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Abstract: An in situ NMR method of directly studying the rate and mechanism of photochromic reactions including both the 
forward, light induced reactions and the return of the system to equilibrium in the dark is developed. The conditions under 
which NMR can be used to measure the photostationary state are derived. The method is applied to the photochromic transi­
tion metal complex tris-A^,A'-dibenzyldithiocarbamatonickel(IV) bromide. The light reaction involves a one-photon excita­
tion with a quantum yield of —0.19. No wavelength dependence of the quantum yield is found between 325 and 460 nm. The 
rate of the light reaction is temperature independent over the range from —4 to +31 0C and is dependent on the solvent and 
on the concentration of the photoreaction products. All major photoproducts are identified under photostationary state con­
ditions. The back reaction in the dark follows second-order kinetic behavior. The fatigue of the photochromism is defined 
and discussed. 

Photochromism is defined as the light induced reversible 
change of a single chemical species between two states hav­
ing distinguishably different absorption spectra.1 Kinetic 
studies of the return of the system to equilibrium in the 
dark (hereafter called the dark reaction) can be accom­
plished using standard techniques.2-4 However, studies of 
the light induced forward reaction (hereafter called the 
light reaction) are complicated by the concurrent dark reac­
tion and by the possible interference of the promoting light 
with the method of detection. The latter problem is particu­
larly severe when electronic absorption spectroscopy is used 
to follow the reactions and the absorption bands of the reac-
tants and products overlap. If the lifetime of the photoprod­
ucts is on the order of seconds or less, the system must be 
monitored continuously, but ir and electronic absorption 
spectroscopy could be difficult to use because of this inter­
ference by the irradiating light. By comparison to all of the 
spectroscopic techniques, N M R offers the most advantages 
for studies of photochromism because (1) it does not suffer 
interference by the irradiating light, (2) it can be used to 
identify the individual species involved in the reaction, and 
(3) the changes in the concentrations of the species can be 
continuously monitored. Its major disadvantage is the lack 
of sensitivity by comparison with electronic absorption spec­
troscopy. 

Previous studies of the light reactions of photochromic 
compounds have been reported using electronic absorption 
spectroscopy,5,6 and ESR, 7 8 but these studies were limited 
to systems having light forms stable for several minutes or 
longer following cessation of irradiation. A side illumina­
tion technique9 was used to successfully study the kinetics 
of photochromic spiropyrans. N M R identification of tran­
sient excited state species of thermochromic spiropyrans has 
been reported, but no kinetic studies were made.10 For those 
spiropyrans exhibiting both photochromism and thermo-
chromism, it was assumed that the excited state species for 
each were identical. 

As part of our program of study of the excited state prop­
erties of transition metal complexes,11,12 we report here di­
rect kinetic data for the light reaction of a photochromic 
transition metal complex, tris-A^Af-dibenzyldithiocarbamat-
onickel(IV) bromide which has structure I. Under the influ-

/ S . .CH2PhX+ 

Ni / C - N ^ 
\ S ^ ^CH 2Ph/ , 

I 

ence of light, the dark brown solution of I bleaches to a very 
pale yellow-green. On the basis of the kinetics of the dark 
reaction, the reversible redox decomposition given in eq 1 
was suggested to represent the overall reaction.13 

Ni(R 2DTC) 3
+ + Br- J ^ V2Ni(R2DTC)2 

"tris" dark "bis" 

V2NiBr2 + (R2DTC)2 

"thiuram" 

The bis complex is diamagnetic while the tris complex is 
only very slightly paramagnetic (/ueff = 0.7 for the di-n-
butyl substituted complex).13 Therefore the NMR peaks 
are not extensively contact shifted or broadened and the re­
action is amenable to our NMR investigations. Other metal 
dithiocarbamates have recently been reported to exhibit 
thermochromism and photochromism.14 Ni(Bz2DTC)3Br 
was chosen as representative of the metal dithiocarbamates 
and used in our studies because of the lack of overlap of the 
N M R spectra of the light and dark forms of the photo­
chromic complex, the relatively slow dark return rate, and 
the solubility properties of the reaction products (vide 
infra). The purpose of this work is to define the conditions 
under which N M R can be used in in situ studies of photo­
chromism, and to apply the N M R technique to the study of 
the light reaction (as well as the dark reaction) of photo­
chromic systems. 

