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TABLE 11: Temperature Dependence of 
Hydration Numbers 

20°C 25°C 30°C 35°C 4 0 ° C  

glycinea 10.5 9.7 9.0 8.4 8.1 
glycineb 3.2 3.0 2.9 2.7 
L-isoleucine" 19.6 17.9 14.4 12.1 11.1 
L -prolinea 23.0 14.7 13.5 12.3 11.7 

a This work calculated using h,[H,O], values taken from 
Figure 4 of ref 14, namely 0.505 at 20 'C, 0.550 a t  25 'C, 
0.596 at 30 "C, 0.642 at 35 'C, and 0.688 at 40 "C. Solu- 
tions were more concentrated (about 2%) than most of 
those used in Table I. 

NaCl. By making minor adjustments in the NaCl con- 
centration, a new "baseline" was established which, within 
experimental error, was indistinguishable from the H 2 0  
baseline in the 958-nm region. This experiment was re- 
peated with 0.5% aqueous m-alanine solution and then 
with aqueous L-histidine solution, with the same results. 
Because the NaCl solute has no -OH overtones in this 
spectral region, we thus have good evidence that the k3[SIs 
term in eq 2 is negligible for these three amino acids, and 
probably for the others, with the possible exception of 
L-aspartic acid. 

Table I also shows comparisons to the n values of hom- 
opolypeptides on the basis of moles of H20  per mole of 
residue obtained from NMR studies as reported by Kuntz 
and Kauzmann5 In the last column of Table I are values 
of n for homopolypeptides calculated from density gradient 
data obtained with an ultracentrifuge. As we might expect, 
in part because these are hydrations of residues involved 
in nonionic peptide bonds and not the zwitterionic charges 
of amino acids, and because the density gradient method 
measures net hydrations in 3 M CsCl, the agreement is 
rather poor. 

Solute-solute interactions might be expected to signif- 
icantly alter the value of n as concentration is changed. 
In our study of the concentration dependence of the hy- 
dration number of glycine, several solutions varying from 

Reference 9. 

1.0 to 0.1 m were prepared and their differential spectra 
recorded at 25 "C. Calculations showed that, for concen- 
trations higher than 0.2 m,  within the range of experi- 
mental error, all of these glycine solutions had the same 
value for n. We interpret the lack of concentration de- 
pendence for glycine as support for our assumption that 
k4[H], in eq 2 is negligible, a t  least for this molecule. 

We have been unable to devise a method to prove that 
the contribution of the k,[H], term in eq 2 is negligible. 
However, we believe that the results of the experiments 
by Bonner and Woolsey14 on several different saturated 
salt solutions justify the neglect of absorption by water 
molecules bound to the solute. I t  seems unlikely that 
solutions with such different f values (volume fractions) 
and molar solubilities could give such small deviations as 
*2% in the k,[H20], and k2[X], terms if $[HI, were not 
negligible. 

In separate experiments we varied the temperature of 
selected amino acid solutions and the reference water over 
the range of 20 to 40 OC. By using kl[H20], values from 
a temperature dependence plot given by Bonner and 
Woolsey, and by assuming that k2[X], is independent of 
temperature, hydration numbers were calculated at several 
temperatures. The results are given in Table 11. When 
these values of n are compared to the temperature de- 
pendence results of Goto and Isemura, the similarity is 
evident, although their values are much smaller. Larger 
values of n are found at lower temperatures than at higher 
temperatures, as would be expected. This temperature 
effect is qualitatively in agreement with the trend expected 
from thermodynamic considerations. 
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Medium effects on the photofragmentation of Cr(CO)6 are investigated to explain differences in the photo- 
chemistry occurring in gas and condensed phases. Results of two experiments are reported: (a) Collisional 
effects on the gas-phase photodissociation of Cr(CO)6 are investigated by multiphoton spectroscopic techniques. 
(b) Solution flash photolysis experiments on the picosecond time scale are reported. The primary photoproduct 
in condensed phase is Cr(CO)5, observed within 25 ps. 

