
J. Am. Chem. Soc. 1987, 109, 3471-3472 3471 

(CN)4] in water and acetone were determined by picosecond 
transient absorption spectroscopy.811 In both solvents transient 
absorption kinetics were pulse-width limited, indicating excited-
state lifetimes shorter than 25-30 ps. Although the decay kinetics 
for the complex in the two solvents appeared similar, the spectra 
of the transient species were not. The difference spectrum recorded 
during 532-nm (25-ps) excitation of Fe(bpy)(CN)4

2~ in H2O is 
shown in Figure la and that recorded during 532-nm excitation 
of the same complex in acetone is shown in Figure lb; similar 
results were observed for excitation at 650 nm.12 

Approximate absorption spectra of the transient species gen­
erated from the difference spectra are shown in Figure 2.13 The 
excited-state absorption spectrum for Fe(bpy) (CN)4

2" in water 
(Figure 2a) exhibits only weak, featureless absorption from 360 
to 800 nm. By contrast, the spectrum of the transient formed in 
acetone (Figure 2b) has two major absorption features: a sharp 
band at 370 nm and a weaker one maximizing near 525 nm. The 
spectrum in Figure 2b bears a close resemblance to that of the 
2,2'-bpy radical anion1,14 and is very strong evidence that the 
transient generated by 532- or 650-nm excitation of Fe(bpy)-
(CN)4

2" in acetone is an MLCT (Fera(bpy")) state.15 The absence 
of bands at 370 and 525 nm in Figure 2a and the resemblance 
to the transient spectra of Fe(bpy)3

2+ and Fe(bpy)2(CN)2 dem­
onstrate that a LF state is produced when Fe(bpy) (CN)4

2- is 
excited at 532 nm in water. 

These results demonstrate the dramatic effect of solvent on the 
photophysical properties of a solute molecule.16 The coarse tuning 
of MLCT excited-state energies by modifying the ligands has been 
fairly widely exploited.4,11,16,17 The additional dimension of solvent 
variation permits a continuous fine tuning of MLCT state energies 
over a comparable range. When used together, ligand and solvent 
tuning of excited-state energies creates an extraordinary degree 
of flexibility in selecting the properties of a photosensitizer. 
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(11) (a) H2Fe(CN)4(bpy) was prepared using the procedure described by 
Schilt1"1 and the complex was converted to its tetrabutylammonium salt as 
described by Toma and Takasugi.3 (b) Schilt, A. A. J. Am. Chem. Soc. 1960, 
82, 3000. 

(12) Although similar difference spectra were obtained for both 532-nm 
and 650-nm excitation of Fe(bpy)(CN)4

2" in acetone, complete recovery of 
the initial absorbance was only observed with 650-nm excitation, perhaps 
because of photochemistry or multiphoton effects with 532-nm excitation.8 

The 650-nm excitation was of lower intensity and was predominantly into the 
lower energy MLCT band of Fe(bpy)(CN)4

2" (Figure 2b). By contrast, 
excitation with 532 nm was into both the higher and the lower energy MLCT 
bands. 

(13) The absorption spectra of the transient species were estimated from 
their difference spectra by adding to the latter sufficient ground-state ab­
sorption to produce nonnegative, smoothly varying molar absorptivities 
throughout the observation region.2 

(14) Creutz, C. Comments lnorg. Chem. 1982, 1, 293. 
(15) (a) The molar absorptivities of the 370- and 525-nm bands in Figure 

2b are about half as great as the values reported for the corresponding tran­
sitions in Ru(bpy)(CN)4

2~.10 A low molar absorptivity for the MLCT state 
of Fe(bpy)(CN)4

2" would be calculated if the difference spectrum in Figure 
la does not arise solely from the MLCT state but rather from two excited 
states (MLCT and LF) which decay serially or in parallel with comparable 
rates. If this is the case the MLCT state need not necessarily be lower in 
energy than the LF state, but the two states must be close enough in energy 
to retard the MLCT to LF transition, (b) The very short lifetime of the 
MLCT state in acetone could be due to the proximity of the LF state and/or 
the fact that the MLCT state is relatively low lying' (energy-gap law). 

(16) (a) To our knowledge this is the first transient measurement dem­
onstrating solvent tuning of the excited state. However, Malouf and Ford16b 

discussed the possibility of solvent tuning in steady-state photolyses of the 
comparably solvent-dependent Ru(NH3J5L

2+ (L a pyridine derivative) series. 
In addition, the solvent-sensitive carbonyls16c afford the same opportunity for 
certain metal-ligand combinations, (b) Malouf, G.; Ford, P. C. J. Am. Chem. 
Soc. 1977, 99, 7213. (c) See: Manuta, D. M.; Lees, A. J. Inorg. Chem. 1983, 
22, 572 and references cited therein. 