Experimental Section 

Synthesis. Tris-A/,A/-dibenzyldithiocarbamatonickel(IV) bro­
mide, tris-A',A^-di-n-butyldithiocarbamatonickel(IV) bromide,13,15 

bis-7V,./V-dibenzyldithiocarbamatonickel(II),16 and tetrabenzylthi-
uram disulfide17 were prepared by literature methods. 

Anal. Calcd for Ni[S2CN(CH2C6Hs)2I3Br: C, 51.38; H, 4.03. 
Found: C, 50.10; H, 4.70. Calcd. for Ni[S2CN(CH2C6Hj)2I2: C, 
59.70; H, 4.68. Found: C, 60.12; H, 4.78. Calcd for 
Ni[S2CN(C4H9)2]3Br: C, 43.14; H, 7.24. Found: C, 44.12; H, 
7.37. 

Deuterated acetonitrile was obtained from Bio-Rad Corp. and 
dried over molecular sieves. No additional purification was carried 
out on any solvents used for the NMR studies. Distilled solvents 
were used in obtaining the uv-visible spectra and in the quantum 
yield determinations. 

Instrumentation. The probe of a Varian HR 60 nuclear magnetic 
resonance spectrometer was modified to allow direct irradiation of 
the sample in the probe. A 0.4 in. diameter hole was cut in the 
back of the Faraday shield at the height of the receiver coil. The 
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back panel of the probe containing the coarse and fine adjust 
paddles was removed. A light pipe arrangement18'19 was rejected 
because of insufficient intensity to cause observable spectral 
changes. 

Irradiation was carried out using a Hanovia 1000-W Hg-Xe 
lamp. A Pyrex lens {A > 1 at 325 nm and focal length = 1 m) was 
used to focus the light beam. For the NMR studies, the full spec­
tral range of wavelengths greater than 325 nm was used to ensure 
maximum intensity and therefore maximum rates of conversions to 
the light form. Wavelength dependence and quantum yield studies 
were accomplished by isolating the 334-, 405-, and 436-nm Hg 
lines using the filters described in the literature.20 The 366-nm Hg 
line was isolated using the Corning glass filter no. CS 0-52 and the 
Gena glass filter no. UG-11. 

The quantum yields were determined by following the decrease 
in the intensity of the 625-nm peak of the absorption spectrum of 
the tris complex. A small amount of water was added to the aceto-
nitrile to cut off the dark reaction13 (vide infra). The samples were 
housed in a thermostated block under the same geometrical re­
straints as the actinometer solutions. The light intensity was deter­
mined by ferric oxalate actinometry.20 To measure the degree of 
nonreversibility of the photochromism, the intensity of the 480-nm 
absorption band was measured. A Hitachi Perkin-Elmer 139 uv-
visible spectrophotometer was used for these studies. All absorp­
tion spectra were taken on a Cary 14 spectrophotometer. 

Because concentrations greater than 1O-3 M are needed for the 
NMR signals to be detected, the absorbance of the solutions in the 
photoactive bands and over all concentrations studied is much 
greater than unity. Therefore the average number of photons ab­
sorbed by the reactant in unit volume and unit time is approxi­
mately equal to /o, the incident intensity, given in photons/s. The 
incident light intensity on the NMR tube in the spectral range 
380-420 nm was 1.8 X 1016 photons/s. In all calculations of the 
number of photons absorbed, the inner filter effect was consid­
ered.21 

Temperature variations were kept to a minimum by using a 
quartz Dewar placed inside the NMR probe. During irradiation 
the temperature increases slowly by a maximum of 3° over a peri­
od of 7 min. This temperature variation was the same at all tem­
peratures at which kinetic runs were made. The rate of change of 
the temperature was approximately 1° during the first minute of 
irradiation, then 0.5° per minute until the maximum temperature 
was reached, after which it remained constant. With no cooling the 
temperature increase was doubled over the same time period and 
was four times as large over a 15-min irradiation time. 

