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Table I. Cleavage of p-Nitrophenoxide from DPGPNPP Vesicles at 
2 5 0 C 

run 

1 
2" 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

additive 

none 
none 
KCl 
H-Bu4N+Br 
CTACl 
CTACl 
CTACl 
CTACl 
CTAC! 
CTACl 
CTACl 
2 
3 

concn, 
104M 

50 
8 
1.25 
1.80 
2.40 
3.60 
4.56 
5.55 
6.48 
6.00 
2.25 

io4V,» 
S-' 

4.68 
7.08 
6.52 
5.92 
8.15 

20.0 
23.1 
24.4 
27.6 
32.1 

100 
130 
7C/ 

if s f 

• -' 
« 1 X 10"5 

« 1 X 10"5 

« 1 x 10"5 

« 1 X 10"5 

« 1 X 10"5 

4.3 X 10 
e 
e 
e 
e 
e 
e 

« 1 X 10"5 

"Conditions: [DPGPNPP] = 1.35 X 10"4 M in all cases, additives 
were cosonicated with DPGPNPP at pH 5.5. Reaction pH 11.8 ± 0.1 
after addition of 0.01 M NaOH. * Initial "fast" pseudo-first-order 
cleavage of p-nitrophenolate ion (400 nm), ~50% of theory. 
'Subsequent "slow" cleavage; see text. ''At 35 0C. * No slow reaction, 
the fast reaction accounted for quantitative p-nitrophenoxide release in 
a single exponential process. ^~60% of p-nitrophenoxide release was 
observed. 
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Figure 1, Absorption at 400 nm of p-nitrophenoxide cleaved from 1.35 
XlO - 4 M vesicular 1 at pH 11.8 vs. time; see text and Table I. Arrows 
refer to appropriate time scales. Curve 1, native vesicles; 4 X 10"3M 
CTACl added at A. Curve 2 ,1 .8XlO- 4 M CTACl included in vesicle; 
note discontinuous time scale. Curve 3, 2.4 X 10"4M CTACl included 
in vesicle. 

In vesicles of 1 doped with CTACl or 2, enhanced hydroxide 
permeation does not solely depend on the cationic head groups 
provided by the "foreign" surfactant. Rather, disruption of the 
glyceryl ester surfactant packing makes the vesicles porous:17 note 
that covesicles of anionic 1 and cationic (but glyceryl ester based) 
318 do not under endovesicular PNPO" cleavage (run 13). 
Moreover, fluorescence from riboflavin entrapped in vesicular 3 
is not quenched by OH" at pH 11.8 after 5 h. 

The present work provides clear evidence for surface-specific 
reactions of vesicular 1, demonstrates how the vesicles can be 
chemically differentiated at exo- and endovesicular sites, and 
suggests that glyceryl ester functional surfactants should be 
suitable for surface-specific vesicular chemistry.19'20 

(17) Moss, R. A.; Swamp, S.; WiIk, B.; Hendrickson, T. F. Tetrahedron 
Lett. 1985, 26, 4827. 

(18) The synthesis of surfactant 3 will be described elsewhere. It was 
prepared in this laboratory by Dr. P. Scrimin and S. Bhattacharya. 

(19) Maintenance of chemical diferentiation is dependent on a slow rate 
of exchange ("flip-flop") of surfactant monomers from endo- to exovesicular 
surfaces and vice versa; cf. ref 1 lb, pp 110-114. 
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(20) A referee points out that vesicles of 1 are particularly well suited to 
the chemical differentiation described here because (a) the initial cleavage 
of PNPO" from the monoanionic disubstituted phosphate leaves behind a less 
reactive, dianionic monoalkylphosphate ester; (b) PNPO" is a better leaving 
group than a primary aliphatic alkoxide, so that the cleavage occurs at the 
desired P-O bond; and (c) the residual phosphatidic acid anion surfactants 
form stable vesicles. 
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The CD of the 190-nm transition of ketones was recently the 
subject of an extensive study.1"3 The measurements extended 
the wavelength region to 185 nm and solvents such as hexane, 
acetonitrile, and trifluoroethanol were used. The second transition 
in simple ketones was assigned as the n —»• 3s Rydberg.4 This 
assignment was based on the behavior of this transition under 
increasing pressure of a perturbing gas5 or in solution6 where 
vibronic structure is lost and substantial blue shifts are observed. 
Fluorine-containing solvents are especially known as strong 
shifters.7 

