~ Inorg. Chem. 2t 11982) 2072-2079. {dl R.T. Cadin. R,E. McCude~ 
lnorg. Chem. 28 t1989) 3432 3436. 

[~ F.A. Cotton. R.A. Wagon. Multip~ Bonds B~ween Metal Atom~ 2nd Edition, Oxford Pres~ 
Oxford. 1993. 

[3] F.A. Cotton, M Shang, J. Clu~er Sd. 2 (1991~ 121 129, 
[4] F.A. Couom G.L. Powdl, InorK Chem. 22 I19831 871-873. 
I5] The cry~al ~ructute of Mo4Cl~PBuqh has not been reported iu full d~aB, ~though unit ce~ 

param~ers and impoaanl bond ~ngths have been [ldl: disorder of the n-butyl groups of the 
phosp~ne l~ands resulted in a Iow-qttality ~ructure I R =  8 . ~ ,  R~= 10.4%1, with several C C 
bond ~ngths 1hat refined to unreasonable values {range 1.35-1.70 A) in the disorder model that 
~as adopted: Mo. CI. and P pos~ions am nonethelez ~ wall defined. 

[~ F.A. Cottcn. M,P. D~bo~.  P,,X. Kibak. Inorg. Chin.  27 11988) 799 804, 
{7] A theord~ l  calculat~n on Z~I8PH~h suppo~s this v ~  of the mdal mdal bonding, F.A. 

Cotton. M. Shang, W.A, Woj~zak, lnorg. Chem. 30 119911 3670- 3675. 
18] R.A. Wheder. R, Hoffmann, J. Am, Chem, Soc, I08 (19861 6~05 6610. 
[9] la) M.D, Hop~n~ W.P. S d m e ~  M.J. Bronikowski. W.H. Woodruff. V.M, M~kowski, R.F. 

D~hnge~ H,B. G~i~, J. Am. Chin .  Soc. 109 11987) 408 ~ 416. Ib) M.D. Hop~n~ V,M. M~kowski. 
H.B. Gray, J. Am. Chem, Soc. 110 t19~8) 1787-1793. I¢1 V.M. Miskowski, tt.B, G r ~  M.D. 
Hop~n~ Inorg. Chem, 31 {1992) 2085 2091. 

[10] P.E. Fanwick, D.S~ Mar~n. T.R. Webb~ G.A. R o b b ~  RA.  Newman, lnorg. Chem, 17 11978) 
2723-2727. 

[I ll la) S.F. Rice. H.B, G~tv, J, Am, Chem. Soc. 105 11983) 4571 -4575, lb) D,G. Noccra. JR .  W ~ k ~ L  
K,M. Yocom, E. Bm~ignon. H.B, Gray, J. Am. Chem. Soc. I06 119841 5145 5150. 

[12] W.W. ~eers, Ph, D. T h c ~  Iowa Sta~ University, 1983. 
[131 Scanning m lower energy both lk~r cry4vh and concentra~d solutions did not reveal any 

absorptions ~other than ~brafionM o~crt~m~l of lo~er energy than the ~ .  14.5~1~ cm ~ band, ft~r 
;tny of~he compound~ of this study. 

114] The UV-v~ d~e~or of the Car~ 14 spc~romc~r lan R955 PMTI begones incrca~ngly inscn~li~e 
l\~r 2 > 7/I)nm. When the spc~tr~m~cr is operated in the standard lixcd~igh-v~ltagc mode. this 
results in the in~rmncnml dit ~Mths becoming larger at longer uavdenNhs. If the sliI widths 
bc~'omc compa~blc to tl~ cry~al horizontal ~Mth. an a~ i~c tmd~ wavelength-dependent basel~e 
:d~sorbance is introduced, since, if tl~e crystal l~ ~trll ma~ketl, zt potion of the an~y~ng beam is 
deflected I~ the mask. |he data ,~f Fig l dcad~ suffer from tt~is prob~m to a small degree, but 
those of Figs. 4 and 5 do not, 

[15] ia~ VM. MgkowskL T.P. Smith. T.M. L,~hr. H R  Gray, J. Am. Chem. Soc. 97 ~t9751 7925 7934. 
{hi V.M. MgkowsM. H,B. Gray, in: J, Avery. J.P. Dahl IEds.i. Under~andmg Mdecular 
Propmies. D, Rddel. Dordt~chL 1987: pp. I 16. 

[161 D.R. Root. C,H, Bkvms. D,L. L~h~nberger AP. Sattclberge~ R.A. Walton, J. Am, Chem. So¢. 
108 119861 953 -959. 

[17] M.D, Hop~ns. V.M. M~kowsM, H.B Gray. J. Am. Chcm Soc. lOS {19861 959 963, 
[IS l l.-J. CMng, D.G, Nocem. J, Am. Clam, Soc. 109 (1987~ 4901 4 ~ .  
[I u] M,D. Hopk~ ,  H B. Gnty, V.M. MNkowski, Po~hedron 6{19871 ~15 714. 
[211] R.A. Levenmn. H.B. Gray, J. Am, Chron. Soc. 97 119751 6042 6047, 
[211 R.A. Ncwnmn. D,S. Matin.  RF ,  Da~ing~. WH,  Woodmft', A,E, Stephan. C,-M. Chc. W.P 

Schae~r. V.M. Mgkowski. H.B Gray, Inorg. Chem. 30 ~ 1991! 4647 4654, 
[221 Moa(~dPBu7 h undergoes a slow {days} tl~mml react~n with CtI,CN. whose ra~e is nol afl~ctcd 

by' irradhtmn, MoaBr,l PBu'lh is much mo~ thermally reactive ~ith CII,CN, 
{23] W,C. Fm~er, H,B, Gray. Nouv, J, Chim, I {19771 475-477, 
[24] lal V,M, Mgkowski, R.A. GoldbecM D,S, Kl~cr, H.B. Gray. lnorg. Chem. IS {19791 86 89. (b} 

M.D. Hopk~v H.B. Gray, J, Am, Chem, Soc, t~6 ~1984t 2468 2469. I¢t T.C. Z~tlo~, M,D. 
Hopkm~/t,B, G~y.  J. Solid Slate Clmm. 57 ~t9S5t 112 119. 

[251 J,R. W~Mer. D,G. Noccm. T.L. Ndzd J. Am. Chem. Soc. I~IS (19861 112 I lq. 
{26] lat A.E Stiegman. V,M, Mgko~skk J. Am, ChcnL ~ c .  I I~ 11988t 4053 4054. ~bl YK. Shin, V.M, 

Mgko~skL D,G, Nocera, tnorg. Chem. 29 (19901 23~  2313. ~cl J.t. Dukbohm D.L, Ward, D.G. 
Nocera, J. Am. Chore, Soc. 112 t 1990t 2969 2977, (dl S,J. Milder. M.P, Ca~dtanm T,J.R. Weakly, 
D.R. Tvkr. V.M. M~kowski. A,E. St~gman, J. Phys. Chem, 94 t 199(11 6599-6603. 

[271 T.J. Meyer. J.V. Caspar, Chem. Rev. S5 {19851 187.21S. 