Kinetic Studies. The kinetics of the forward and back reactions 
were measured by continuously monitoring the disappearance of 
the a-methylene resonances of Ni(Bz2DTC)3

+ and (Bz2DTCh, 
respectively. Identical rate constants were obtained when peak 
heights and peak areas were measured. 

Analysis of the Conditions Necessary for NMR Photochemical 
Studies. The limiting factor in the NMR kinetic method is the con­
centration of the light form which is a function of the light intensi­
ty and the rate constant of the dark reaction (incorporating the 
temperature dependence of the reaction). For the case of a mono-
photonic light reaction and an nth order dark reaction given in eq 
2, 

D=P=^nL (2) 

the concentration of the light form in the photostationary state, Ls 

is given by eq 3, derived in the appendix, 

where Do is the initial concentration of the dark form, ki >s the 
dark rate constant, IQ is the intensity of the incident irradiation in 
photons/s, £D and «L are the molar absorptivities of the dark and 
Mght forms at the wavelength of irradiation, TV is Avogadro's num­
ber, V is the sample volume, * is the quantum yield of the reaction, 
and / is the path length. 
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Figure 1. Uv-visible spectra of Ni(Bz2DTC)3Br, Ni(Bz2DTC)2, and 
(Bz2DTC)2 in acetonitrile. Because of the sensitivity of 
Ni(Bz2DTC)3Br to light and heat, the spectrum must be taken of a 
fresh solution immediately upon making the solution. The same spectra 
are observed for all species in CHCl3 as solvent. 

No closed solution exists for this expression. By an iterative pro­
cedure, however, Ls may be calculated consistent with the known 
values of the experimental conditions. The spectroscopic parame­
ters necessary to solve eq 3 for the Ni(Bz2DTC)3

+ system are 
shown in Figure 1. The spectrum of the bis complex is similar to 
that of other square planar Ni(II) complexes.22'23 The average 
pathlength / for a typical NMR tube is 0.368 cm. For the wave­
length region of 380-420 nrri, the value of /0 equals 8.62 XlO1 5 

photons/s. The rate constant of the dark reaction (vide infra) is 
0.16 at - 4 0C. Substituting these values along with to = 6.36 X 
1O-3 M"1 cm-1, 6L = 5.92 X 1O-3 M - 1 cm -1 and n = 2 results in 
a calculated value of Ls = 4.58 X 1O-3 M. Therefore the concen­
tration of the thiuram equals 2.29 X 1O-3 M, large enough to be 
detectable. This concentration requires a 43% decrease in the con­
centration of the tris complex. Experimentally we observe a 46% 
decrease. 

Results and Discussion 

1. NMR Identification of the Photoproducts. The in situ 
N M R detection of the photochromism allows identification 
of the photoproducts of the light form without interference 
from the exciting light. Furthermore, the a-methylene pro­
ton resonances of the products were well separated from 
those of the reactant in contrast with the electronic absorp­
tion peaks which are almost completely overlapped. The 
phenyl proton resonances of the light and dark forms over­
lapped and showed only minor shift variations between the 
different compounds and were not used in any of the stud­
ies. 

The a-methylene resonance of the tris complex 
(Ni(Bz2DTC)3+) occurs at 293 Hz. During irradiation, its 
intensity decreases and new peaks appear at 281 and 318 
Hz. The new peaks were assigned to the a-methylene pro­
tons of the bis complex and of thiuram, respectively, by 
comparison with the NMR signals of pure samples. At —4 
0 C the intramolecular C-N bond rotation in the thiuram is 

frozen out and a doublet is observed in the resonances of 
both the methylene and phenyl peaks. 