Introduction 
Interest in the electronic structure and bonding of or- 

ganometallic compounds, as well as the promise for 
practical applications of their photochemistry, led to ex- 
tensive studies of the excited-state reactions of these 
compounds.' An important area yet to be fully explored 
is the effect of the medium on the photodissociation 

*Alfred P. Sloan Fellow. 

pathways and photoproducts. Metal carbonyls comprise 
the most important class of organometallic compounds 
used to illustrate the photochemical reactions of these 
molecules. Recent investigations of the photoexcitation 
of gaseous metal  carbonyl^^-^ revealed major differences 

(1) M. S. Wrighton, Chem. Reu., 74, 401 (1974). 
(2) G. Nathanson, B. Gitlin, A. M. R o w ,  and J. T. Yardley, J. Chem. 

Phys., 74,361 (1981); J. T. Yardley, B. Gitlin, G. Nalkanson, and A. M. 
Rosan, ibid., 74, 370 (1981). 

0022-3654/82/2086-1941$01.25/0 @ 1982 American Chemical Society 



1942 The Journal of Physical Chemistry, Vol. 86, No. 11,  1982 Welch et al. 

between their gas-phase and condensed-phase photofrag- 
mentation pathways. In condensed phase, both matrix 
isolation experiments6 and solution flash photolysis' es- 
tablished that the primary dissociation pathway proceeds 
through loss of a single carbonyl group 

(1) 

Generally, initial dissociation to the unsaturated M(CO),l 
species is followed by association with a coordinating 
species S 

(2) 

S can be either a coordinating ligand or a solvent species 
which interacts with the metal through the vacant coor- 
dination site. A t  cryogenic temperatures secondary frag- 
ments can be formed through further photon absorption 
by the primary photofragment, resulting in loss of an ad- 
ditional carbonyl group. Prolonged photolysis8 of the 
group 6 hexacarbonyls in inert matrices a t  20 K gives rise 
to M(CO), ( n  = 2-5) while photolysisg of Fe(C0)5 is ca- 
pable of producing small amounts of Fe atoms. 

In contrast to condensed-phase photodissociation, pho- 
tolysis of gaseous metal carbonyls under collisionless 
conditions proceeds through the loss of several carbonyl 
groups resulting in the formation of a range of unsaturated 
photofragments; under these conditions, photofragmen- 
tation no longer proceeds through the loss of a single 
carbonyl group. Yardley and co-workers identified Cr(C0)4 
as the predominant fragment3 produced in the UV pho- 
tolysis of Cr(CO)6 and Fe(C0)2 as the most abundant 
fragment2 produced from Fe(C0)5. Metal atoms are, ov- 
erwhelmingly, the major product in the multiphoton dis- 
sociation of metal carbonyls observed by mass spectros- 
copy,l0 emission,'l or multiphoton ionization (MPI)4J1J2 
methods. 

Two major factors could contribute to the differences 
between gas-phase and condensed-phase photofragmen- 
tation: (a) rapid collisional relaxation of high-energy in- 
termediates or (b) rapid solvent cage recombinations of 
small fragments with CO. We report results of two ex- 
periments investigating the photodissociation of Cr(CO)6 
in gas phase and in solution. (a) Collisional effects on the 
photodissociation process are studied by determining the 
effects of buffer gases upon the observed multiphoton 
dissociation of gaseous Cr(CO)@ (b) To determine whether 
rapid solvent cage recombinations occur in the dissociation 
of Cr(COI6, we employed picosecond flash photolysis to 
probe the formation of transients. 

Results and Discussion 
Gas-Phase Photodissociation. Collisional Effects.  

Excited-state dissociation of Cr(C0)6 under collisionless 
conditions leads to extensive fragmentat i~n.~ The ener- 

M(CO), + hv - M(CO),-1 + CO 

M(CO),-1 + S - M(CO),-IS 

(3) B. Gitlin, A. M. Rosan, and J. T. Yardley, to be published. 
(4) D. P. Gerrity, L. J. Rothberg, and V. Vaida, Chem. Phys. Lett., 74, 

(5) Z. Karny, R. Naaman, and R. N. Zare, Chem. Phys. Lett., 59, 33 

(6)  R. N. Perutz and J. J. Turner, J. Am. Chem. Soc., 97,4791 (1975). 
(7) (a) J. M. Kelly, D. V. Bent, H. Hermann, D. Schdte-Frohlinde, and 

E. K. von Gustorf, J. Organomet. Chem., 69,259 (1974); (b) J. M. Kelly, 
H. Hermann, and E. K. von Gustorf, Chem. Commun., 105 (1973). 