The problem of whether a separate n valence transition exists 
or is being mixed with the Rydberg state was addressed in Kirk's 
study.2 However, a decisive answer was not found. A second 
excited transition was identified in Kirk's investigation when 
2,2,2-trifluoroethanol (TFE) was used.2 This solvent causes a large 
blue shift to the n —• 3s and exposes a second transition which 
was red-shifted in the latter solvent. 

In this study we have measured the VUVCD of camphor in 
solution and in the gas phase. Two factors motivated this research. 
The first was Kirk's remark that it was unfortunately not possible 
to examine the region of the spectrum below 183 nm with available 
instrumentation, so the presence of a blue-shifted component of 
the CD could not be directly confirmed.2 The second is that for 
a comprehensive characterization of excited states it is essential 
to compare gas and solution spectra and the lack of gas-phase data 
might lead to a wrong assignment. Camphor was chosen as our 
target molecule because of its rigid skeleton. Synchrotron radiation 
has been previously8,9 employed in VUVCD studies and its ad-

* Bar-Han University. 
'Physikalisches Institute der Universitat Bonn. 
(1) Kirk, D. N. J. Chem. Soc, Perkin Trans. 1 1980, 787. 
(2) Kirk, D. N. J. Chem. Soc, Perkin Trans. 1 1980, 1810. 
(3) Boeman, T. D.; Voight, B.; Hansen, A. E. J. Am. Chem. Soc. 1979, 

101, 550. 
(4) Robin, M. B. Higher Excited States of Polyatomic Molecules; Aca

demic Press: New York, 1975; Vol. II. 
(5) Robin, M. B.; Kuebler, N. A., unpublished results. See ref 4, page 81. 
(6) Ley, H.; Arends, B. Z Phys. Chem. 1931, B12, 132. 
(7) Gedanken, A.; Raz, B.; Jortner, J. Chem. Phys. Lett. 1972, 14, 172. 
(8) Snyder, P. A.; Rowe, E. M. Nucl. Instrum. Methods 1980, 172, 345. 
(9) Stevens, E. S.; Morris, E. R.; Rees, D. A.; Sutherland, J. C. / . Am. 

Chem. Soc. 1985, 107, 2982. 

0002-7863/86/1508-5342S01.50/0 © 1986 American Chemical Society 



Communications to the Editor J. Am. Chem. Soc, Vol. 108, No. 17, 1986 5343 

t r : — i 1 i i i i ^ i 1 L _ 
2100 2000 1900 1800 0 1700 1600 

WAVELENGTH (A) 

Figure 1. Absorption (—) and CD (—) spectra of (+)-D-camphor in 
the gas phase. The spectral resolution is 8 A. 

vantages were discussed. We have made use of its properties to 
yield a very collimated beam so that in gas-phase studies long-path 
cells can be used. This enabled us to measure compounds with 
a low vapor pressure or transitions having a small molar extinction 
coefficient. The gas-phase measurements were carried out in a 
60-cm cell. Spectra were obtained at the Synchrotron radiation 
facility in Bonn University using a 1-mNlM monochromator in 
vertical mounting and were repeated at the Higity monochromator 
at HASYLAB, DESY Hamburg. The two instruments gave 
almost identical spectra except that the signal-to-noise ratio is 
significantly better with the HASYLAB source. The two camphor 
enantiomers yielded mirror-image spectra and therefore only the 
(-l-)-camphor results will be presented. 