The signals of the two products do not shift or broaden 
during the course of the reaction. Furthermore, they remain 
unchanged in acetonitrile solutions containing equal molar 

J l - exp(-2.303)[tDA, + («L - V ) ^ ] / ) (<»Do - V 5 ) 
1 iw*d /L / I N JJ 

(3) 
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Figure 2. Plots of log fcobsd vs. log /rei at 31, 14.5, and - 4 0C. At all 
temperatures, the slopes are nearly unity representing a one-photon ex­
citation step. 

Table I. Quantum Yields and Wavelength Dependence of the 
Light Reaction of the Photochromic Compound Ni(Bz2DTC)3Br 
in Acetonitrile at 23 0C 

Bandwidth of exciting light * 

330-355 nm 0.162 ± 0.04 
350-380 nm 0.18 ± 0.03 
380-420 nm 0.22 ± 0.04 
420-460 nm 0.21 + 0.07 

mixtures of the two compounds both under irradiation and 
in the dark at temperatures up to the 60 0C, twice that of 
the maximum temperatures of the photochemical studies. 
These results show that there is no intermolecular ligand 
exchange between the species. 

No signals other than those arising from the three com­
pounds discussed above were found in the NMR spectra 
after careful search of regions of 45 ppm upfield and 10 
ppm downfield from Me4Si. Thus any other species in­
volved in the reactions exist at concentrations below the 
limit of detection by NMR. 

2. Quantum Yield. The disappearance quantum yield of 
the photoredox reaction and the absence of any wavelength 
dependence are shown in Table I. The values reported in the 
table were obtained using conventional techniques in a ther-
mostated block. Values obtained by NMR are much less 
accurate because of the less favorable geometry of the 
NMR tubes and because of problems of internal reflection. 
The values determined by NMR agreed within a factor of 
two with the more accurate ones in the table. 

3. Intensity Dependence of the Reaction. In a reversible 
photoreaction in which significant fractions of the incident 
light can be absorbed by the long-lived photoproducts, it is 
important to determine whether the photostationary state 
results from absorption of one photon, or if it is produced 
via a two-photon process in which absorption of a second 
photon by a long-lived intermediate is necessary to drive the 
reaction to completion. The number of photons required 
may be determined by plotting the logarithm of apparent 
rate constant of the reaction vs. the logarithm of the relative 
intensity of the light. A linear plot with a slope of one repre­
sents a one-photon process. The results of such a study are 
shown in Figure 2. Neutral density filters were used to de­
crease the relative intensity of the incident light and the 
NMR method was used for detection. The plots are linear 
with slopes of 0.93 ± 0.04 at 31 0C, 0.98 ± 0.05 at 14.5 0C, 
and 0.96 ± 0.04 at —4 0C. Thus, the photochromism of 
Ni(Bz2DTC)3+ is a one-photon process. 

4. Temperature Dependence of the Rates. The dark reac­
tions are second order in the total concentration of Ni(II) in 

Journal of the American Chemical Society / 98:5 J March 3, 

60 120 180 240 300 

TIME (sees.) 

Figure 3. Kinetic plots of log concentration vs. time of irradiation at 
various temperatures and intensities. The initial rates at a given inten­
sity are equal. The curvature at long irradiation times results from the 
approach of the system to the photostationary state. At all intensities 
the runs at 31 0C progress to a lower degree of conversion to the light 
form than the runs at 14.5 or - 4 0C. 

agreement with data previously reported.13 The rate con­
stants vary from 17.5 M - 1 sec -1 at 45 0C to 0.92 M - 1 

sec -1 at 15 0C. 
The results of studies of the disappearance of the tris 

complex as a function of irradiation times are shown in Fig­
ure 3. As expected, the plot of log [Ni(Bz2DTC)3

+] vs. the 
time of irradiation is linear for short irradiation times. 
However, linear behavior is not observed during the entire 
reaction. Departure from linearity results from the ap­
proach of the system to the photostationary state (vide 
infra). 