(8) R. N. Perutz and J. J. Turner, J. Am. Chem. Soc., 97,4800 (1975). 
(9) M. Poliakoff and J. J. Turner, J.  Chem. SOC., Faraday Trans. 1, 

70, 93 (1974). 
(10) M. A. Duncan, T. G. Dietz, and R. E. Smalley, Chem. Phys., 44, 

415 (1979). 
(11) P. C. Engelking, Chem. Phys. Lett., 74, 207 (1980). 
(12) S. Leutwyler, U. Even, and J. Jortner, Chem. Phys. Lett., 74, 11 

l(1980). 
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Figure 1. Energetics of the photodissociation of Cr(CO), in the present 
experiment. The gas-phase absorption spectrum of Cr(CO), is plotted 
on the left-hand side. The laser wavelengths used for excitation are 
indicated, with a, b, and c being the one-, two-, and three-photon 
energies, respectively. Energles of Cr(CO), fragments are computed 
based on an average Cr-CO bond dissociation energy of 25.8 kcal/ 
m01.I~ 

getics of this system are summarized in Figure 1, where 
an energy level diagram based on an average chromium- 
carbonyl bond dissociation energy of 25.8 kcal/mol13 is 
drawn on the same scale with the Cr(CO)6 absorption 
spectrum and the photon energies employed in the present 
experiment. As the figure illustrates, excitation of Cr(CO), 
with low-energy photons imparts to the system sufficient 
energy for the removal of up to four carbonyl groups. 
These energetic considerations account for the variety of 
unsaturated fragments seen as a result of Cr(CO)6 photo- 
lysis. 

Several recent experiments have focussed on identifying 
the products obtained from the photodissociation of Cr- 
(CO), under collisionless conditions. Electron impact14 
with a 70-eV electron beam results in the formation of 
Cr(CO), (n  = 0-6) with the ion distribution favoring the 
production of Cr+, CrCO+, and Cr(C0)2+. UV photolysis 
at 243 nm3 is energetically capable of removing up to four 
carbonyl groups. PF3 trapping allows identification of the 
unsaturated fragments, with Cr(CO), comprising about 
74% of the product yield.3 Metal atoms formed by UV 
multiphoton dissociation of organometallic compounds 
have been observed and spectroscopically characterized 
by mass analysis'O as well as MPI  technique^.^ 

Extensive information available on the gas-phase pho- 
todissociation of Cr(CO)6 makes this an ideal model system 
for the study of collisional effects on the photodissociation 
pathway of metal carbonyls. The technique of multipho- 
ton ionization is chosen for the present study because of 
its sensitivity, high resolution, and general selection rules. 
The use of low-energy photons in these experiments pro- 
motes dissociation over direct ionization. Since MPI is an 
absorption technique, it is capable of probing all product 
states of the fragments. Unlike fluorescence, detection is 
not limited to emitting states of the product. MPI has 
been used previously to investigate the products obtained 
from gas-phase photodissociation of Cr(C0)64 with low- 
energy photons (363-585 nm). Cr' was observed 
throughout the excitation range in various states from the 
a's, ground state to excited states 33 762 cm-l higher in 
energy. 

The multiphoton ionization method and apparatus have 
been described previ0us1y.l~ A nitrogen-pumped dye laser 

(13) J. A. Connor, Top .  Curr. Chem., 71, 71 (1977). 
(14) R. E. Winters and R. W. Kiser, Inorg. Chem., 4, 157 (1965). 
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TABLE I: Cr' Resonances and Transition EnergiesQ 
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laser wavelength, transition energy, 
Cr' transition nm cm-' 

a7S, -+ g7D,-, 419.20-419.28 47700.6-47709.8b 
a5D,-, --f y5P:,, 462.7-465.9 21463-21610 
a3H5 -+ z3H& 469.3-469.5 21299-21408 
a's, -+ e7D,-, 473.25-473.33 42253.4-42261.0b 
a5S, --f f5D,, 485.1-489.1 40890-41228b 
a5D,, + f5D, 489.2-496.7 40266-40892b 
a5S, -+ ysPi 454.8 21990 

transitions. Requires two-photon ionization. 