(17) Ford, P. C; Rudd, De F. P.; Gaunder, R.; Taube, H. J. Am. Chem. 
Soc. 1968, 90, 1187. Johnson, C. R.; Shepherd, R. E. Inorg. Chem. 1983, 22, 
2439 and references cited therein. 
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The development of NMR techniques for determining pro­
ton-proton distances, r,-,, from cross-relaxation rates, <ry, or NOE's 
has greatly enhanced our knowledge of the three-dimensional 
structure of molecules in solution.1 To obtain quantitative dis­
tances from such experiments, however, one must also know the 
correlation time, rc, for the relaxation processes since <r,y = 
(74ft2//-y6)/(co0,rc). Although rc may be obtained by measuring 
a at different field strengths, B0 = u0/y, a more common practice 
is to determiney(o>0, TC) by measuring <r for a pair of protons whose 
separation is known a priori. Unknown distances may then be 
calculated from the relation rtJ = ^("'///"W)1 '6- This approach 
requires that f(co0,rc) is the same for all pairs of protons and that 
there is some proton pair suitably resolved for calibration purposes. 

Here we show how TC, and thus internuclear distances, may be 
determined by a novel method involving measurements of both 
longitudinal (c9) and transverse2,3 (<r±) cross-relaxation rates. The 
experiments may be done at a single field strength and require 
no calibration pair nor assumptions about /(O>0,TC) for different 
protons. The method is based on the fact that at and o± have 
different dependencies on TC. 

As Bothner-By and co-workers first showed23 <r± for a pair of 
nonequivalent protons separated by rtj which undergoes isotropic 
reorientation can be expressed as 

(*L)</ = (7 4 f t7 l0r , / ) (3 / ( l + <VTc2) + 2)rc (1) 

This equation may be compared with the well-known expression 
for er J 

(*,)</ = (74ft2 /10r, /)(6/(l + 4a>0V) - l)rc (2) 

For short TC (CO0TC « 1), the ratio (T1Jax has a limiting value of 
1, while for long TC (O>0TC « 1), the limit is -0.5. At intermediate 
values of TC in the range -1 < log U0TC <1, there is a smooth 
transition between these limits such that one can determine TC 

uniquely from the ratio of (T1 to cr±. Once TC is known, r^ can 
be calculated directly from eq 1 or 2. 

Transverse cross-relaxation is observed in the rotating frame 
with the spins oriented along an effective spin-locking field, <oe 

= 7-Beff = 7(A2 + fisL2)1^2* which makes an angle, /3 = sin"1 

(SSL/Beff) with the longitudinal component, A, of the applied field 
in the rotating frame.2,4 In practice offsets, A cannot be ignored 
so that the cross-relaxation rate as observed in the rotating ref­
erence frame must be expressed as5 

(ORF)</ = cos ft cos ft(cr(|),y + sin ft sin ft(cr±)y + 

(74^VlOr,/) sin2 ft sin2 ft((l + 4 ^ V ) " 1 - l)rc (3) 

In solutions, a>e
2rc

2 « 1 so the last term in eq 3 can safely be 
ignored. Clearly, when BSL » |A|, /3 = 7r/2 and <rRF = a±. 

•Current address: Laboratory of Molecular Biophysics, National Institute 
of Environmental Health Sciences, Research Triangle Park, NC 27709. 

(1) (a) Wemmer, D. E., Reid, B. R. Amu. Rev. Phys. Chem. 1985, 36, 
105-137. (b) Noggle, J. H.; Schirmer, R. E. The Nuclear Overhauser Effect; 
Academic: New York, 1971. 

(2) (a) Bothner-By, A. A.; Stephens, R. L., Lee, J.; Warren, C. D.; Jeanloz, 
R. W. J. Am. Chem. Soc. 1985, 106, 811-813. (b) Vasavada, K. V., Kaplan, 
J. I. J. Magn. Reson. 1985, 62, 37-41. 

(3) The transverse cross-relaxation rate between two weakly coupled spins, 
I and S, is defined as the rate constant for the dipolar relaxation of the 
transverse (x and y) components of I-spin magnetization by those of spin S 
and is formally analogous to that for the dipolar cross-relaxation of the z- or 
longitudinal components. See ref 2b. 