The approach of the system to the stationary state and 
the relative concentrations at the stationary states are 
shown in Figure 3 for four representative light intensities 
and three temperatures. At - 4 0C and at light intensities 
down to 0.149 of the unfiltered light intensity the solutions 
are driven so far toward the photostationary state that the 
a-methylene peak of the tris complex can no longer be de­
tected. The limit of detectability of the tris complex by 
NMR represents >91% conversion to the light form. Under 
these conditions the total irradiation time needed to com­
plete the photolysis increases from approximately 2 min at 
full intensity to over 9 min at 0.149 of the total intensity. 
Linear behavior is observed over the initial 50-80% of the 
irradiation times. At lower intensities, the initial rate 
changes after approximately 10% of the total irradiation 
time. At - 4 0C, nearly all of the Ni(Bz2DTC)2 has precipi­
tated, thus effectively quenching the dark reaction. The re­
action is thus able to go to completion over a large range of 
intensities. At the lowest intensities, the forward reaction 
proceeds so slowly that the dark reaction effectively com­
petes with the precipitation of the bis complex and a steady 
state is reached after the NMR signal of the a-methylene 
peak of the tris complex has decreased less than 40% of its 
initial height. Even after irradiation of over 1 hr at the rela­
tive intensities 0.0292 and 0.0130 the photostationary state 
remains at the value initially reached. 

Because the initial rate constants at —4 0C obtained from 
the slopes in Figure 3 equal those measured at higher tem­
peratures where there is little or no precipitation, these rate 
constants accurately represent the kinetic behavior of the 
light reaction. The rate constants for the light reactions as 
determined by NMR are given in Table II as a function of 
temperature and light intensity. The temperature indepen­
dence of the initial rate is expected if the rate determining 
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Table II. Relative Rates of the Light Reaction of 5.47 X 1O-3M 
Ni(Bz2DTC)3Br in Deuterated Acetonitrile as a Function of 
Temperature and Relative Light Intensity0 

Relative light 
intensity 

1.00 
0.450 
0.302 
0.149 
0.100 
0.0585 
0.0292 
0.0130 

310C 

4-73 
2.24 

1.6, 
0.825 

0.456 

0.31, 
0.2O4 

10 3 *obsd . s - ' 
14.50C 

4.5, 
2.29 

1.3, 
0.673 

0.46, 
0.28, 
0.2O0 

0.05O3 

- 4 ° C 

4.7S 

2.0, 
1.2, 
0.923 

0.564 

0.18, 
0.06O8 

a The unflltered output of a 1000-W Hanover Hg-Xe lamp at 
\ >325 nm were used in these studies. 

step is the primary decomposition of a molecule of 
Ni(Bz2DTC)3

+ in the excited state. This is consistent with 
the primary step being the loss of one ligand. 

At the intermediate temperature of +14.5 0C, the maxi­
mum observable conversion of the sample to the light form 
occurs only at relative intensities greater than 0.302 IQ. Be­
cause the dark reaction is faster at this temperature than at 
—4 °C, it is more competitive with the forward reaction and 
the photostationary state is reached more quickly and at 
lower levels of photodecomposition. In contrast, the solution 
is 90% converted to the light form at +31 0C only at maxi­
mum intensity. Decreasing the intensity drastically de­
creases the extent of the photochromism. For example, at 
—4 0C, >91% conversion was obtained with light of 0.149 
relative intensity, but only 28% conversion is obtained at 
+31 0C with the same light intensity. 

5. Effect of Solvent, Dissolved Oxygen, and Excess Li­
gand. Addition of tetrabenzylthiuram disulfide to a 5 X 
10 - 3 M solution of Ni(Bz2DTC)3+ in a 1:2 mole ratio sig­
nificantly slowed the rate of the forward reaction and de­
creased the extent of the light reaction prior to reaching the 
photostationary state. At a constant relative intensity of 
0.149 the reaction rate was lowered from 0.92 X 10-3 to 
0.76 X 1O-3 s_1 at —4 0C even though the photoreaction 
went to completion. The total irradiation time needed to en­
sure completion of the photoreaction doubled. Assuming 
the first step in the photodecomposition involves the loss of 
one dithiocarbamate ligand which then abstracts a second 
ligand to form the thiuram, this reaction would be slowed 
by the initial presence of added thiuram. At +31 0C the ad­
dition of the thiuram reduced the reaction rate by 75% from 
0.83 X 10~3 s_1 to an estimated 0.25 X 10 -3 s -1 . Only 10% 
of the sample is photolyzed in the presence of the added thi­
uram prior to the establishing of the photostationary state 
as compared to approximately 60% completion without the 
added thiuram. The decrease is explained by an enhance­
ment of the dark rate by the added thiuram as shown by 
previous workers.13 The decrease is not observed at —4 0C 
because of the precipitation of the bis complex. 