(pulse duration = 5 ns, energy = 0.2 mJ, wavelength = 
363-585 nm) was used to dissociate Cr(CO)& Photolysis 
and ionization were accomplished by the same laser pulse. 
The ion current signal was monitored by a gated integrator. 
Cr(CO)G (Alfa, 98% pure) was used without further pu- 
rification at its room-temperature vapor pressure (about 
0.35 torr). N2, Ar, CO, and cyclohexane were used as buffer 
gases. Pressures of up to 1 atm were employed for N2, Ar, 
and CO. Cyclohexane was used at  its room-temperature 
vapor pressure of about 150 torr. All results are reported 
as ion current intensities normalized to the ion current 
under collisionless conditions. 

A representative selection of one- and two-photon res- 
onances were chosen; the transitions and their energies are 
given in Table I. The effects of collisions upon these 
resonances are monitored by the change in ion current with 
buffer gas pressure. The error in the normalized intensity 
is a function of added gas pressure. The maximum error 
occurs a t  high pressures (low intensities) and is not more 
than 5% of the normalized intensity. 

All MPI resonances exhibit a decrease in the normalized 
ion current with increasing added gas pressure (Figure 2). 
The magnitude of this charge varies as a function of the 
buffer gas employed. For example, the intensity of the a7S3 - e7D J transition decreases with added gas, the observed 
order of quenching efficiencies being cyclohexane >> N2 
> CO > Ar (Figure 2a). This behavior correlates with the 
observed collisional diameters of the added gases, i.e., 
cyclohexane > N2, CO > Ar; a smaller collisional diameter 
leads to a smaller effect upon the ion currents monitored. 
The pressure-induced decrease in ion current is not ac- 
companied by any significant population redistribution 
within the multiplets, as shown in Figure 3. The nor- 
malized intensities of the five transitions within the a7S3 - ~ ' D J  multiplet are identical at various pressures of Ar, 
CO, and N2. Small differences seen at  low pressure, P C 
100 torr, are due to the uncertainties in these pressures. 

The observed ion current depletion in MPI spectra can 
in principle be caused by instrumental as well as molecular 
factors. The response of the technique may be altered by 
pressure broadening of the signal or by a pressure de- 
pendence in the response of the detector to electron 
counting. At  the pressures employed in this study no 
contribution from pressure broadening is observed. 

MPI detection relies upon collecting electrons produced 
by ionization. Electron collection can be altered at  higher 
pressures by changes in the efficiency of electron capture 
or changes in the electron velocity. The number of col- 
lisions introduced at  these pressures over the collection 
time of approximately 5 ms is <lo7. In light of previous 
work on electron counters,17 electron capture is not ex- 

a See ref 4 for complete MPI spectrum. * Two-photon 

(15) L. J. Rothberg, D. P. Gerrity, and V. Vaida, J. Chem. Phys., 73, 

(16) L. J. Rothberg, D. P. Gerrity, and V. Vaida, J. Chem. Phys., 74, 
5508 (1980). 

2218 (1981). 
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Figure 2. Normalized ion current for a given Cr' atomic resonance 
as a function of buffer gas pressure: (a) the a7S3 - e7D, multiplet, 
(b) the a5D, - y5P!,, multiplet, and (c) the a3H5 - z3H& multiplet. 
Solid lines are the fit of the experimental data to eq 7. 

pected to contribute to the ion signal unless the electron 
undergoes approximately 1O1O collisions. 

For electron counters,17 the expression for electron drift 
velocity u can be written in terms of pressure 

where P is the pressure, E is the electric field imposed by 
the bias voltage, and u is the collisional diameter. Signal 
(ion current profile a t  a constant laser wavelength) 
broadening is observed with increasing pressures in this 

(17) S. A. Korff, "Electron and Nuclear Counter-Theory and Use", 
Van Noetrand, New York, 1946. 
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Flgure 3. Normrbed ion current for the a's, - e7DJ multiplet, J = 
1-5, as a function of buffer gas pressure: (a) with Ar, (b) with CO, 
and (c) with N,. 

study, and therefore longer collection times are required 
when buffer gases are added to gaseous Cr(CO)6. To ac- 
count for this broadening, the integration time is increased 
to include approximately the same percentage of the signal 
at each pressure. As noted in eq 3, the bias voltage applied 
to the collection system also determines the electron drift 
velocity. Therefore, an increase in the bias voltage can 
overcome the decrease in the velocity due to the increase 
in the number of collisions. With increasing bias voltages 
a t  higher pressures, the corresponding change in ion cur- 
rent is comparable in magnitude to that obtained by in- 
creasing the collection times. Accordingly, in the exper- 
iments reported here, changes in bias voltages and inte- 
gration times were employed to compensate for any change 
in electron velocities with pressure. 