In Figure 1 we present the gas-phase absorption and CD spectra 
at a spectral resolution of 8 A. The two features at 2020 and 1970 
A are better resolved in the CD spectrum than in the absorption. 
In Figure 2 which depicts the CD and absorption spectra of 
(+)-camphor in TFE there is no sign of the existence of the n —* 
3s because of the blue shift it undergoes in solution. The CD of 
(+)-camphor was also measured in hexane solution (on a CARY 
60 instrument) and yielded a positive signal peaked at 1980 A. 
The gas-phase spectrum is assigned as follows. The peaks at 2020 
and 1970 A belong to the n -* 3s Rydberg transition. They yield 
a positive CD signal which is strongly blue-shifted in the TFE 
solution and only slightly shifted in the hexane solution. The 
second absorption peak in the gas phase is assigned as the n —• 
3p Rydberg. It is peaked at 1835 A in absorption and at 1868 
A in the CD. This assignment is based on Robin's rule which 
states that the term values of 3s and 3p Rydberg reach a limit 
of ~ 2 3 000 and ~ 18 000 cm-1, respectively, for molecules con
taining eight atoms or more.5 An interval of 5000 cm"1 is thus 
predicted between the 3s and the 3p Rydberg states. Such an 
interval is observed for the proposed assignment. 

The n —»• 3p Rydberg transition in carbonyls raises two ques
tions. The first related to which of the 3p components of the 3p 
manifold is being observed.10'11 The second is the relative intensity 
of the n —• 3p vs. the n —• 3s. This question was investigated by 
Udvarhazi and El-Sayed12 who pointed out that the n —• 3s is 
about twice as strong as n —• 3p in cyclobutanone, about equal 
in cyclopentanone, and only half as strong in cyclohexanone. 
Referring to these questions, we note that in camphor the three 
components of the 3p manifold are not resolved. The intensity 
ratio of the 3s to 3p is also in agreement with the previous 
measurements. 

The third transition in the gas-phase spectrum shows a strong 
negative CD band peaked at —1725 A. This band does not have 

(10) Doering, J. P; Mc Diarmid, R. J. Chem. Phys. 1982, 76, 1838. 
(11) Gedanken, A. / . Phys. Chem. 1985, 89, 3781. 
(12) Udvarhazi, A.; El-Sayed, M. A. J. Chem. Phys. 1965, 42, 3335. 
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Figure 2. Absorption (—) and CD (- - -) spectra of a 0.065 M solution 
of (+)-D-camphor in TFE. 

a corresponding peak in the absorption spectrum. It appears as 
if the transition is electric-dipole forbidden and magnetic-dipole 
allowed. In the symmetric carbonyl chromophore such an excited 
state would have an A2 symmetry.13 A possible assignment is 
a n_ —• a* where n_ is the second lone pair of the oxygen atom. 
This assignment is supported by the observation of a strong 
negative peak in the TFE solution centered at —1920 A. The 
shifts that valence transitions undergo upon solvation depend on 
their nature: n —• a* and n —• -w* transitions are blue-shifted in 
solutions whereas tr -*• ir* is red-shifted. The fact that the 
transition observed in TFE is indeed red-shifted was found by Kirk2 

in an indirect way, the gas-phase data support his arguments and 
determine the magnitude of this red shift. The reason that the 
hexane solution exhibits an opposite CD signal is that in hexane 
the observed transition is the n —• 3s, whereas in TFE due to the 
large shifts the n_ -» ir* is revealed. The size of the red shift is 
~5000 cm"1. Theoretical random-phase approximation calcu
lations predict3 that the second excited valence state in saturated 
ketones has a large magnetic moment and a weak (stronger that 
the n —*• x* but much weaker than the ir -* «•*) electric moment. 
The transition is assigned as a <r —* x* excitation where <r is 
composed of the second oxygen nonbonding orbital (a.), <rc0, and 
0CCa-

The positive band which appears at 7.4 eV in the TFE solution 
is attributed to the n -*• 3p Rydberg transition. It is well-known 
that the blue shift that Rydberg transitions undergo is enhanced 
in fluorinated compounds.14 The n —• 3s Rydberg accordingly 
is buried under the strong negative CD band centered at 1920 
A. 