In addition to the photoproduced species directly detect­
ed by NMR, an undetectable species must be present in 
order for the system to be reversible. Its necessity is demon­
strated by the lack of any dark reaction when only the bis 
complex and thiuram are both present in solution. One pos­
sibility is solvated Ni(II).13 We have found direct evidence 
for the participation of Ni(II) by adding a stoichiometric 
amount of [Ni(CH3CN)6] (C104)2 to a 1:2 molar ratio solu­
tion of the bis complex and thiuram. After addition of the 
Ni(II), the dark brown color characteristic of the tris com­
plex appears and the resulting solution gives an NMR spec­
trum identical with that of the tris complex. A careful 
search for contact shifted acetonitrile was not successful, 
even in mixed solvent systems such as acetone-acetonitrile 

where the latter is in at most a 4:1 excess compared to the 
nickel and any contact shift should be readily apparent. No 
contact shifted signal was found under the conditions for 
fast or slow solvent exchange. The minimum concentration 
of Ni2+ required to produce a detectable shift was 0.01 M. 

Dissolved oxygen does not participate in the photochrom­
ism. The reaction remains reversible and both the light and 
dark reactions proceed at the same rate in solutions saturat­
ed with oxygen and in solutions from which oxygen has 
been stripped. 

No photochromism is observed in noncoordinating sol­
vents such as chloroform.13 In a 1:1 mixture of CD3CN-
CDCI3 by volume, the light reaction proceeds sufficiently to 
measure the effect of the solvent change on the reaction 
rate. The rate constant of the light reaction decreased by 
80% from 4.73 X 10"3 to 0.99 X 10~3 s~" at 31 0C and 
maximum intensity. Furthermore, the degree of conversion 
to the photostationary state decreased from 90% to 45% 
upon change of the solvent. The decrease results from de­
creased solvation of the products NiBr2 and Ni(Bz2DTC)2. 

6. Fatigue of the Photochromism. One of the most impor­
tant requirements for practical application of a photo-
chromic system is that the reaction be reversible. The lack 
of complete reversibility, called the "fatigue" of a photo-
chromic system,24 results in the eventual breakdown of the 
photochromism. Because fatigue is influenced by physical 
conditions such as temperature and the intensity of the irra­
diating light, the fatigue of different photochromic species 
must be defined under similar experimental conditions. The 
fatigue of the photochromism of Ni(Bz2DTC)3Br is caused 
by the formation of a residual precipitate. Qualitatively, the 
amount formed depended on the degree of completion of 
the reaction. For example, at 31 0C after irradiation for 
3-5 min at maximum light intensity (~90% conversion to 
the light form at the photostationary state), a residual 
amount of green solid was recovered after the dark reaction. 
However, when the light intensity was below 0.302 /0 (less 
than 50% conversion to the light form at the photostation­
ary state), no residual precipitate was recovered after 10 
min of irradiation. The fatigue did not affect the rate con­
stants for either the light or dark reaction. 