A r  a 

pressure (torr)  

b 

+ a7S3-e'DJ 
v aBDl+y'P:,~ 
m a3H5+zJH& 

.A q 2 
0 200 4dO 800 800 

pressure (torr)  
Flgure 4. Normalized ion current in the Cr' resonances for the added 
pressures of a particular buffer gas: (a) with Ar and (b) with N,. Solid 
lines are the fit of the experimental data to eq 7. 

The above considerations indicate that pressure effects 
on the MPI process can be separated from pressure effects 
on the molecular processes under consideration. Collisions 
can potentially alter the photodissociation of metal car- 
bonyls by quenching of high-energy intermediates. This 
may occur through energy transfer between two colliding 
species and through chemical bond formation accompanied 
by energy release to a third species. 

Generally, quenching studies involving metals concen- 
trate on the effects observed with alkali metals rather than 
transition metals. A study1* of Cd and Zn produced in the 
photolysis of M(CHJ2 shows that (1) intramultiplet re- 
laxation is slow compared to intermultiplet redistribution 
and (2) energy transfer occurs with diatomic and poly- 
atomic buffer gases. Similarly, the effects of buffer gad6 
upon Mn' formed in the multiphoton ionization of Mn,- 
(CO),, do not lead to redistributions between multiplets. 

The rate of collisional energy t ran~fer , '~  kET, can be 
expressed as a function of pressure 

(4) 

where P is the pressure and u the collisional diameter. 
Therefore, if collisions lead to deactivation of high-energy 
species by energy transfer, the ion current produced from 
Cr atom ionization should vary as exp(-P). To determine 
the role of collisional energy transfer at higher pressures, 
we fitted the data in Figures 2 and 4-6 to the exponential 

~ ~~ ~ ~~~ 

(18) D. L. King and D. W. Setser, Annu. Reu. Phys. Chem., 27,407 

(19) E. W. McDanieI, 'Collisional Phenomena in Ionized Gases", 
(1976). 
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Figure 5. Normalized ion current in the Cr' resonances as a function 
of CO pressure. Solid lines are the fii of the experimental data to eq 
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TABLE 11: Results of the Fit of the 
Experimental Data to Eq 7 

buffer gas Cr' transition k ,  kza2  r z  

co 

Ar a7S, -+ e'Dj 
~ ' D J  -+ f 5 D ~  
a 5 s ,  +. f 5 D j  
~ ' D J  -+ y'P?,, 
a3H, -+ z'HO, 
a's, -+ y'Pt 

a7Sz -+ e 7 D j  
a5Dj  -+ f 5 D ~  
a's, -+ f5Dj  
a7S, -+ g 7 D ~  

a5Dj  -+ y5Py,, 
a3H5 -+ z'H& 

NZ a 7 s 3  -+ e7Dj  

cyclohexane a7S,  -+ e7Dj  

0.98 2 
1.01 
0.917 
0.999 
0.975 
1.00 

0.813 
0.794 
0.714 
0.726 

1.19 
1.12 
1.11 

1.00 

0.0029 
0.0051 
0.0046 
0.0050 
0.0044 
0.0040 

0.0085 
0.0033 
0.0031 
0.0046 

0.0179 
0.0197 
0.0156 

0.0279 

0.99 
1.00 
0.99 
0.98 
1.00 
1 .oo 
0.95 
0.86 
0.83 
0.86 

0.98 
0.96 
0.95 

1.00 

in eq 4 by a least-squares method. The results presented 
in Table I1 and Figures 2 and 4 show that the normalized 
intensity does vary as exp(-P) when Ar and N2 are used 
as buffer gases, and that the correlation parameterm r2 lies 
within the estimated 5% experimental error. 