(4) Bax, A., and Davis, D. G. J. Magn. Reson. 1985, 63, 207-213. 
(5) Davis, D. G., unpublished results. 
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Table I. Longitudinal and Transverse Cross-Relaxation Rates for ^0C8H2 and p h eNH-U uC aH Protons in Gramicidin S in Me2SO-^6 

proton pair 

C j H - C 5 H ' " 

P h « N H ^ L « u C a H « 

temp, 
0 C 

20 
30 
40 
60 
20 
30 
40 
60 

ff,|, 

s-1 

-1.8 
-1.3 
-0.79 
-0.27 
-0.75 
-0.40 
-0.20 

~ 0 

0RF. 
S"1 

4.0 
3.4 
2.8 
2.0 
1.6 
1.4 
1.0 
0.9 

a±, 
s->» 

4.4 
3.6 
3.0 
2.1 
1.9 
1.6 
1.2 
1.0 

Tc, 
ns 

1.9 
1.5 
1.2 
0.77 
1.8 
1.1 
0.8 
0.6 

SiI "h 
IO-9 S2 c 

0.96 
0.98 
1.0 
1.0 
2.1 
1.7 
1.9 

/ - , I , 

k" 
1.9 
2.0 
2.0 
2.0 
2.2 
2.1 
2.2 

/J'x. 
10"' s2e 

0.98 
0.98 
0.97 
1.1 
2.1 
1.8 
1.9 
1.9 

ft 
1.9 
1.9 
2.0 
2.0 
2.2 
2.1 
2.2 
2.2 

"Offsets from rf carrier: ""'0QH, -357 Hz; Pr°QH', -662 Hz; phcNH, 1302 Hz; LeuCaH, -50 Hz; yBSL = 2174 Hz. 'From eq 3. cf, = (6/(1 + 
4O)0

2T,2) - 1)TC. ''From eq 2. ' / L = (3/(1 + ^ 0 V ) + 2)TC. 'From eq 1. 

To test this we measured Cf11 and O1 as a function of temperature 
for different pairs of protons in the cyclic decapeptide Gramicinin 
S in Me2SCW6. The experiments were done at 300 MHz by using 
one-dimensional difference techniques. To determine <tp a weak 
180° pulse (20 ms) from the decoupler was used to selectively 
invert one of the proton lines in the spectrum. Following a delay 
10-100 ms for cross-relaxation, a strong nonselective 90° pulse 
was applied and the FID was collected. On alternate scans, the 
frequency of the decoupler pulse was offset by ~ 50 Hz and the 
FID was subtracted from memory. Fourier tranformation of the 
difference FID yielded a spectra containing only the inverted line 
and "cross-peaks" from cross-relaxation. For aRF, the pulse se­
quence was modified by replacing the delay and 90° pulse with 
a 90° pulse followed immediately by a spin-locking pulse {yBSL 

= 2100 Hz) shifted in phase by 90° and applied for times ranging 
from 10 to 100 ms.6 The cross-relaxation rates were taken as 
the initial slope of the ratio of the "cross-peak" to inverted peak 
intensities vs. the delay or the spin-locking time.7 The transverse 
cross-relaxation rate <r± was calculated by using eq 3 and the 
observed values of <r, and <rRF. 

Cross-relaxation rates for the geminal pair of proline C5 protons 
and for the phenylalanine NH-leucine C„H pair are listed in Table 
I, together with the correlation times and internuclear distances 
derived from these rates. In view of the fact that no a priori 
assumptions were made about distances or correlation times, these 
results are quite acceptable. The PheNH-LeuC0H distance is 
in excellent agreement with that predicted by minimum-energy 
calculations and molecular models.8 Even the apparent length­
ening of the distance between the C6 geminal protons by 0.2 A 
is consistent with what is known about the internal dynamics of 
proline-ring deformations. According to the "model free" ap­
proach,9 internal molecular motion occurring at rates much faster 
than the overall rotational tumbling of the molecule leads to a 
diminution of <jt and <rRF by a factor, #2. Consequently, r3pp~

6 

= £2ruu<.~6. Assuming /-truc = 1.8 A, we calculate a value for <f 
of 0.6. This agrees well with the value of 0.57 calculated by using 
parameters of London10 for proline ring dynamics and 13C re­
laxation. 