A quantitative definition of fatigue has recently been 
proposed.24'25 It compares the maximum absorbance of the 
light form at the end of the nth irradiation period in a series 
of light-dark cycles to that at the end of one irradiation. 
Because Ni(Bz2DTC)3Br is intensely colored in the dark 
form, we suggest that the change in the absorption spec­
trum of the dark form rather than the light form be used. 
For a series of repeated cycles, we can apply the recursion 
formula given in 

[Dn] = [Z)0](I - „ ) » - ' (4a) 

= 1 -£>Vexp( -z /£ ) (4b) 

where [D0] is the initial concentration of the dark form, 
[Dn] is its concentration after n cycles, y,- and z, are unspe­
cified collections of the dark and light rate constants,25 and 
E is the total energy of irradiation in the duration of each 
light cycle. Assuming that Beer's law holds, the logarithmic 
equation given in eq 5 is obtained. 

IQg7T
1= (n- I ) I o 8 ( I - . ) (5) 

Plotting log (D„/D0) vs. n, the fatigue parameter log (1 - v) 
is obtained. In those cases where curved lines are obtained, 
the fatigue factor is taken as the slope at n = 1. The photo­
chromism of Ni(Bz2DTC)3Br exhibits curvature in the fa­
tigue plots. At 27 0C and maximum intensity, the fatigue 
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factor log (1 — v) is 2.2 X 10 3 compared to log (1 — v) = 0 
under conditions of no fatigue. 
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Appendix 

The rate appearance of L is given in eq Ala 

d[L] = / a $ 

dt NV • 

/ a = / 0 ( l -e~">W) 
where / a is the light absorbed and is defined in eq Alb . 
Taking into account the inner filter effect and that A[L])At 
= 0 at the photostationary state, we obtain eq A2. The synv 
bols are defined in the text. 

i[L] (Ala) 

(Alb) 

Ls = 
/ / o * \ 
\NVkJ 

(A2) [1 - exp(-2.303)(fD£>s + *q..)/1(*DA,)) •/" 
UDDS + eLLs) J 

In general the steady state concentration of the dark 
form, Ds, is given in eq A3 where n is the stoichiometric 
number of moles of product per mole of reactant and DQ is 
the initial concentration of the dark form. 

D1 
1, 

= D0- -Ls 
n 

(A3) 

Substituting eq A3 into eq A2 results in the general expres­
sion in eq 3 in the Experimental Section. If the absorption 
spectra of D and L do not overlap and the light reaction can 
be driven at a wavelength at which L does not absorb, eq 3 
reduces to 

Ls = 
\NVkJ 

[ l - e x p ( - 2 . 3 0 3 ) ( < D ) ( o 0 + V ) / ] 
\/n 
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Reaction of 1-Halonaphthalenes with Nucleophiles by the 
SRNI Mechanism of Aromatic Substitution1 
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Abstract: 1-Halonaphthalenes react in liquid ammonia with several nucleophiles under light or potassium metal stimulation. 
With acetonate or cyanomethyl anions as nucleophiles, a mixture of the substitution products and products derived from re­
duction of the naphthalene ring is obtained under potassium metal stimulation. Photostimulated reactions with the same nu­
cleophiles and with alkyl mercaptide ions give the substitution products in high yields. These reactions probably proceed by 
the SRNI mechanism. We suggest that the product distribution can be used to determine the structure of the radical anion 
intermediate formed. 

Aryl radicals are intermediates in the recently recognized 
S R N I mechanism of aromatic nucleophilic substitution.2 

Supply of an electron to an aromatic compound bearing a 
suitable leaving group forms a radical anion which then 
ejects the nucleofugic substituent, emerging as an aryl radi­
cal.3 The radical combines with a nucleophile to form a new 
radical anion. This radical anion must dispose of the extra 
electron or otherwise react to form a stable product. It may 
take another electron, giving reduced products (ketonate 
anions4 '5 and hydrocarbon derived carbanions5), or it may 

suffer fragmentation (cyanomethyl6 and ethyl mercaptide 
anions7). 

The solvated electron in solutions of alkali metals in liq­
uid ammonia is very effective as an electron source.8 In 
other studies, SRNl reactions stimulated by solvated elec­
trons have afforded fair to good yields of substitution prod­
ucts.2"6 '9 Alternatively, an initiating electron-transfer pro­
cess can be stimulated photochemically10 or from elec­
trodes." 

Among the aromatic compounds studied, phenyl deriva-
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