The nature of MPI resonance enhancements allows 
collisional energy quenching of excited atoms through 
energy transfer a t  both the initial and the final excited 
atomic states. Resonances initiating in excited atomic 
states will exhibit an exp(-W) pressure dependence; those 
originating in the ground atomic state will have only an 
exp(-P) dependence. In Figure 4a, the intensities with 
various pressures of Ar for the a7S3 - e7DJ multiplet are 
larger than the intensities of transitions originating in the 
five excited atomic states. These intensity differences are 
also reflected in the exponential fit. The value of k2, in- 
dicating the amount of quenching, Table 11, is 2.9 X 
for the ground-state transition and averages 4.6 X for 
excited-state transitions. Ground-state transitions exhibit 
about half of the quenching experienced by transitions 
originating in excited states, a behavior consistent with 
collisional deactivation of excited atoms by added Ar. 

Collisional energy transfer is also responsible for the 
effects observed with added N2. In this case, intensity 

(20) I. S. Sokolnikoff and R. N. Redheffer, "Mathematics of Physics 
and Modern Engineering", McGraw-Hill, New York, 1966, Chapter 10. 
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Figure 6. Normalized ion current for a given Cr' resonance as a 
function of the pressure of Ar and N,: (a) the a 5D, - f5D, multiplet 
and (b) the a%, - f5D, multiplet. Solid lines are the fit of the ex- 
perimental data to eq 7. 

changes are independent of the nature of the atomic res- 
onance. From Table I1 and Figure 4b it is observed that 
the value of k2 for the three transitions studied varies 
slightly (1.5 X and that there is no 
exp(-2P) dependence for transitions originating in excited 
atomic states. This behavior indicates that quenching of 
high-energy molecular intermediates occurs with added NP. 
If energy transfer occurs from a highly excited molecular 
intermediate common to all photoproducts, the population 
of all atomic resonances is expected to decrease in a similar 
manner. However, if several independent pathways are 
available for atom formation, quenching of one pathway 
can be favored, resulting in a nonuniform change in the 
intensities of observed atomic states. The data (Figure 4b 
and Table 11) show that quenching of all atomic states 
occurs with added N2, consistent with the involvement of 
a single rate-determining step in the photofragmentation 
process. The results obtained with added N2 do not rule 
out energy transfer from excited atomic species but in- 
dicate that energy transfer from molecular intermediates 
determine the behavior of the ion current. 

The results obtained with added CO, unlike those with 
Ar and N2, cannot be explained exclusively by collisional 
energy transfer. The exponential fit to the ion current 
intensities observed when CO is the buffer gas is poor 
(Figure 5), indicating that collisional energy transfer alone 
cannot be responsible for the decreased ion formation. 
Furthermore, redistribution within the atomic resonances 
shown in Figure 5 indicates that pressure increases the 
population of excited states relative to the ground states. 
These data suggest that added CO leads to a second 
pathway for photoproduct formation, presumably CO re- 
combination with Cr(CO),,6. Such a reaction will yield 
a new population distribution of the photoproducts. The 

to 1.97 X 
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quenching process with CO is also accompained by colli- 
sional energy transfer from molecular intermediates, as 
evidenced by the expected comparable intensities of the 
a7S3 - e7DJ multiplet with added N2 and CO (see Figures 
4b and 5 ) .  

The above discussion indicates that the effects of 
pressure in Cr(CO)6 are twofold. Atomic buffer gases serve 
only to limit ionization, rather than atom formation, by 
limiting the number of atoms which undergo photoioni- 
zation. Deactivation occurs predominantly a t  the atomic 
level and does not alter the formation of the molecular 
intermediates in the photodissociation pathway. Added 
polyatomic gases alter the product (atom) formation 
through collisional effects on molecular intermediates of 
high-internal energy content. A possible mechanism for 
Cr' formation from the multiphoton dissociation of Cr(C- 
O), results from the above pressure data. The MPI process 
in this case can be described as consisting of three mul- 
tiphoton steps: initial excitation of Cr(CO)6, fragmentation 
to atomic Cr, and ionization of atomic Cr. Under the 
conditions of the experiment, at  least two low-energy 
photons are required for the initial excitation of Cr(CO)6, 
which are energetically capable of removing four carbonyl 
groups from Cr(CO)6 (See Figure 1) 

(5) 

Cr(CO)6** - Cr(CO),* (n  = 2-5) (6) 

Cr* ( n  = 2-5, m < n) (7) 

Cr* + (1-2)hu - Cr** + (1-2)hu - Cr' (8) 

Cr(CO),* indicates species with high internal energy which 
may undergo further CO loss in the absence of collisions. 
However, collisions induced by added polyatomic gases 
allow relaxation of Cr(CO)n* (n  = 2-51, thus affecting the 
ensuing photofragmentation process. 