The application of the n -* ir* octant rule to the 190-nm 
transition was discussed previously by Kirk.2 However, the results 
of the solution CD spectrum might be a convolution of two 
contributions from two excited states. It is therefore important 
to check this rule for the n —* 3s Rydberg. The three molecules 
for which a gas-phase spectrum with a well resolved n —• 3s 
Rydberg is known are (1) (i?)-(+)-methylcyclohexanone,15 (2) 
(+)-D-camphor, and (3) (R)-(+)-methylcyclopentanone.16 The 
first two cases show a positive CD signal for the n —• 3s and the 

(13) Hess, B.; Bruna, P. J.; Buenker, R. J.; Peyerimhoff, S. D. Chem. Phys. 
1976, 18, 267. 

(14) Drake, A.; Mason, S. F. Tetrahedron 1977, 33, 937. 
(15) Mason, S. F. Molecular Optical Activity and the Chiral Discrimi

nation; Cambridge University Press: Cambridge, 1982; p 49. 
(16) Johnsson, W. C, Jr. Rev. Sci. Instrum. 1971, 42, 1283. 
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same sign is also observed for the n —» w*. The cyclopentanone 
shows a negative signal opposite to the observed n -* ir*. It is 
therefore difficult to conclude whether a consignate or a dissignate 
octant rule is valid for the n —• 3s transition. 

This study provides a comprehensive assignment of the high-
energy transitions observed in the CD and absorption spectra of 
camphor, it also explains the change in CD sign of the 190-nm 
band in TFE of many ketones. 
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Excited-state electron-transfer processes involving organized 
assemblies are currently under active study.1 Such systems show 
promise for increasing the efficiency of energy-storage reactions. 
In particular, surfactant-active analogues of Ru(bpy)3

2+ (bpy = 
2,2'-bipyridine) with long hydrophobic alkyl chains have been used 
to modify sensitizer chemistry and photophysics.2 

We are studying a new series of surfactant-active Re(I) pho
tosensitizers: 

fac-KbPy)Re1CCO)3L]+ (L = NC(CH2)„CH3, n = 
0,2,5,6,7,9,10,13,17) 

These systems exhibit intense d-ir* metal to ligand charge-transfer 
(MLCT) emissions in fluid solutions similar to the parent ace-
tonitrile complex (« = O).3 We wish to report a dramatic example 

(1) For recent reviews, see: (a) Thomas, J. K. The Chemistry of Excita
tion at Interfaces; ACS Monograph 181; American Chemical Society: 
Washington, DC, 1984. (b) Kalyanasundaram, K. Coord. Chem. Rev. 1982, 
46, 159. (c) Fendler, J. H. Membrane Mimetic Chemistry: Characterization 
and Applications to Micelles, Microemulsions, Monolayers, Bilayers, Vesi
cles, Host-Guest Systems and Polyions; Wiley-Interscience: New York, 1982. 
(d) Gratzel, M. Ace. Chem. Res. 1981, 14, 376. (e) Thomas, J. K. Chem. 
Rev. 1980, 80, 283. (f) Turro, N. J.; Gratzel, M.; Braun, A. M. Angew. 
Chem., Int. Ed. Engl. 1980,19, 675. (g) Fendler, J. H. Ace. Chem. Res. 1980, 
13,7. (h) Hinze, W. L. In Solution Chemistry of Surfactants; Mittal, K. L., 
Ed.; Plenum: New York, 1979; Vol. 1. (i) Whitten, D. G.; DeLaive, P. J.; 
Foreman, T. K.; Mercer-Smith, J. A.; Schmehl, R. H.; Giannotti, C. In Solar 
Energy: Chemical Conversion and Storage; Hautala, R. R., King, R. B., 
Kutal, C , Eds.; The Humana Press Inc.: NJ, 1979; p 117. 