Our results also show that the correlation times for cross-re­
laxation of the NHC„H pair are approximately 0.7 times shorter 
than those for the C4 geminal pair. Such differences could arise 
if there are internal modes with correlation times comparable to 
the rotational correlation time or if the rotational motion is an­
isotropic and the internuclear vectors have significantly different 
orientations with respect to the axis of the diffusion tensor. 

We also note that if one calculates /"NHC^H using the accepted 
separation of the C8 protons for calibration, one finds r = 2.1 ± 
0.1 A. Although this procedure is clearly invalid for gramicidin 
S, it yields a perfectly acceptable result owing to a fortuitous 
cancellation of two erroneous asssumptions. 

(6) Offsets and rf field strength were choosen to minimize homonuclear 
Hartmann-Hahn (HOHAHA) transfer; see: Davis, D. G.; Bax, A. J. Am. 
Chem. Soc. 1985, 107, 2820-2821. 

(7) Jeener, J.; Meier, B. H.; Bachmann, P.; Ernst, R. R. J. Chem. Phys. 
1979, 71, 4546-4554. 

(8) Dygert, M.; Go, N.; Scheraga, H. A. Macromolecules 1975, 8, 
750-761. 

(9) Lipari, G.; Szabo, A. J. Am. Chem. Soc. 1982, 104, 4546-4559. 
(10) London, R. E. J. Am. Chem. Soc. 1978, 100, 2678-2685. 

Recently, Mirau and Bovey11 described a method for deter­
mining TC on the basis of the ratio of the nonselective and selective 
spin-lattice relaxation rates, and it is applicable over the same 
range of rc as ours (i.e., for molecules of MW = 1-3 kdaltons). 
It differs in that one must assume that spin-lattice relaxation is 
purely dipolar in origin; an assumption that may not be generally 
valid. Nonetheless, both methods provide useful access to in­
ternuclear distances which are unencumbered by a priori as­
sumptions. 

Acknowledgment. We have benefited from helpful comments 
by A. Bax and V. Sklenar. 

(11) Mirau, P. A.; Bovey, F. A. J. Am. Chem. Soc. 1986,108, 5130-5134. 
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We report studies of the reactivity of n-GaAs surfaces with 
transition-metal complexes. Generally, adsorption of metal ions 
at semiconductor junctions has been observed to increase carrier 
trapping rates.1 A notable exception is the improved performance 
of n-GaAs interfaces after exposure to acidic aqueous solutions 
of Ru(III) ions and other metal cations,2 but little information 
is available regarding the chemistry of these surface treatments. 
Except for systems in which metal ions act as precursors for the 
deposition of metals or metal alloys,3 no information is available 
regarding the oxidation state or chemical environment of chem-
isorbed transition-metal complexes on semiconductor electrodes. 
Possible but undocumented mechanisms of metal ion attachment 
to the semiconductor surface include electrostatic binding, ligand 
substitution processes, and redox reactions. To explore the various 

* Author to whom correspondence should be addressed. 
(1) (a) Many, A.; Goldstein, Y.; Grover, N. B. Semiconductor Surfaces, 

North Holland: Amsterdam, 1965. (b) Frankl, D. R. J. Electrochem. Soc. 
1962, 109, 238. (c) Boddy, P.; Brattain, W. H. / . Electrochem. Soc. 1962, 
/09,812. 

(2) (a) Parkinson, B. A.; Heller, A.; Miller, B. J. Electrochem. Soc. 1979, 
126, 954; Appl. Phys. Lett. 1978, 33, 521. (b) Heller, A. ACS Symp. Ser. 
1981, No. 146, 57. (c) Frese, K. W., Jr.; Madou, M. J.; Morrison, S. R. J. 
Electrochem. Soc. 1981,128, 1939. (d) Ludwig, M.; Heymann, G.; Janietz, 
P. J. Vac. Sci. Technol. 1986, B4, 485. (e) Allongue, P.; Cachet, H. / . 
Electrochem. Soc. 1984, 131, 2861. 

(3) (a) Fan, F.-R.; Hope, G.; Bard, A. J. J. Am. Chem. Soc. 1983, 105, 
220. (b) Howe, A. T. J. Chem. Soc, Chem. Commun. 1983, 1407. (c) Bruce, 
J. A.; Murahashi, T.; Wrighton, M. S. J. Phys. Chem. 1982, 86, 1552. (d) 
Aharon-Shalom, E.; Heller, A. / . Electrochem. Soc. 1982, 129, 2865. (e) 
Kautek, W.; Gobrecht, J.; Gerischer, H. Ber. Bunsenges. Phys. Chem. 1980, 
84, 1034. 
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