Condensed-Phase Photodissociation. Solvent Cage 
Recombination. Spectroscopic techniques have deter- 
mined that UV-visible photolysis of M(CO)6 species6 (M 
= Cr, Mo, W) in hydrocarbon glasses at  77 K and rare gas 
matrices at  20 K leads to the formation of metal penta- 
carbonyls with CQ symmetry as the primary photodisso- 
ciation fragments. The observed absorption maximum of 
the M(CO)5 species is sensitive to the matrix species used.6 
A A,, a t  490 nm is observed in methane matrices at  20 
K while that observed in argon is 530 nm. The matrix shift 
is considered to be due to an interaction between M(C0)5 
and the matrix species. Secondary photoproducts, M(CO), 
(n  = 2-4) are also observed.8 These fragments result from 
further photon absorption by the corresponding M(CO),+, 
species. Each absorbed photon results in the loss of a 
single carbonyl group. Laser flash photolysis7a (30-11s 
resolution) at  347 nm and conventional flash photolysis7b 
( K 3 - w ~  resolution) of Cr(CO), in a variety of solvents at 
room temperature yield Cr(CO)S as the primary photo- 
fragment within 50 ns. This species is highly reactive and 
will combine with any coordinating species present in so- 
lution to produce Cr(CO)&!. 

Extensive fragmentation as discussed for Cr(CO)6 gas- 
phase photodissociation is therefore not seen in condensed 
phase. The time scales involved in the condensed-phase 
experiments to date do not preclude rapid solvent cage 
recombinations of small M(CO), fragments with CO. 
Picosecond flash photolysis is ideal for investigating such 
recombinations since it allows direct spectroscopic ob- 
servation of transients following photoexcitation. There- 
fore, picosecond flash photolysis was employed to probe 
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Cr(CO)6 -k 2 h ~  - Cr(CO)6** 

Cr(CO),* + (1-2)hu - Cr(CO),* - 

Welch et ai. 
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Flgure 7. Absorption spectra for the transients formed within 25 ps 
of excitation of Cr(CO), in (a) cyclohexane, (b) benzene, and (c) 
methanol. 

the fragments formed in the photodissociation of Cr(CO)& 
The picosecond apparatusz1 has been described previ- 

ously. Transients are generated by a 355-nm, 0.5-mJ, 
25-ps excitation pulse and absorption spectra are recorded 
between 400 and 700 nm for probe delays of 0-3 ns. 
Saturated Cr(CO)6 (Alfa, 98% pure) solutions in spectral 
grade cyclohexane, benzene, and methanol were used 
without further purification. Bimolecular reactions with 
coordinating contaminants will not be observed on the 
picosecond time scale. 

The absorption spectra of the transients generated 
within 25 ps of Cr(CO)6 photolysis in cyclohexane (Amm at 
497 nm), benzene (A, at 470 nm), and methanol (Ama at  
460 nm) are shown in Figure 7. These transients are 
relatively long-lived with no spectral variations observed 
up to the experimental probe delay limit of 3 ns. The 
observed transients are all assigned to Cr(CO)5 based upon 
spectroscopic identification of Cr(C0)5 formed in the same 
three solvents by laser flash photolysis on longer time 
 scale^.^ The previously determined absorption maximum 
of 503 nm in cyclohexane, 475 nm in benzene, and 460 nm 
in methanol are in excellent agreement with the A,,, ob- 
served in this study. 

The large solvent shifts experienced by the Cr(CO)5 
absorption maximum within 25 ps of photolysis are con- 
sistent with the results of both matrix techniques6 and 
flash phot~lysis .~ In all experiments, the absorption 
maximum varies with solvent species. These shifts are a 
consequence of weak solvent-metal bonds, as well as a 
small change in the axial-radial bond angle determined 
by the species present in the sixth coordination site and 
illustrate that highly reactive M(C0)5 species may sub- 
stantially interact with species normally considered inert 
to substitution. This experiment reports the remarkably 
short time scale (7 < 25 ps) for the formation of M(CO)5S 
complexes, suggesting no activation energy for combination 
of M(CO)5 with a solvent molecule. With no evidence for 
solvent cage recombination of Cr(CO),, n < 5 ,  with CO 
within the time resolution of the experiment, the assign- 
ment of Cr(CO)5 as the primary fragment in solution 
photochemistry is supported. This result is consistent with 
those of matrix isolation experiments6 a t  cryogenic tem- 
peratures where the high quantum yield (>0.7) for pho- 
todissociation indicates that Cr(CO)5 is the primary 
product. 
Conclusions 