(2) (a) Kaizu, Y.; Ohta, H.; Kobayashi, K.; Kobayashi, H.; Matsuo, T. J. 
Photochem. 1985, 30, 93. (b) Schmehl, R. H.; Whitesell, L. G.; Whitten, D. 
G. J. Am. Chem. Soc. 1981, 103, 3761. (c) Schmehl, R. H.; Whitten, D. G. 
/ . Am. Chem. Soc. 1980,102, 1938. (d) Gaines, G. L., Jr. Inorg. Chem. 1980, 
19, 1710. (e) Infelta, P. P.; Gratzel, M.; Fendler, J. H. J. Am. Chem. Soc. 
1980, 102, 1479. (0 Memming, R.; Schroppel, F. Chem. Phys. Lett. 1979, 
62, 207. (g) Tsutsui, Y.; Takuma, K.; Nishijima, T.; Matsuo, T. Chem. Lett. 
1979, 617. (h) Ford, W. E.; Otvos, J. W.; Calvin, M. Nature (London) 1978, 
274, 507. (i) Gaines, G. L., Jr.; Behnken, P. E.; Valenty, S. J. J. Am. Chem. 
Soc. 1978, 100, 6549. Q) Seefeld, K. P.; Mobius, D.; Kuhn, H. HeIv. Chim. 
Acta 1977, 60, 2608. (k) DeLaive, P. J.; Lee, J. T.; Sprintschnik, H. W.; 
Abruna, H.; Meyer, T. J.; Whitten, D. G. J. Am. Chem. Soc. 1977, 99, 7094, 
(1) Sprintschnik, G.; Sprintschnik, H. W.; Kirsch, P. P.; Whitten, D. G. J. Am. 
Chem. Soc. 1977, 99, 4947. 
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n Figure 1. Excited-state lifetime of [(bpy)Re1(CO)3NC(CH2)„CH3]
+ vs. 

n in deoxygenated solvents at 298 K°. (A) acetonitrile; (B) toluene; (C) 
pyridine. 

of an intramolecular perturbation of CT excited-state properties 
by the electronically passive alkyl chain. 

Figure 1 shows the excited state lifetimes (T) VS. chain length, 
n, for acetonitrile, toluene, and pyridine. Methanol and methylene 
chloride exhibit similar behavior. For the shorter alkyl chains, 
T is essentially independent of chain length. There is an abrupt 
increase in T over the range 6 < n < 13, and r then becomes 
essentially constant for n > 13. The differences among solvents 
are in the initial and final lifetimes and the ratio of these lifetimes. 
The ratio can exceed a factor of 3. 

This dramatic change in T must arise from changes in the 
radiative or radiationless rate constants. In either case, such 
changes may arise from perturbations of the excited-state elec
tronic properties due to changes in molecular structure or to 
environmental factors. 

Our lifetime changes cannot be attributed to a direct intra
molecular electronic effect. The alkyl chain of the nitrile is not 
directly involved in the CT excited state. The nitrile does perturb 
the CT excited state by r-back-bonding of the CN.4 While one 
might expect a small change in the degree of back-bonding on 
changing from CH3CN to a -CH2CN, it is inconceivable that any 
appreciable inductive effect could be propagated through more 
than one or two CH2's. This is verified experimentally by the 
essential invariance of T on going from n = 0 to 2 and 5. This 
result indicates that the radiative and radiationless rate constants 
are essentially invariant for the shorter chain nitriles. 

We conclude that the dependence on n must reflect a change 
in the environment felt by the MLCT excited state. The excitation 
resides in the metal-bipyridine portion of the molecule, and for 
an environmental effect to be operative, the local environment in 
this region must be altered with changes in n. We propose that 
the observed T dependence arises from foldback of the longer alkyl 
chains onto one face of the bpy ligand. The resultant displacement 
of the solvent from the vicinity of the excited state yields a dif
ference in decay constants, particularly the nonradiative one, with 
a concomitant change in T. Short chains cannot fold back and 

(3) (a) Fredericks, S. M.; Luong, J. C; Wrighton, M. S. J. Am. Chem. 
Soc. 1979, 101, 7415. (b) The Re(I) complexes studied were prepared with 
slight modifications by the method of ref 3a. 

(4) (a) Kober, E. M.; Marshall, J. L.; Dressick, W. J.; Sullivan, B. P.; 
Caspar, J. V.; Meyer, T. J. Inorg. Chem. 1985, 24, 2755. (b) Kober, E. M.; 
Sullivan, B. P.; Meyer, T. J. Inorg. Chem. 1984, 23, 2098. 

0002-7863/86/1508-5344501.50/0 © 1986 American Chemical Society 