Recent photochemical studies of the photodissociation 
of transition metal carbonyls in gas phase and in solution 

(21) K. S. Peters, S. C. Freilich, and C. G. Schaeffer, J. Am. Chem. 
Soc., 102, 5701 (1980). 
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find a different distribution of photoproducts with more 
extensive fragmentation occurring in gas phase. Experi- 
ments reported here focus on the effect of the medium on 
the photodissociation of Cr(CO)e. 

In solution, on the picosecond time scale, no evidence 
is found for solvent cage recombinations of small fragments 
with CO. The primary photoproduct in condensed phase 
is shown to be Cr(CO)6 whose formation and subsequent 
interaction with solvent molecules occurs within 25 ps. 

Collisional effects on the gas-phase photodissociation of 
this metal carbonyl are shown to be important. Various 

added gases (a) affect intermediates of high internal energy 
content in the photodissociation pathway, (b) promote 
quenching of excited atomic photoproducts, and (c) lead 
to recombination with unsaturated intermediates in the 
case of added CO. 
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Picosecond Spectroscopic Study of Chlorophyll-Based Models for the Primary 
Photochemistry of Photosynthesis 
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A series of covalently linked dimers and trimers of chlorophyllide derivatives was investigated by time-resolved 
absorption and fluorescence spectroscopy (3-lo4 ps). For these compounds, the free energy difference between 
the singlet excited state of the electron donor and the anticipated cation-anion photoproduct (AGm) is estimated 
to range from +200 to -400 meV. For the dimers studied, the singlet-excited-state lifetimes range from 1 to 
7 ns and depend inversely on the solvent's static dielectric constant. Since no decrease in lifetime or fluorescence 
quantum yield was found as A G n  became more negative, this effect is unlikely to be due to slow electron transfer. 
It may be a result of fluctuating intramolecular association of the nonpolar macrocycles in solvents with a high 
dielectric constant. We also studied two trimers, each having the same chlorophyllide a dimer as the electron 
donor, but with pyropheophorbide a or pheophorbide a as the electron acceptor (the latter is 90 meV easier 
to reduce than the former). For the trimer with pheophorbide a as the acceptor, there is evidence for a new 
path of radiationless decay which may involve an electron-transfer product. However, the rate of formation 
of this product is slow (110'O d), and its yield is low (150%). Taken together, these results sJggest that 
chlorophyll-based, donor-acceptor pairs connected by flexible chains longer than five atoms are not likely to 
duplicate the highly efficient excited-singlet-state electron-transfer reactions characteristic of the primary 
photochemistry of photosynthetic organisms. 

Introduction 
The initial chemical reaction in bacterial photosynthesis 

following photoexcitation is electron transfer (ET) to form 
a moderately stable cation-anion radical pair.'-* This 
reaction in photosynthetic bacteria is remarkable: the 
forward rate constant"' is greater than 2 X 10" s-', leading 
to a quantum yield close to unity, while the recombination 
back-reaction8 is more than 3 orders of magnitude slower, 
providing sufficient time for further charge separation 
through reduction of other electron acceptors. The time 
scale of the forward reaction and the weak dependence of 
this rate on temperature between 4 and 300 K9J0 suggest 
that molecular diffusion plays an insignificant role in the 
reaction. This focuses mechanistic investigations on the 
particular translational and angular coordinates of the 
reactants and unique characteristics of the intervening 
medium. 

Extensive picosecond absorption and ESR studies have 
shown that the photoexcited electron donor in bacterial 

'Stanford University. 
t Department of Chemistry, Brookhaven National Laboratory. 
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photosynthesis is a pair of bacteriochlorophyllslJ1 (BChl), 
while the electron acceptor is a bacteriopheophytin mo- 
nomel.5v6J2 (bacteriochlorophyll where two H atoms replace 
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